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Reviews have been published concerned with various aspects of the hydro- 
formylation reaction [ 1,2]. 

The cleavage of cobalt-carbon bonds in organocobalt compounds is a 
subject of considerable current interest. Several modes of cleavage have been 
described including homolysis, photolysis, and reductive dealkylation. In a 
study [3] of the reaction of [COG (H,O)R] with IrCl~- a further reac- 
tion path for cleavage of Co-C bonds has been identified involving the initial 
one-e!ectron oxidation of an ayuocobalt(II1) species. I-Adamantylpentacyar- 
cobaltate has been prepared by reaction of 1-aclamantyl iodide with 
K3 COG and isolated as a yellow crystalline solid stable in both neutral 
or alkaline solution. Its stability is comparable with that of methyl and 
(pyridylmethyl)pentacyanocobaltates [ 41. 

In the presence of escess base, carbon monoxide reacts with hydridopenta- 
cyanocobaltate in aqueous solution to give the anionic species [COG? ]‘-_ 
The kinetics of this reaction have been investigated and the mechanism discuss- 
ed 151. 

Methylcobaloximes (axial bases H?,O, imidazole, pyridine and trlphenyl- 
phosphine) have been shown to C-methylate quinones; addition of Pd” salts en- 
hances the yield 161. 

Hawthorne and his co-workers have continued to develop the field of metal- 
locarborane chemistry with particular emphasis.on cobalt containing species. 
The compound [(sr-CjH,)Co(n-CB,Hs)]- is obtained by a polyhedral contraction 
of (n-C5HS)Co(~-C2B,,,Hlz) upon degradation with base [7]. An X-ray diffrac- 
tion study of MeJN’[Co(C2B7H9)z]- has shown that the cobalt is sandwiched 
by two carborane polyhedral fragments in the shape of two distorted bicapped 
square antiprisms with one common vertex occupied by the cobalt atom 181. 

The direct synthesis of a bimetallic carborane complex, [(CSHS)Co(C1_BsH,,,). 
ti(C~Hs)], by polyhedral expansion of [(C,H,)Co(GB,H,.)]. was carried out 
by treating the latter complex with sodium naphthahde followed by zn excess 
of CoCll and NaCSHS [9]. 

The alkaline degradation of [LCo {n-(3)-1,2-CzBgH, , } 1’ followed by oxida- 
tion results in a polyhedral contraction to give [LCo{lr-(l)-2,4-C,B,H,,}]~ 
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[L = CjHS, z = 0, or L = (3)-1,2-C&H;; and 2 = -1 J [lO,ll]. Further degracia- 
tion of these complexes by reaction with FeCIx gives [(IT-C~H~)CO(T-C~B~H, ,)I 
and [{T-(3)-1,2-C,B,H, ,)Co(n-C&B ,H9)]-_ The former species eliminates H, at 
150°C to yield I which can be rearranged to [(n-CSHS)CoCn-(2)-l,lO-CzR,Hg}] 

1111. 

l CH 

(I) 

The CIJCM stmcture of [ EtqN]‘[(nC-,BgH1 I)CO(~T-C~BBH,D-C~HSN)]- 
shows that the db Co”’ ion is sandwiched between mutually staggered CzBgHT; 
and &E&f-l I,,- CjHjN’- anions; the latter of these has a C?Bs skeleton which de- 
fines an icosahedron from which two adjacent apices have been removed [ 121. 

Rean-aqgement of I(ST-C5Hj)CO[R-(3)-1,2-CzBSH,, )I in the vapour phase at 
400-700°C leads to the formation of six isomers, in which migration of the di- 
carbollyl carbon atoms has occurred over the polyhedral surface [13]. The 
chemical decomposition of [ RNz ] [(n-7,8-C? B9H, ,)&o] (R = C6Hj, &H,Me) in 
aromatic solvents has beer: shown to give the complexes [IClIeJN][(~-7,8-C,,BgH,o)2- 
C,H,Col and [Me,N][( A-? ,8-C,BgH,o),C,H,MeCo], in which the aryl group is 
thought to occupy a bridging position between two C,B9H,, cages [ 141. Isomer- 
isation of 1,2-GBIoHIz to the 1,7-isomer occurs at lower temperatures by pro- 
ceeding through a cobalt(II1) derivative which is subsequently oxidised with 
C&l2 to give the free carborane [ 151. A crystal structure determination of the 
comp?er [(8-CjH5)Co(rr-7,9-C2BloH,,)J has shown that an apical cobalt(III) 
atom is linked to a six-atom C2Bq hesagonal face [16]. 

The coordination about the central Co”’ atom of [Co{(BIOC2HI&)~]-- 
[NEta 1’ consists of four Co-C o-bonds and one Co-H-B bridge bond in a bad- 
ly distorted square pyramidal structure [l?]. Of all the his-carborane complexes 
reported, the Co”’ species is unique in that it is the only one whose “B mfR 
spectrum shows a doublet at very low field. This doublet was assigned to the two 
boron atoms in each icosahedron, which are simultaneously bonded to two car- 
bon atoms, and are within bonding distance of the cobalt. 

A novel three-coordinate complex II of Con has been obtained by treatment 
of CoC12(PPh& with LiN(SiMe,),; an X-ray crystal structure determination has 
esfabiished the iilustrated structure [ 181. 
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The reaction of cyclooctenyl-1,5-cyclooctadienecobalt with 1,5-cycloocta- 
diene gives (4)-bicyclo[3.3.0]-2,4-octadiene-l-yl( 1,5-cyclooctadiene)cobalt; the 
reaction proceeding via the characterised intemlediate l-3-Q-1,5-cyclooctadienyl- 
(1,5-cyclooctadiene)cobalt [19]. it is suggested that this interesting reaction in- 
volves the steps shown in Scheme 1. In order to account for the formation of IV 

SCHEME 1 

from III a ring closure with a dehydrogenation process must be postulated. It is 
suggested that an allowed disrotatory ring closure is involved. 

The system CoCIz /diphos/Et, Al in 1,2-dichloroethane has been shown to 
have high catalytic activity and selectivity for the formation of cis-1,4-hexadiene 
from 1,3-butadiene and ethylene. The temperature of the reaction appears to be 
critical; between 80 and 110” cls-1,4-heuadiene is formed in high yield. whereas, 
below SO0 more ethylene than 1,3-butadiene is consumed, with the result that 
C8 compounds are produced. Above 110” l,d-hexadiene is isomerlsed to 2,4- 
diene. Possible mechanisms are discussed, and it is suggested that the catalytic 
species is an octahedral comples of cobalt(I) hydride [ZO]. 

Molecular osygen reacts irreversibly with the Co’ cation [Co-cis-(Ph?PCH= 
CHPPh2f21’BF’~ to form a l/l adduct [21 J. A single crystal X-ray diffraction 
study has established an octahedral geometry for the abduct. It is interesting 
that the Co-O bond distance is significantly shorter than the previously report- 
ed Rh-0 and h-0 distances, but this decrease can however be explained by 
consideration of the relative covalent radii. The O-Q bond distance is essential- 
ly identical with that found in [ Rh(O,)(diphos)z)’ and comparable with those in 
[Ir(O,)Cl(CO)(PEtPh,),] and [Ir(O,)Br(CO)(PPh,),]. 

The substitution reactions of the pentakis(t-butyLisocyanide)cobaR cation 
with phosphines and arsines have been investigated [ 221, and are summariscd in 
Scheme 2. Also investigated were the corresponding reactions with trans-Ph,- 

References p. 342 



308 

[Coltetraphosllt-BuNCij* 

Scheme 2 

[Co(d,phos)(LB”NC)3]+ 

I 
dlpt-ios 

tetraphos ASPh3 
a [CoWBuNC),l* - [i(AsPh,)(t -BuNC),~+ 

1 
PPh3 . 

frans - [CotPPh3),W3uNC)3j 

tetraphos = P(CH2CH2PPh2)3 

PCH=CHPPh,, (PhzECH2CH,)IPPh (E = P or .4s), Ph,PCH2CH,P(Ph)CH&HI- 
P(Ph)CH7CH2PPhl. Vanable temperature ‘H NRIR observations with the parent 
cation ICo(t-BuNC)5]’ are interpreted in terms of a relatively high-energy dy- 
namic process, which averages axial and equatorial environments. 

Thailous tetracarbony!cobaltate prepared by reaction of thallium metal 
with CO,(CO)~ in toluene, is a convenient and versatile source of the tetracar- 
bonylcobaltate anion 1231. As illustrated in Scheme 3, TICO(CO)~ undergoes a 
variety of reactions analogous to the less easily handled NaCo(CO)J. The sim- 
phcity of its preparation is im added advantage. 

Ptp n Co (CO>, 

I 
Ph3SnCl /benzene 

ErMn(CO)~ 
(CO), CoMrKOl, - TICoKO), 

lnCl3 

CH,CI, THF- 
In(CoKO), I3 

I CH3CCL3, THF 

MeC. Co,(CO), 

Scheme 3 

Reaction of germyl bromide with NaCo(CO), in djethyl ether has been 
shown [ 24 ] to afford gerrnyltetracarbonylcobalt GeH,Co(C0)3 as a relatively 
stable material. The [‘Hz]-germyl analogue was obtained similarly, and the ‘H 
NMR and vibrational and mass spectra discussed. Reaction with mercuric chlo- 
ride leads to cleavage of the Ge-Co bond and the formation of GeH,CI. The 
other products are assumed to be a mixture of HglCo(CO),], and CIHg[Co(CO),] 
The reaction with HCI also involves predominant cleavage of the Ge-Co bond. 
In general, GeHJCI(CO)J also reacts with nitrogen bases to give 112 adducts, this 
again is similar to SiH3Co(CO)4. 

Reaction of [ NiX(L)-n-C5H5] (L = phosphine or arsine; X = Cl or Br) with 
NaCo(CO)J affords the complex [Ni(sr-C5Hs)Co(CO),L]. IR studies indicate that 
these compounds contain both bridging and terminal carbonyl ligands. Thus it 
appears they have structures, which are intermediate between those of [n-CSHj_ 
Ni(CO),]I and Co,(CO) s which, in the solid state, contain M(COfi)IM moieties. 
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mining step is assumed to be the direct hydrogen interaction with the cobalt- 
coordinated olefin. Tne absence of a detectable isotope effect is interpreted as 
evidence that this interaction proceeds via instantaneous H2 bond breaking and 
C-H bond making. These ideas contrast with the suggestion that in the [ RhH(C0): 
(PPh,), ] -cataIysed hydrogenation of olefm an initial insertion occurs into a Rh-H 
bond to form a o-alkyl, which is then broken by Hz after activation by the metal. 

The kmetics of the reaction of COAX wrth alkynes to give hexacarbonyl- 
p-alkyne dicobalt have been reexamined (30,311. In contrast to earlier interpre- 
tations involving a “reactive form” of CO,(CO)~ the reaction is shown to involve 
initial dissociation of CO to give Co,(CO),, which rapidly adds alkynes. 

The greatly enhanced stability of carbonium ions OL to an organometallic 
substrtuent is widely recognised, and recently experiments have been directed 
towards an evaluation of the stability of hesacarbonyl a-alkynyldicobalt car- 
bonium ions [32]. Treatment of the carbinol (Scheme 5) with a catalytic amount 
of CF$O?H in trifluoroethanol led to the quantrtatlve formation of the trifluoro- 
ethyl ether; under identical conditions only about 10% of the ene-yne V reacted. 

H-E 0CH.$F3 

Co&O)6 

(P) 

Scheme 5 

Dicobalt octacarbony I and some of its derivatives NaCo(C0)4, CO~(CO),~, 
Hg[Co(CO)l],, [Co(CO),PPh,]z and NaCo(CO)xPPh, react with activated gem- 
dihalldes R&X?, such as dichlorodiphenylmethane, 9,9dihalofluorenes and di- 
methyldibromomalonate to give the olefin RIC=CR2 [ 331. The isolation of 9,9’- 
dichlorobisfluorenyl together with the expected olefin from the reaction of 
9,9’dichlorofluorene with COAL ruled out the possibility of a carbene com- 
plex intermediate, and suggested a stepwise process: R2CXz + R&(X)C(X)R? + 
l&C=CRz. The formation of Co2(C0)6(PPhx)2 in the reaction of NaCo(CO)3PPh3 
with Ph2CHBr and PhlCClz, and the formation of truns-stilbene in the reaction 
of Co2(CO)s with D,L-dibromostilbene suggests the possibility of a radical mech- 
anism. It is also noted that the formation of aikylidyne tricobalt nonacarbonyl 
from RCX, and Co(C0); could also proceed via radical intermediates. 

The addition of Ccl4 to olefins is catalyzed by Coz(CO)s. It is assumed that 
initiation is promoted by metal-metal bond homolysis. This investigation has 
been estended to include the reaction (150”) of methyl trichloroacetate with 
1-herene; a reactron which occurs stereospecifically to give C4H&HCICH&Clz- 
C02Me 1341. 

Reactions of tmns-[ ‘Hz]ethylene with solutior6 of CoH(N,_)(PPhS)3 and 
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RhH(PPhJ)3 in benzene at 50” have been investigated. Redistribution of hydro- 
gen isotopes is discussed in terms of reactions proceeding via ethyl intermediate!: 
[351. 

Treatment of sublimed aiuminium trichloride with an excess of sodium 
tetracarbonyl cobalt in dry benzene gives a deep red, moisture sensitive complex 
ALCOVE, for which structure A is proposed [36]. This is related to Co3(CO)I 2 
in that a COG group is replaced by an aluminium atom. 

(A) 

Arenes coordinate to methinyltricobaItenneacabonyis YCCo3 (CO), , thrm 

one cobalt atom, whereas, cyclooctatetraene is linked symmetrically to the bas:d 
cobalt triangle. These studies have been extended to other polyenes, dienes and 
olefins [37]. Cyclopentadiene does not act as a diene, but instead undergoes hJ*- 
drogen abstraction to form cyclopentadienyl compleses YCCO,(CO)~{‘IT-C~H~)~ 
The norbornadiene (nbd) complexes YCCo3(CO),(nbd) undergo an interesting 
non-rigid behavior illustrated by the process VI = VII. 

Me Me 
I I 

Both CICCO~(CO)~ and B~CCO~(CO)~ react with arenes in the presence of a 
Lewis acid such as AlC13 or BF3 forming the aryl ciusters RCCO~(CO)~ in high 
yield [38 1. TUethylene chloride is a convenient solvent for this reaction. Deacti- 
vated and hindered or polysubsttltuted arenes failed to react or the product yield 
was low. As is normally observed in the alkylation of arenes orthc-para substi- 
tution is the rule, and the same holds true for the cluster reactions escept tha: 
steric hinderance generally prevents ortho-substitution. 

(co),co,ccl + Ala, = 

--HCI 
RCCo&CO)., - 

(co)&o&--CI~~~Alc1~ 

RH 

[HRCCo,;CO),]‘AlCI; 

A structure determination of the complex [CCO~(CO)~]~ obtained by hext- 
ing BrCCo1(C0)9 in toluene confirmed the structure, in which two CCo,(CO),, 
units are formed by a carbon--carbon bond. The two Co) triangles are seml- 
eclipsed to minimize non-bonded interactions [39]. 
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Addition of HPF, m propionic anhydride to carboalkosymethylidynetri- 
cobalt nonacarbonyl results in the formation of the stable but reactive carbahi- 
cobalt decacarbonyl cation [40]. As illustrated (Scheme 6) this cation undergoes 

a wide variety of reactions with nucleophiiic reagents. 

ROH 
,------ (CO)$o,CCOz R 

RSH 

(CO)&03CC02R 5 (CO)&o~CCO+PF~ -I= (CO),Co,CCOSR 

RNHl 
(CO),Co,CCONHzR 

SCHEME 6 1 RZoX , 
(CO)&o$COR 

An alternative, and interesting synthesis of the acylating reagent is the treat- 

ment of CICCo,(CO), with A.lCl, in methylene chloride; a reaction which in- 
volves the transfer of CO to the apical carbon atom and which is not facilitated 

by carrying out the reaction in an atmosphere of carbon monoside [41]. 

The ketones RC(O)CCO~(CO)~, prepared by reaction of trichloromethyl 
ketones, RC(O)CCI,, with GIBE or by reaction of mild alkylating agents 

such as RZnX or RJSn with the acylium salts [(CO)&03CCO]‘, are reduced in 

high, often quantitative, yield to alkylidynetricobalt nonacarbonyls by triethyl- 
silane in trifluoroacetic acid in THF medium [42]. 

The reactions of [(ndwnyl)FeCo(CO),1 (dlenyl = CjHS, MeC,H, and GH,) 
with various dienes gives [(ndienyl)FeCo(CO)4(diene)] complexes (diene = nor- 

bornadiene, 1,3-cyc!ohesadiene or 2,3-dimethyl-1,3-butadiene). In the solid state 
these complexes exist as either cis- or Irarzs-carbonyl bridged tautomers similar 
to those of related [ {(n-dieuyl)Fe(CO)2 j2 ] and [ ((n-diene)Co(CO)2}2 ] com- 
plexes. In solution the two isomers are in equilibrium 1431. 

Cyclobutadiene(cyclopentadienyl)cobalt has been prepared by photochem- 
ical reaction of [CO(CO)~-~-C~H~] with photoa-pyrone [44]. The complexes 
VIII and IX are also formed in this reaction, and it is interesting that the dico- 
halt species evbibit fluxional behavior at elevated temperatures involving the 
interchange of the cobalt atom with concurrent eschange of metal-carbon u- 

and ;r-bonds. Similar behaviour is exhibited by a carbomethoxy s_rbstituted 
derivative. The comples [Co(sr-C4H4)(n-C,H=,)] undergoes Friedel+afts acety- 
lation and metallation with n-BuLi/TMED preferentially on the cyclobutadiene 
ring. Tbe preferential reaction of the four-membered ring in these reactions is 
most plausibly attributed to the greater acidity of the protons in this ring due 

to the increased s-character of its C-H bonds. 
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Because the dinuclear complexes react with diphenylacetylene to give a 

cyclobutadlene complex,related dinuclear species are speculated to be interme- 
diates in the formation of other cyclobutadienecobalt species. 

Related to this investigation is the confirmation by X-ray crystallography 
of the structure of tram-[ ir-CjHjC!o{ ~-PhJ!3(SihIe3)z} ] previously deduced on 
the basis of mass-spectral studies [46]. 

The macrocychc alkadiynes 1,7-cyclododecadiyne, 1,7-cyclohidecadiyne, 
l,7- and l,Scyclotetradecadiyne, and 1,8-cyclopentadecadiyne react with 
GD(CO)~-~~-C~H~ or, in some cases Co(l,5-CsH,-.)-r-CjHj, in boiling octane or 
cyclooctane to give compieses Co(alkadiyne)(n-C,H,), in which the macrocy- 

clic alkadiyne has undergone an intramolecular tran_sannular cyclisation reaction 
to form a tricyclic cyclobutadiene derivative [47]. The reaction of 1,8-cyclo- 
tetradecadiyne wth CO(CO)~-~-C~H~ also gives the black trimetallic derivative X, 

for which the illustrated structure is proposed, in which an intact 1,8-diyne is 
bonded to a triangle of cobalt atoms. This reaction of an alkadiyne is clearly 
different from known interactions of simple alkynes with transition metals. 

(Xl 

A versatile synthesis of pentarnethylcyclopentadienyl complexes has been 
developed involving the real:tion of 5-acetyl-1,2,3,4,5-pentamethylcyclopenta- 
ciiene with metal carbonyls. As part of this investigation the reaction of Co,(CO)a 
with Me5C5COhle has been shown to give the red crystailine complex COG- 
ii-C&Ye, [ 481. 

The structure of cyclopentadienyI(duroquinone)cobalt dihydrate XI has 
been determined by X-ray crystallography, and a detailed comparison made of 
the molecular parameters of this complex with those of closely related com- 
pieses [49]. Evidence that the metalduroquinone interaction in XI is consider- 
ably stronger than that in the electronically-equivalent 1,5-cyclooctadlene(duro- 
quinone)nickel is given not only by the metal--C(olefin) distances being shorter 
in the dlrroquinone-cobaJt comples, but aIso by the much greater G,,-type dis- 
tortion of the duroquinone ring from the planar D,, configuration in free duro- 
quinone. 

Equimolar amounts of dicarbonyl-n-cyclopentadienylcobalt and mercuric 
chloride react to give a l/l adduct. X-ray analysis shows this to be a true adduct 
containing a metal donor Co-Hg bond. By the reaction of excess of HgCl* with 
either the l/l adduct or CO(C0)2_n_CjHs crystals of CO(CO),(~T-C~H~).~H~C& 
are obtained. In principle this compound could be a l/l adduct containing an 
additional HgCl, molecule m the lattice or a salt as in the ruthenium and os- 
mium complexes [M(CO)~(PPh~)~HgCl]‘HgCI~. An X-ray diffraction study has 
confirmed the forma possibility [ 50,511. 
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The cyclopentadrenyl di- and tri-cyanides of cobalt n-C,H,Co(CN)?(PPh3) 
and [n-CjHjCo(CN),]- have been prepared by reaction of cyanide with n-C5Hj- 
CoI,(PPh,) and n-CSHSCo12(CO) respectively [52]. The anionic tricyanide is 
most easily isolated as its benzyltriphenylphosphonium salt. Alkylation of the 
anionic species wtth Me1 or trimethylosonium tetrafluoroborate affords the 
neutral mono- and dl-catonic tris(alkylisocyanide) complexes z-C~H~CO(CO)~- 
(CNMe) and [n-C,H,Co(CNEt), I’+. 

. The relatively stable tricarbonyl(2-acetyl-n-allyl)cobalt is reversibly pro- 
tonated in concentrated sulphuric acid to form a cationic species, which on the 
basis of the ‘H NlUR spectrum is considered to be 3. cationic trimethylenemeth- 
ane cobalt species. It was found that the introduction of an electron-withdraw- 
ing acyl group mto the ally1 moiety improves the air stability of the tricarbonyl 
n-ally1 cobalt system. Further the 2-acetyl-n-ally1 group does not undergo an 
insertion reaction with isocyanides or carbon monoxide; the reaction with t-BuPIC 
or PPhJ merely results in the substitution of one of the clvbonyl groups [53]. 

B 
/= 

Me 

The reaction of cobaltocene with organoboron dihalides (PhBClz, PhBBr,, 
MeBBr?) affords a synthetic route to the paramagnetic complexes Co(n-C,H5)- 
(CsHSBR) and CO(CSHjBR)z as well as the diamagnetic cations [Co(C,H,)- 
(GH,BR)]’ (R = Ph, Me) [54]. I.n these complexes the borinarc anion [CSHS- 
BR]- is bonded to the cobalt as a 1-6~ bonded ligand. An X-ray crystallographic 
study [ 551 of bis(methosoborinato)cobalt, [Co(hIeOBCjH,), ] confirms the 
mode of bonding. The cobalt-boron distance (2.348 A ) although considerably 
longer than the Co-B distance in carborane complexes, is, however, indicative 
of bonding. 

Examination of the carbonyl and nitrosyl stretching frequencies of the 
complexes COOL obtained by the reaction of the cyanophosphines 
(CF&PCN, CF,P(CN)z and P(CN) 3 with COG shows that these ligands 
bond through the phosphorus and are estremely good x-acceptors. However, it 
should be noted that in the reaction with P(CN)3, estensive polymerisation 
occurs [56]. 

The known complex cations [COOL?]+ [L = PPh3, P(OPh), and PPh,- 
Me or Lz = diphos] are conveniently prepared in high yield from Co(NO)(CO)L, 
and NOPF6 in metha.nol/toluene mixtures-The triphenylphosphine cation reacts 
with bromide anion to give [Co(NO),(PPh,)Br]. However, the corresponding 
diphos cation reacts to give [Co(NO)l(diphos)Br], which it is suggested contains 
both linear and bent nitrosyl ligands. It is interesting that the reaction of 
[Co(NC)z(PPbA I’ with NaBH, gives the mono-nitrosyl Co(NO)(PPhJ)3 with 
evolution of NH3; the ammonia being presumed to arise by reduction of a COOI-- 
dinated nitrosyl ligand [57]. 

An improved synthesis and single-crystal X-ray diffraction study of bis- 
(dimethyldithioca.rbaato)nitrosyl cobalt has been described. The coordination 
geometry about the cobalt is a tetragonal pyramid with the bent nitrosyl group 
at the apex [ 581. 
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It is well known that azobenzenes can be carbonylated to form indazolones 
and diovoquinazolines in the presence of CO,(CO)~. Later, Heck showed [ 591 
that carbonylation of a presumed intermediate XII, in methanol, afforded in- 
stead fl-methoxycarbonylhydrazone benzene. It has now been found that XII 
reacts with hesafIuoro-2-butyne to form ‘XIII and -XIV. The reaction leading to 
-XIII and XIV has been shown to occur with substituted azobenzenes, and in all 
cases analogous compounds are formed thus providing a route to substituted 
qtinolines [ 601. 

(XIT) (¶I c?aEl 

_4n important “C Fourier transform EiklR study of the cluster compound 
Rh,(CO),, has demonstrated the possible generality of rapid permutational iso- 
merisation reactions (flusi~nzliity) through the agency of bridge-terminal inter- 
conversions of carbonyl groups [61]. It is suggested that the mechanism for CO 
scrambhng in the Rh, cluster involves a sequence of XV * XVI interconversions. 

ocJ,co 
Rh 

Y-T-&co 

(xm CXEL) 

It had been earlier reported that [Rh(CO),Cl] 2 reacted with carbon mon- 
oxide at atmospheric pressure to produce Rhq(CO),: and Rhb(CO)rb, the pro- 
portions depending on the solvent system. With hesane as solvent, and in the 
presence of NaHC03, Rh,(CO) ,2 was reported to be the predominant product. 
It has now been found that water is a necessary component for the reaction to 
occur, and reaction is rapid in its presence. This has been used as the basis for a 
convenient low pressure synthesis of Rh,(CO),,.-Evidence was obtained in this 
reaction for a transient bridging carbonyl species [62]. 

Previously, Rh.r(CO)lz has been used as a hydroformylation catalyst at ele- 
vated pressures (So-100 atm) and temperatures (75”). It has now been reported 
(631 that a solution of RhJ(C0),2 in toluene reacts rapidly with a mixture of 
propene and hydrogen (atmpressure and room temperature) to give in a stoichei- 
ometric reaction 90-95% yield of the aidebydes (l/l, n/iso). In the absence of 
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one of the gases only a slow formation of Rh6(C0)16 is observed. In more polar 
solvents such as methanol or acetone only traces of aldehydes ue formed, the 
reaction products being Rh,(CO),, and acyl derivatives of the type [ Rh,[CO) Is- 
(COR)]-; using ethylene it was possible to isolate the salt [Rh,(CO),,(COEt)]-- 
[NMeq]‘. Treatment of Rh,(CO),2 with PPhJ gives [Rh2(CO)A(PPh3)q]; which is 
a hydroformylation catalyst. Interestingly, hydroformylation becomes catalytic 
on using RhJ(CO)io(PPh3)z. During these reactions hydrocarbons are formed 
corresponding to the radicals of the phosphine, for example, using a PPh,/Rh,- 
(CO),, ratio of 2, about one molar equivalent of benzene is formed suggesting 
that the formation of the phosphido bridges is important in the catalytic reac- 
tion. 

The reaction of [Rh(l,5-CsH,2)C1]1, [Rh(CO),Ci]l or RhC13.3Hz0 in 
methanol or [R h( 1,5-&H ,,)(THF),]’ in tetrahydrofuran with an excess of 
I: Fe(PPh,)(CO)z(sr-C,HJMe)] affords the cationic species [ Rh{ Fe(PPhz)(CO)l- 
(n-C,l-LlUe)},]. An X-ray diffraction study shows that the cation does not con- 
tain a RhFe, cluster, instead the structure determination establlshed the illus- 
trated open structure XVII. It is suggested that a triangular structure is unstable 
with respect to the open arrangement. because of the presence of the strongly 
basic phosphido-groups [ 641. 

PPh2 

In hesane, MA(CO)Iz (M = Co, Rh) undergo phosphine substitution reac- 
tions to afford CO,(CO),~_,L, (L = P(OMe)3, 11 = l-4; L = PEt3, n = 2 or 3) an11 
Rh,(CO),,_,L, (12 = 1 or 2). The infrared spectra of the rhodium derivatives SW;- 
gest that substitution occurs at basal metal atoms as opposed to the unique api- 
cal atom. In the presence of excess L and under carbon monoslde pressure 
Rhl(CO)sLz, which readily revert to the tetranuclear derivatives, are formed. 
From an IR study of the effect of carbon monoxide pressure on RhJ(CO)I1_, 
evidence has been obtained for the formation of Rh?(CO)* [65]. 

An X-ray crystallographic study of the species Rh(CO),(PPh3)2 - 2CH2C!1,, 
first reported by Wilkinson et al. [66] shows that the comples is dimeric, and 
that there are two bridging carbonyl groups per dimer. The Rh-Rh separation 
of 2.630(Z) A is in the range (2.618--2.796 A) reported for other Rh--Rh bonds, 
and confkms the eslstence of a rhodium-rhodium bond. It is interesting that 
there is no interaction between the metal atoms and the solvent molecule show- 
ing that the complex is, therefore, coordinatively unsaturated [67]. 

The complexes [Rh2(C0)3(PPh3)(02CR),]; (R = Me, Et) have been prepar- 
ed from the corresponding dinuclear carboxylatorhodium carbonyls by treat- 
ment with the controlled amount of triphenylphosphine. Both the substituted 
and unsubstituted dinuclear complexes are converted by an excess of the ligarld 
into the mononuclear complex [ Rh(CO)( PPh3)2(02CR) ] [68]. 
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The comples Rh2(PF&, which resembles CO,(CO)~ in many chemical re- 
spects, reacts with a variety of acetylenes to give volatile complexes of formula 
[Rhz(PF3)6(ac)]. An X-ray Ixystallographic study of [Rh,(PF,)q(PPh,),(PhC&Ph)] 
confirms the structural analogy between [Rhz(PF,),(ac)] and [Co,(CO),(ac)]; 
the overall geometry being Srnilar. IT it IS assumed that all of the [ RhZ(PF&,(ac)J 
complexes are structurally analogous then it would be espected that compleses 
containing u&ymmetrical disubstituted acetylenes should have three non-equiv- 
alent PF3 groups, two of these become equivalent when the acetylene is sym- 
metrically disubstituted. However, variable 19F NhlR studies show that the mol- 
ecules are stereochemically non-rigid. The non-rigidity can be esplained by 
assuming a propelIer-like rotation of the PFj ligands about the Rh-Rh bond 
with the acetylene remaining stationary. Alternatively, or in addition, there 
could be a concerted rotation of the Rh2(PF3)d unit with respect to the acety- 
lene 1691. 

The synthesis and some ligand exchange reactions of [ RhX(PF& I2 (X = Cl, 
Br or I) have been reported. The complexes IRh!CO)aX]I (4: = Cl, Br or I) react 
with an escess of PF3 at room temperature to afford the red, volatile, crystalline 
di-~-haIogenotetrakis(tnfluxophosphine)duhodium(I) complexes in almost 
quantitative bqeld. Treatment of [ Rh(C0)2CI]2 with smaliller amounts of PF, 
affords [Rh,CI,(PF,),(CO)__, ] (x = 1, 2, 3). which are also produced as a result 
of ready intermolecular lignnd eschange reactions between [ Rh(CO)2CI J2 and 
[RhCl(PF,),], in solution at room temperature. The comples [RhCl(PF,)(CO)J? 
hxs one PF, group coordinnted to each rhodium atom. The complexes [ RhX- 
(PF,),], react further with PF, to yield yellow [RhX(PF,),] compounds, which 
are stable at room tempera’ure only under a pressure of PF3. 

The comples [RhC!1(PF,)2]2 has also bet?n obtained by the ready displace- 
ment of ethylene from [ RECI(C2HG)z ]: under mild conditions. 19F NhlR studies 
show that [ RhCI( PF& ]? readlIy undergoes a rapld mtermolecular exchange re- 
action with PF, and carbon monoside. The binuclear complex [ RhCI(C2H,)- 
(PF,)]? formed by mixing z. solution contxirung equimolar amounts of [RhCI- 
(C2H4): ] and [ RhCI(PF3)? ] ! has been shown to have one ethylene and one PF3 
ligand attached to each rhcdium atom. Whereas, [ RhCI(PF,),], reacts with car- 
bon monoside to give [ Rhl:CO),C1]2, triphenylphosphine cleaves the halogen 
bridge affording the square-planar comples Lrans-[RhCI(PF3)(PPhs)z], which can 
aIso be obtained by reaction of RhCI(PPh3), with PF3. Although [RhCI(PF+ 
(PPh,),] does not dissociate in solution it does undergo a rapid intermolecular 
eschange reaction of coorclinated PF3 or PPh3 ligands [ 70,711. 

In an important investigation some va.rIable temperature NMR studies with 
the stereochemically non-rigid five-coordinate hydrides HM(PF,), (M = Co, Rh 
or Lr), [HM{P(OEt),),] (M = Co, Rh), [HM{Ph2PCH?)?] and [IiIr(C0)2(PR3)1] 
are discussed in terms of possible reaction paths. The limitations of ideaIized re- 
arrangement mechanisms zFTe discussed, and the probable multi-reaction path 
character of these re arrangements is emphasized. A new rearrangement mecha- 
nism is discussed, Which is described as tetrahedral tunneling [72]. 

The confusion over reactions of [Rh(CO),Cl] 2 with phosphorus ljgands L 
appears to be only partially resolved. Agreement seems to have been reached on 
the existence of Irans-[RhCI(CO)L, J, trans-[RhCI(CO)L] 3 and [Rh&12(C0)3L], ~_ 
and the probabIe non-e_xistence of bans-[ RhCl(CO)2L], but such species as cis- ; 
[R~CI(CO)ZL], are aIs0 said to be found under certain conditions [73,74]. ’ 



~‘ris(trimethylsilyl)phosphine (siphos) reacts with [ Rh(C0j2CI12 to give 
trans-[RhCl(CO)(siphos),], which reacts with ethanolic sodium borohydride in 
the presence of the phosphine to give the tetrahydroborate complexes [ Rh(BH,j- 
(CO)(siphos),]. Similar reactions are reported for the corresponding iridium SY:.- 

tern. Reaction cf siphos with rhodium trichloride and tribromide gives respec- 
tively the dimenc [ RhCl,(siphos), I2 and the monomeric trarzs-[ RhBr2(siphos)z I 
compleses 1751. 

Two common starting points for the preparation of Rh’ complexes ia.re 
[ Rh(CO),Cl,]- and [ Rh(CO)2CI]2. Preparation of the latter species, though noI.. 
difficult, is rather time consuming while the former can be obtained very quick- 
ly. However, the use of the anionic species hats the disadvantage that the elements 
of HCl are present in the reduced solution, and can be espected to add oxidative- 
ly to any derivative of [Rh(CO),Cl,]-, which is readily susceptable to o.tidativl!- 
addition. Thz difficulty can be avoided by treating the reduced solution with a 
suitable base (NaHCOx) prior to adding the ligand. !n this way convenient syn- 
theses have been developed of the cations [ Rh(vdiars),]’ and [ Rh(MPPE)? 1’ 
[vdiars = cis-l,%bis(diphenyIarsmojethylene; hrPPE = l,%bis(methylphenyl- 
phosphino)ethane] [ 761. 

Treatment of [ RhCI(C2H,), I2 with [ Cu(MeCN)4]‘BF; in methylene chlo- 
ride saturated with ethylene gives cuprous chloride and yellow crystals of the 
five-coordinate cationic comples [Rh(C2H,),(MeCN),]‘BFi. An X-ray crystal- 
lographlc study has established that the cation has a trigonal bipyramidal strut.- 
ture, the three ethylene C-C ases being coplamr with the trigonal plane; the 
two MeCN ligands occupy the axial position. Unfortunately, the low stability of 
the comples precluded NIlR studies [77]. 

A range of complehes [Rh(arene)(diene)j’ (diene = nbd or 1,5-cycloocta- 
diene) is obtained by treating [Rh(diene)2]’ with the axene; the ease of forma- 
tion increases with increasing alkyl substitution on the arene. The reactions me 
reversible, and the arene lignnds are also displaced by ligands such as kleCN and 
hle,SO. The NMR evidence suggested that the arenes are symmetrically bonded 
to the metal. Related reactions occur with cycloheptatriene to afford [Rh(1,5- 
GH,zj(C&,)l+, in which the cpcloheptatnenc IS consldered to be bonded in the 
n(hb) form. 1,3Cyclohesadiene is disporportionated by [ Rh( nbd)? ]‘BFi to 
cyclohesene and benzene, the 1,4diene undergoes isomensntion before dispro- 
portionation [ 78]_ 

The olefinic phosphine hgand o-vlnylphenyldiphenylphosphine (VP) re; cts 
with [ RhCl(1,5-C~H,2)]z to give RhCl(VP)2, which has been shown to be penta- 
coordinate, with two rhodium-olefin bonds. ii7ith VP the complexes [ RhCl- 
(1,5-CsH,:!)(PPh3)] and [ RhCI(PPh,)(C,H,)] give [ RhCl(diene)VP]. With stzm- 
nous chloride in methanohc solution RhCI(VP)2 gives yellow crystals of [ RhCl- 
(SnClx)(VP)2], a pentacoordinate, diolefinic complex having a rhodium-tin 
bond. Sodium tetraphenylborate reacts with RhCl(VP)2 in methylene chloride 
to gwe a deep orange-red solution, which is thought to contain the four-coordi- 
nate cation [ Rh(VP)?]- in equtibrium with the arene cationic comples XVIII. 
Treatment with molecular hydrogen leads to the rapid hydrogenation of the 
free double bonds of the vinylphosphine. Carbon monoxide and pyridine (L) 
react with this system to give the salts [ Rh(VP)?L]‘BPh;. Similar but less stable 
adducts are formed with C2H4, CS2 and SO2 [79]. 
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Et-P 

Et-P 

The osidatJve-additior. of bromme or iodine to the compleses [ Rh( RNC)J ]‘, 
lrans- [ Rh( R’ NC),(R;P),] +, 3nd trans-[R~Y(CO)(R’NC),] (R’ =p-Me&H,, 
p-MeOC,+H+ p-ClC6H4; Rj = Phj or Ph:kle; X = Cl or Br) has been shown to in- 
volve a Irons-addition. Nom? of these compleses rea:ts with HCl or HBr, although 
the comples trans-[ RhCI( CO)( p-hleOC6H4NC)z ] reacts with hTeI to form the fJve- 
coordinate acetyl comples [Rh(COhle)I,(p-h~~eOC,H1NC)2]. In a partly comple- 
mentary study [82] the addition of I?, bTe1, EtI, n-Prl, n-BuI, PhCHzI or PhCHzCl 
to 1 Rh(t-BuNC),]‘BF; has been shown to give the octahedral Rh”’ species trans- 
[Rh(t-BuNC)4XY]‘BF;. Trimethylosoniu-m and nitrosyl tetrafluoroborate react 
with IRh(t-BuNC),J’BFi tc, form; respectively, the drcations [RhTvTe(t-BuNC)4]” 
and IRh(NO)(t-BuNC),]“. The former reacts wJth iodJde anion to give the meth- 
yI iodide adduct. The carbrne comples [ Rh(;-BuNC)3 {C(NHBu-t)NHR j ]‘BF; 
formed by the addition of primary amines R_VHZ to [Rh(t-BuNC),]‘BK also 
undergoes oxidative addition reactions with I?, RTeI and PhCH?I to form 
[ Rh(t-BuNC), (C( NHBu-t)NHR}XY ]‘BF,. 

The reaction of methyl substituted 1,3-jJenes with (C,H4)7_Rh(acac) has 
been studied. The results show that the corrtsponding reactions with Fe(CO)s 
are kinetically rather than I hermodynamically controlled [83]. 

Asymmetric complexes of Rh’ with a monothio-p-diketonate tigand and 
one of the chelating diolefins norbornsdiene, l,Scyclooctadiene, cyclooctate- 
traene or duroquinone havr? been synthesised and studied by *H NlvTR spectro- 
scopy. The compounds shcw thermally induced intramolecular proton eschange 
between noneqtivaJent sites. In the presence of Rlle,SO or PhxAs the exchange 
is accelerated, and a mechanism is discussed involving a fluxional five-coordinate 
intermediate [ 831. 

Reaction of hesafluoro-2-butyne with acetylacetonato(1,5-cycIooctadiene)- 
rhodium leads to the l,l-addition of the acetylene to the acac ring, and the re- 
placement of the 1,5-CyClOoCtadJene by hexakis(trifIuoromethyi)benzene. A 
similar reaction of the acetylacetonato(norbornadiene)rhodium gives either XIX 
or _XX, in which one molecule of the acetylene links the diene to the rhodium 
via a rhodiacyclopentene ring. In contrast, hexafluoro-2-butyne and chloro- 
(norbomadiene) rhodium dimer gives the tetramer XXI [84,85]. 
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Tetrachloro-1,2-benzcquinone adds to the complexes tram- [ MCl(CO)L] 
(kl = Rh, Ir; L = Ph3P or Ph,MeP) to yield the six-coordinate complexes 
IM(1,2-0&$14)C1(CO)L-,] 1901. It is interesting that the stereochemistry of 
this reaction is dependent on the nature of the metal. As illustrated iridium re- 
acts with retention of the relative stereochemistry of the Cl and CO (XXII) but, in 
the case of rhodium, the phosphines have a relative trans-configuration (XXIII). 
The reactions of a variety of other quinones with tram-[ LrC!{CO)(PPh,),] were 
ako examined. It was found that the kinetics of the addition are strongly affect- 
ed by the ovidising ability of the quinone. The reaction of various other rhodi- 
um(I) compleses with tetmchloro-1,2-benzoquinone were also studied. 
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The anions [ Rh(CO)I(PPh3)2 J- and [Ir(C0)3(PPh3) J- react with RHgCI to 
afford Hg[Rh(CO),(PPh,),], and Hg[Ir(CO),(PPh,)]z. In the case of the iridium 
complex, the unstable intermediate [RHgtr(CO)JPPha)] has been isolated [91]. 

Hydrogen chloride or bromide reacts with the square-planar Rh’ complexes 
[ Rh(acac)(CO)L] (L = PPh3 or AsPh,) to @ve the halogen-bridged dimers [ RhX- 
(CO)L], (X = Cl, Br), which are cleaved by donor ligands L’ to give the mixed 
ligand complexes [RhX(CD)LL’] IL = PPh3; L’ = AsPh,, SbPhJ or P(OPh),; L = 
AsPbs, L’ = SbPh3 or P(OF’h),]. Methyl iodide readily adds osidatively tram to 
[Rh(acac)(PPh&] to give an octahedral comples without loss of triphenylphos- 
phine [92]. 

In an investigation concerned with developing new methods of forming 
carbon-arbon bonds under relatively mild conditions the vinylrhodium 
complex ,XXIV formed by the stereospecific addition of RhH(CO)(PPh,)? to 
dimethylacetylenedicarbosylate was treated with Me1 to form a rhodium( III) 
adduci of uncertain stereochemistry. Pyrolysis (115”) of XXV gave dimethyl 
citraconate (> 98%) and dimethyl mesaconate (< 2%), i.e. essentially a stereo- 
specific reaction [ 931. 
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Rhodium(I) carbene compIeses have been proposed as intermediates in 
electron-rich olefin dismutation [S-4]. The olefins XXVI and XXVIT do not 
undergo a cross-o\rer reaction to give K%VIII even on heating under reflus in 
xylene. However, catalysis of this reaction has been observed with the complexes 
[Rhc\( L)(PPh&] (L = PPh 3 or CO). It is suggested that the dismutation reaction 
involves formation of a Rh’ carbene comples (Scheme 8) follo\ved by a revers- 
ible oxidatlve step giving an ktermediate rhodacyclobutane. In support of this 
proposal it is noted that the carbene complex I~Pl~~P)2RhC1(NPhCH:)21 is a catr 
rrlyst for dismutation, and that trans-IPtCI:!IC(NPh)CH,~?(Et3P)]. which is 
known to be unreactive towards ovidative addition, is not a dismutatlon cata- 
IySt. 
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Scheme 8 

Rhodium(lIl) and iridium(IIi) carbene compleses have been prepared by 
the o=dative reaction of chloro-formirniniurn or -amidinium chloride with Fth’, 
or Ir’ compounds 1951. 

RhCl(CO)(PPh,), + [(PhNH)~CCll+Cl- -+ lRhCI,(CO){C(NHPh)2}(PPh3)2] 

IrCl(N2)(PPh3)2 + [Me2N=CHCl]‘CI- -21 [LrC13(CHhTMe?)(PPh3)?] 

Stable diphenylcarbene complexes of rhodium have been reported (Scheme 
9) [96 1. Previously carbene compleses have only been obtained when an oxy- 
gen or nitrogen atom is adjacent to the carbenoid carbon atom. 
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Scheme 9 

Confirmation by X-ra:; crystallography of these intetestmg structures is 
clearly required. 

The reaction of mer-RhCl,(Phle,Ph), \nth dlbenzoylhydrazine in reflusing 
ethanol In the presence of e base 1s reported -,o give a comples [(Phle,Ph)(CO)- 
RhN(COPh)],, which is cortsldered to cont=.l dibenzoyldumide as a bridging 
ligand [97]. 

Di-t-butylsulphurdiimine and dI-t-butylcarbodiunine react. with [RII(CO)Z- 
Cl], to fotm compleses of Rh’ of the type [IlhCI(L)(C0)2]. Ftom variable tem- 
perature NMR data it was shown that both Intra- and inter-molecular exchange 
reactions occur with these ;rdducts [98]. 

The reaction of 3,5,7-triphenyl-U-Z-1,2diazepine with [ Rh(C0)7C1]2 does 
not lead to N-N bond cleavage; the products are analogous to other square- 
planar Rh’ complexes of the type [RhCI(L)(CO)z] where L = NH3, pyridine etc. 
In this investigation evidence was also obtained for related complexes, in which 
the diazepine functions as a bidentate ligand [99]. 

Addition of 2,2’-bipytidyl to a methanol solution of [ RhC1(1,5-CgH12)212 
followed by NaCIO,, NaPF, or NaBPh, affords the red crystalline cationic com- 
plexes [Rh(blpyridyl)(1,5-CsH,3]‘. The cation is kinetically labile and reacts 
with CO, CBHS, and N-methylimidazole. In general the n-acceptor ligands dis- 
place the coordinated 1,5-cyclooctadiene, whereas mamly a-donor llgands dis- 
place bipyridyi. The reaction with trialkylphosphines affords the corresponding 
pentacoordinated adduck [ Rh(bipyridyl)(l,5-C8H,2)(PRJ)]‘. If these reactions 
are cattied out in a H2 atmosphere complexes of the type c~s-[R~H,(PR,)~] ate 
formed [loo]. 

The reduction of thodium(IIi) bipytidyl solutions with NaBH, in methan- 
01x medra affords labile-hydtido species, which on addition of organic halides 
RX affords the Rh”’ complexes [ Rh(bipy)z(R)X J’CIO;. The same compounds 
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are formed when sodium amalgam is used instead of NaBH,, and are considered 
to arise from the oxidative addition of RX to a mono(bipyrIdyl)rhodium(I) 
species r1Olj. 

Reaction of rhodium complexes with azobenzenes have been described in 
detail [102]. With RhCix the aniline comples RhCiJ(PhNHZ)Z is accompanied 
by the bisphenylazophenyl complex XXIX. The structure of the related acetate 
has been determined by X-ray crystallography [103j. With [Rh(C0)2CI]Z three 
compounds are obtained, [RhC1(C0)2(PhM4z)], [RhCI(CO)(azb),] (XXX), and 
an unidentified polymeric materid. Complex XXX has the structure shown 
[104J, and is unusual in containing both Rh’ and Rh”‘. In accord with this XXS 
can be prepared Erom LYLX and { Rh(C0)7C1]2. 

(xX5) 

In a related investigation [ 1051 3_romaLic ketosinws, nncl their o-methyl 
derivatives have been shown to react with RhCIJ-3H,O. [ Rh( 1,5-CsH,I)C1]2 or 
[Rh(C2H4)2CI]2 to give ortlzo-metallated five-membered chelate rings (Scheme 10). 
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The comples \RhC1(PPh3)JJ has been shown to be an extremely effecti*.re 
catalyst for the hydrosilation of carbonyl compounds [ 1063. For example, rag- 
action (ice-temperature) of PhZSiHa with cyclohexanone is cattiysed to give 
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(10 min) a 98% yield of the cyclohesylovydiphenylsilane. Since silyl enol ethers 
are readily hydrolysed to give saturated ketones or aldehydes this reduction 
method has wide potential. The selective hydrogenation of the olefinic double 
bond of a,&unsaturated carbonyl compounds by triethylsilane in the presence 
of catalytic amounts of [ RhCI(PPh,),] affords a stiyl enol ether. For example 
cr-ionone gives dihydroionone, there being no evidence for isomerisation of the 
remaining double bond. The corresponding reaction of fl-ionone affords a miu- 
ture of dihydro$-ionone and an allylic alcohol, the relative proportions depend- 
ir.g on the silane used. Thus, the selective hydrogenation of P-ionone was achiev- 
ed with phenyldimethylsilane [ 107,108J. 

Solutions of [ RhCI( PPh3)3] are among the most efficient hydrogenation 
catalysts yet discovered. Until recently the initial suggestion that the first step 
in the reaction of this complex with Hz involves an initial dissociative loss of 
PPh 3, has been accepted. However, recent experiments [ 109 J have shown that 
the degree of dissociation is, in fact, very small. In a 3’P NMR study it has been 
established that Scheme 11, represents the first two steps in the ‘hydride’ route 
to hydrogenation of olefins. Tbe subsequent step is presumed to be coordination 
of the olefin to the vacant site followed by migration of hydrogen onto the ole- 
fin. 

H 

~hClWh3)3] ‘+ 4 - 
CL \dh, f-h3 

Ph,P ‘I ‘H 
Pm3 

~hH,Cl(PPh,)~ e bh i&l 1 PPh, $-j + PPh3 

Scheme 11 

An interesting use of a Rh’ species as a built-in hydrogenation catalyst is 
reported in a synthesis of <-is-bicyclo[6.2,0]-2,6decadiene. Treatment of cis- 
bicycIo[6.2.0] -2.4.6-decatriene with dicarbonyltrifluoroacetylacetonatorhodi- 
um leads to loss of two moles of carbon monoxide, and the formation of com- 
ples XXXI, which smoothly absorbs 1 mole equivalent of hydrogen to give 
XXXii in high yield; decomposition of the complex in aqueous KCN affords 
the required hydrocarbon [llO]. 

(XSZXL) CXXX3L) 

The homogeneous catalysis by [ RhCl( PPh3)3] of the hydrogenation of al- 
lenes to @ve alkenes has been studied [ill J. It was found that the reaction is 



327 

stereospecific, substitution leads to a slower reaction, and in the case of unsym- 
metrical substituted acyclic allenes the least-substituted double bond is reduced 
preferentially. 

There has been considerable interest in the homogeneous catalytic forma- 
tion of a chiral carbon centre using an optically active catalyst. Knowles and co- 
workers have described [ 1121 a direct route to optically active o-amino acids 
by hydrogenation of cw-acylaminoacrylic acids. For example the cationic com- 
plex [ Rh(l,5-CsH12)LZ.]‘BF; [L = (-)-PMe(o-anisyl)(cyclohexyl)] has been found 
to catalyse the conversion of 3-hIeO-4-(OH)C,H&H=C(NHCOPh)CO,H into 
2-MeO-4-(OH)& H3 CH2 CH(NHCOPh)C03 H with a 90% optical purity. It is suggested 
that the high efficiency of the process depends on the presence of two optically 
active phosphines in the catalyst. A catalyst system prepared by the addition of 
(-)-2,3-O-isopropylidene-2,3-dihydroxy-l,4-bis(diphenylphosphino)butane to 
[ Rh( CsH ,4)2Cl] z has been used for the hydrogenation of vzxrious precursors of alanme, 
phenylalanine, tyrosine, dopa and leucme. Optical yields in the range 70-80% 
are reported [ 1131. The cationic comples [Rh( nbd)L1]‘CIO; (L = benzylmethyl- 
phenylphosphine) has also been shown to catalyse the asymmetric hydrogena- 
tion of phenylmethylketone and 2-butanone to l-phenylethanol and 2butanol 
with optical yields of 8.6 and 1.9% respectively [114]. 

Norbornadiene is dimerised and trimerised by catalytic amounts of ] RhCl- 
(PPh,),] giving isomeric hydrocarbons, which have been charscterised by X-ray 
crystallography and NMR spectroscopy. It is speculated that the intermediate 
XXX111 plays a key role in these reactions [ 1151. 

Coordination of endo-6-vinylbicyclo[3.1.0]-2-hexene to Rhr inhibits Cope 
rearrangement to bicyclo[3.2.1]-2,6-octadiene. At elevated temperatures a 
vinylcyclopropanecyclopentene isomerisation is the dominant reaction course 
(Scheme 12). Thermolysis of the hesafluoroacetylacetonato analogue occurred 
almost ten times more rapidly, and with greater selectivity. Because the prefer- 

Scheme 12 M = Rhtacac) 
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red configuration of the starting complex is likely to be boat-like, direct rear- 
rangement is impossible. For this reason possible reaction paths as reversible 
isomerisation to a chair configuration, and a subsequent [PO, + 27rj] sigmatroplc 
shift, or alternatively, antarafacial opening of the cyclopropane ring could @ve 
a o,n-bis-allyl-rhodium intermediate, with the proper geometry for closure to 
the observed product [ 1161. 

The reaction of [ Rh(CO),Cl] 2 with various vinyl eposides to give cr,P-un- 
-saturated aldehydes, and cleavage of oxetans to olefins and aldehydes have been 
discussed in terms of Rh’ acting as a weak Lewis acid, and coordinating to the 
ether osygen atom; this being followed by C-O cleavage to give the most stable 
carbonium ion [117]. 

In an important series of papers Gassman and coworkers have detailed their 
studies on the isomerisation of bicycloj l.l.O]butanes and tricycio[4.1.0.0’*‘] - 
heptane promoted by a wide variety of transition metal complexes including 
[Rh(CO),Cl],. An overall mechanism is suggested, which is shown (Scheme 13) 
for isomerisation of 1,2,%trimethyl[ 1.1 .O] butane, and where formation of a 
metal-carbene complex is postulated as a key step, although as depicted such a 
species can atso be written as a carbonium ion comples. Evidence has in fact 
been described for the capture by methanol of a carbomum ion intermediate; 
however, there is now some doubt as to the implications of these esperiments 
[ 118-122]. 

h& 
ff?hUZ0)3CI]2 

Me 
Me - 

H H 

H C=CH2 
Me 

Scheme 13 

In a further investigation of the reactions of cyclopropanes, the [ Rh(CO),- 
Cli2 promoted isomerisatlon of bicyclo[2.1.0]pentane is described. It is suggest- 
ed that a Rh”’ hydride is involved as an intermediate [ 1231. 

The insertIon reaction between [ Rh(CO),CI] z and phenylcyclopropane, 
benzylcyclopropane and bicycle [ 4.1 .O ] heptane have been investigated [ 1241. 
The structures of resultant rhodacyclopentanones are deduced by NaBHJ reduc- 
tion_ Evidence was also found for cyclopropane to olefin isomerisation, and an 
overall mechanism for msertion and isomerisation is outlined in Scheme 14. 
Refluxing I-chloro-1-carbonylphenylrhodacyclopentane with triphenylphos- 
phine gives propenylbenzene and R hCl( CO)(PPh3)1. o-Tolylphosphines, (o-Me- 
C,H4),P, Ph(o-MeCbH,)zP and Ph,(o-MeC,H,)P have been shown [ 1251 to under- 
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Scheme 14 RC(Me) =CH, 

go coupling and dehydrogenntion on heating wth RhClJ.3H,0 m high boiling 
alcohols to give Rh[ compleses [RhCI( Ligand)] derived from the tridentate 
olefinic tertiary phosphines. It has now been reported that [RhCl(o-Ph&,H4- 
CH=CHC5H4PPh2 -o)] is conveniently obtained by reaction of 2,2’-bis(dlpheny!- 
phosphino)bibenzyl with RhCI,.3H20. RhCl(PPh3)3 or [Rh(1,5-C8H12)C1]2. 

The reaction of hydridocarbonyltris(trlphenylphosphine)rhodium with 
disubstituted acetyienes has been studied (Sch~~me 15) [ 1261. Cleavage of the 
adducts obtained with C2(COlMe)l, and PhC2Ph gives dimethyl fumarate and 
kans-stilbene. If it is assumed that in these rea&,ions the hydrogen transfer to 
the a-alkenyl carbon atom occurs with retention of configuration about the 
double bond, then this suggests that the reaction of the hydride with the acet:,r- 
lene involves a trarzs-addition. In contrast, the corresponding reaction with he.:a 
fluoro-2-butene IS shown by MMR spectroscopy to involve a cis-addition. This 
difference in stereochemistry is indxatlve of a change in reaction mechanism. 
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Scheme 15 
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In a kinetic study of the isometisation of the three Isomers of methylbu- 
tenoate using the catalyst system RhCI(PPh3 )3 - 4SnC12 - 2H2 0 it is concluded that 
the reversible addition of a rhodium hydride to a coordinated olefrn is involved 
[127]. 

A variety of new dioxygen complexes of Rh’of formula [RhX(O), )(PPhs)Z - 
(RNC)] have been prepared by the following methods: (a) esposure of a solution 
of [RhX(PPhx)?(RNC)], [RS(PPh,),(t-BuNC),] or [RhCl(AsPh,),(t-BuNC)] to 
air, (b) introduction of air into a reaction mist-ure of RhX(PPh3)J with RNC in 
benzene. These dloxygen complexes are thermally stable in the solid state [ 1281. 
1-Heuene, 1-heptene and l-octene are reported to react with 02 in the presence 
of RhH(CO)(PPh,), or RhCI(PPh,)J to give 2-hesanone (20-25%), 2-heptanone 
(20-25s) and 2-octanone (35-50%). There was no evidence for these oxygenat- 
ed products arising born a free-radical chain process. These reactions are suggest- 
ed to involve a metal-ion activated process and the intermediate formation of an 
epoxide [129]. The catalytic activity of RhCl(PPh,)S for osidatiom of styrene 
and cinnamaldehyde have also been studied [ 1301. The reactions are complicated 
because decarbonylation reactions take place with oxidation, and the carbonyl 
complex 1s thought to play a role in the catalytic o.tidation. 

At somewhat high temperatures (180”) RhCl(PPh3)3 has been reported to 
catalyse the hydrogen transfer from diosane to cyclopentene; the diosane being 
converted to diosene [ 1311. 

The treatment of (+)-citronella1 with R hC!(PPh3)j in chloroform solution at 
room temperature (15 h) is reported to afford a mixture of (+)-neoisopulegol and 
(-)-isopulegol, the former being the major product (Scheme 16). It is suggested 
that this interesting cycliszion reaction involves the initial formation of an acyl- 
rhodrum species [ 1321. 

Scheme 16 

Secondary amines and a number of primary aromatic amines may be alky- 
lated Lvlth butadlene usmg RhCI(PPhJ)x, RhCl(CO)(PPh,)z or RhCIJ 3H,0/PPh3 
as catalysts. The reaction is suggested to involve the intermediacy of x-allylic 
rhodium(I) compleses formed via a rhodium hydride intermediate by treatment 
of an ethanolic solution of RhC13.3HI0 Gth CJH6. Also formed in the reaction 
are octadienyl aaducts, the yield of which is increased by the presence of tri- 
phenylphosphine. ‘i? I~ corresponding reaction of morpholine vvlth isoprene and 
piperylene has also been studied, but it was found that the extent of reaction 
decreases in the order butadiene > prperylene > isoprene. Furthermore addition 
of PPhl only reduces the extent of reaction without forming any octadienyl 

derivatives [ 1331. 
The methyl groups of duroquinone in the complex cyclopentadienylduro- 

quinone-cobalt, -rhodium and -iridium have been shown to be activated toward 
both acid- and base-catalysed reactions. For esample, dimethylaminomethyla- 
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tion (Mannich reaction) affords dimethylammomethyl denvatives in high yield, 
and the rhodium complex readily exchanged the methyl hydrogens of the coor- 
dinated duroquinone on treatment with sodium deuteroside-methanol-d [ 1341. 

The molecular and crystal structure of [Rh(C:HJ)(C2Fq)(iT_CjHj)] has been 
determined. The stereochemical implications with respect to bonding are exam- 
ined. The large differences in rhodium-olefin distances are discussed in terms 
of increased n-bonding to the C2F_, ligand, which eserts a significant trans-influ- 
ence on the cyclopentadienyl ring [ 1351. 

The inertness of [ Rh(C?H?)?-n-&H51 to SN2 attack by nucleophiles pro- 
vided an opportunity for a study of a dlssoclatlve mechanism for substitution. 
Cramer [136] has found that this reaction path becomes avzulable above 115”, 
and by studying the kinetics of the fast step m the gas phase has tentatively 
evaluated the strength of the rhodium--ethylene bond in Rh(C,H,),-n-&H, as 
31 kcal. 

Rh(C,Hz)z-n-CSHj 4 Rh(CzHJ)-X-C5Hj + CzHq 

Rh(C~H~)-n-C5H5 + L * RhL(C2Hq)-n_CjHj 

Treatment of [ Rh(CO)(PPh,)-n_CjHj] with CICH,CN has been previously 
shown to iead to an oxidativc-addition reaction and the formation of the cation 
[Rh(CH,CN)(CO)(PPh3)-n_CSHj]‘. An analogous reaction with the correspond- 
mg iridium system affords [Lr(CH,CN)(CO)(PPh,)-z-CsHs]-. Reaction of the 
rhodium cation with SChT, SeCN- or halide anion leads to displacement of CO 
and the formation of the espected neutral complexes, whereas, lkTeO_ and NJ 
react at the carbonyl group to form respectively [Rh(CO,Me)!CH,CN)(PPh3j- 
K-C5Hj] and [Rh(NCO)(CH,CN)(PPh~)-T-CjHg]. In the latter reaction an initial- 
ly formed acyl azide is considered to lose N, and rearrange to the isocyanate. 
The corresponding iridium cation reacts at room temperature only with MeO- 
and N; to give the expected products. However, even in reflusing acetone there 
was no evidence for a reaction with the other anions. This lower reactivity of 
the iridium comples is interpreted in terms of the stability of the cationlc com- 
ples and the strength of the metal-CO bond. The reaction of [Rh(CH2CN)(CO)- 
(PPh,)-n-C,H,]’ with CbHsSOS gives [Rh(CH,CN)(Ph)(PPh,)-sr-C,H;], formed 
by loss of SO, from the initially formed [ Rh(CH2CN)(SOIPh)(PPh3)-?r-C5H5] 
[ 1371. 

Protonation and deuteration studies have been carried out on the com- 
pleses (1,3-cyclohexadiene)(n-cyclopentadienyl) M (M = Rh, Ir). A mechanism 
is suggested which involves initial protonation of the metal followed by the re- 
versible transfer of the proton to the cyclohesadiene to form a cationic allyhc 
complex. As is indicated in Scheme 17, a sufficiently rapid exchange ~111 equi- 
librate three protons between endo-methylene and metal hydride environments 
[ 138,139]. 

Reaction of the cyclohesadiene complex (M = Rh, R = H) with Ph$+BF.; 
affords the coordinated cyclohexadienium cation, which undergoes nucleophi!ic 
attack to form exo detivatives. The protonation studies parallel the findings 01’ 
Whitesides and coworkers in their study of the protonatlon of trica_rbonylcycl~~- 
he_uadieneiron, where e&o-proton attack was also established_ The protonaticn 
of (1,3,5-cyclooctatriene)(n-cyclopentadienyl)-cobalt(I), -rhodium(I), or -iridium. 
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Scheme 17 

(I) leads to the formation of cations of the type [CsH,,hl(K-CjHj)]‘. The CBH,, 
entity adopts a variety of tonding modes and interconversion between these 
various species readily OCCLLIS (Scheme 18). In the case of the Rh’ and Ir’ cations 
the kinetics of these rearrangements have be,.w esamined by ‘H NMR spectro- 
scopy. Reversible protonation of [Co(C8HIO’,-~- CjHj ] affords a l-5-qi-cycloocta- 
dienyl cation, which is also formed from bicjrclo[4 .ZO]-2,4-octadiene(n-cyclo- 
pentadienyl)cobalt. Treatment of (1,3,5-cyclooctatriene)(n-cyclopentadienyl)- 
rhodium with CF$02H gives initially a 1,3,4-q-bonded system, which isomerises 
to a mature of an octadienyl comples and an allylolefin comples. The corre- 
sponding iridium system, which also forms an air-stable white salt with HPF, 
c&solves in CF,CO,H to a misture of XXXJY and the octadienyl cation. Nucleo- 
philic addition to these cations gives the espected neutral complexes of formula 
I~I(CsH,,Y)(n-CjHj)], the mode of bonding of which depends on the reaction 
temperature employed [ 143). 

[@-q 

Scheme 18 



The preparation and reactions of [RhCl(ligand)]? and [ Rh-r-CjHS(liga.nd)] 
where hgand IS XXXV or XXXVI has been examined [ 1411. Both compleses 
undergo severai reactions characteristic of ketones. The ketone group of the 
[ Rh-n-C5H5( ligand)] undergoes nucleophilic attack by carbanions to give the 
corresponding alcohol, which can be readily converted into stable cationic com- 
plexes. 

(XXXX) (2cxE3zt) 

The reaction between the readily available [ RhC12-n-C5h4e5 I2 and NI(PF& 
provides a facile synthesis of [ Rh(PFS)z-n-C5Me,]. This has provided an oppor- 
tunity for a study of oxidative-addition reactions of metal-trifluorophosphine 
complexes. Iodine reacts with [Rh(PF3)2-~-Cjh’lej] in benzene at room tempen- 
ture to give the deep red crysta.lline diiodide [RhI:!(PF,)-7i_CjH51. In an attempt 
to prepare the dibromide the reaction with Br2 was also investigated. However, 
this reaction led to the complete loss of PF3 and the formation of [RhBr+- 
CjHS]z. The perfluoroalkyl iodides RfI (R, = CF3, C,F,, n-C,F, and n-C7H,5) 
also react at room temperature to give the orange to deep red complexes 
[RhRi(I)(PF3)-iT-CjlLle~] [142]. 

Although there is indirect evidence for pa.rr,icipation of a 7;-allylmetal 
hydride in the isomerisation of olefins, only in one case has an equilibrium been 
established between a x-allylmetal hydnde complex and the corresponding ole- 
fin metal(O) comples. Further evidence for this reaction path has been obtain- 
ed from a study 11431 of the reaction of HCI with a series of n-allylic rhodium 
trifluorophosphine complexes: 

r-allylic Rh(PF3)? + HCl PF? olefin + [RhCl(PF,),], 

Low temperature “F NMR studies show that in this reaction an intenne- 
diate r-allylrhodium(II1) hydrido complex is formed by osidative addition of 
HCI. In systems containing symmetrically bonded n-allylic groups only one ole- 
fin product is obtained, but with the asymmeLrically bonded l-methylallyl and 
1-methyl-3-eihylallyl complexes an almost l/l mixture of isomeric olefins is 
formed, indicating hydrogen mig-rahon from rhodium to both terminal carbon 
atoms has occurred almost equally. The 1,ldimethylallyl compound affords 
Z-methyl-Zbutene and 3-methyl-1-butene in an approsimately 2/l ratio, indi- 
cating some preference for hydrogen migration to the least hindered carbon 
atom. 

Convenient single stage syntheses of Rh(NO)Lx (L = P(JKIC&)~ or 
P(p-Me&H,), have been described involving the reaction of RhC13- 3Hz0 in 
ethanol with N-methyl-N-nitrosotoluene-p-sulphonamlde in the presence of the 
respective phosphine [ 1441. 
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In the high pressure infrared spectral study of the reactions of Ir4(CO)rz 
with carbon monoxide and hydrogen no evidence was obtained for the e_uistence 
of I.r2(CO)8, either during the preparation of Ir,(CO),,, or from the reaction of 
Lr,(CO),:! with carbon monoside at various pressures and temperatures. Treat- 
ment of IT~(CO),~ with CO/H_ at high preswres and temperatures strongly sug- 
gests the formatlon of the mor.~nuclear hydrido carbonyl HIr(CO)II. During the 
course of this work a convenient synthesis of Lrj(CO)rz was devised involving 
the carbonylation of a chloroiridiate salt, preferentially Na,LrCl,.GH,O, in 
2-methoxyethanol as solvent at 80-100 atmpressure and 100” for 12-16 h in 
the presence of copper bronze as a halogen acceptor [ 145 J. 

In principle homogeneous transition metal catalysts bound to a resin may 
exhibit properties different from those in solution. Since the active form of 
homogeneous catalysts are unsaturated, immobilisation on a solid support might 
prevent self-aggregation_ It has been shown that this effect is difficult to achieve 
unth phosphine-substituted polystyrene 11461. 

Treatment of a solution of chloroiridous acid obtained by heating a solu- 
tion of chloroiridic acid in isopropyl alcohol, with di-t-butyl-n-alkylphosphines 
(4 mole equivalents) in boiling isopropyl alcohol gives purple. five-coordinate 
square pyramidal hydrrdes irHC12(P-t-Bu,R)-, (R = Me, Et, n-Pr). These compounds 
are analogous to the rhodium compleses [ RhHCI,L,], for which the illustrated 
square pyramidal structure has been established when L = P-t-Bu-n-F%, by X-ray 
crystallography. The iridium compleses have a hydride resonance at r 60. With 
2-3 mole equivalents of P-t-Bu,-n-Pr chloroiridous acid gives [ P-t-Bu?-n-PrH] *- 
[lrlC17(P-t-Bu2-n-Pr),]-, but with 2 equivalents of P-t-Bu,hle a hydride is formed, 
possibly [P-t-BuzMeH]‘[IrzHCl.(P-t-Bu2hle):J- .[ 1471. 

The bulky di-t-butylalkylphosphines, P-t-Bu,R (R = Me, Et or n-Pr) react 
with the [ IrC16] ‘- anion in isopropyl alcohol to give complexes [ IrHCi7(P-t-Bu2R)z], 
wrth the illustrated square-pyramidal structure. These five-coordmate complexes 
readily take up CO or hleKC(Q) to give six-coordinate species. The comples 
[ IrHCl:!(P-t-Bu,Me),] will iuso add pyridine, methylpyridine or P(OMe)S to give 
srmilar adducts, but with [ IrHClz(P-t-BulR)] (R = Et, n-Pr) these Ligands displace 
P-t-Bu,R to give [ IrHCl,Q:(P-t-Bu,R)]. LrHCl,(P-t-Bu,-n-Pr),, in the presence of 
sodium isoprouide takes up Hz to give IrH5(P-t-Buz-n-Pr),, which in turn reacts 
with carbon monoxide to give [ irHJ(CO) (P-t-Bu,-n-Pr)l] [ 1481. 

Q 

IrH$P-t-Bu2-n-Pr), 
co 

Oc H 
/ I y_ 

Treatment of [IrH,(AsPh,),J with alkyl- or a.@-isocyanides leads to the 
displacement of one triphenylarsine &and, and the formation of a trihydnde, 
wh.rch in the case of the p-tolyiisocyanide has the illustrated stereochemistry 
[149]. Treatment with HX (X = Ci, Br, I, F) results in the replacement of hydro- 



gen by a halide Iigand. It is interesting that a different isomer 
corresponding reaction with HN,. 
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is obtalned In thf> 

A series of four- and five-coordinate iridium(I) salts of the type 
[Ir(l,5-C8H,2)L2]tX- and [Ir(1,5-CSH12)L3]‘S- and [IrLj]‘X- (L = phosphate, 
phosphine or arslne; X = BPh4, PF, or C104) have been prepared from the reac- 
tions of [IJ$~,~-C~H,~)CI]~ with L in a polar solvent [ 1501. For L = PMe,Ph arLd 
AsMe,Ph the dioxygen adducts [Ir(O,)L,]‘BPh; have been cha.racterised. Whe?7 
longer reaction times are used for the reaction of [ Ir(l,5-CBHI?)Cl12 with L (L = 
PEt2Ph and P-n-Bu,) In ethanol, the deep red solution containing the cations 
[IrL,]’ gradually turn white, and addition of NaBPh, aves the dlhydrides 
[I.rH2L.:]‘BPh;, for which a c&configuration 1s assigned. The variable tempera- 
ture ‘H NMR spectra of the reactions [tr( I,5-C8H,2)Lx]’ [L = P(OMe), and 
P(OMe),Ph] and [Ir{P(OMe),}j]t indicate that these species undergo a Berry 
pseudo-rotation process. 

The photolysis of [ Ir( NH 3)jN3]2+ is consistent with the formation of an 
intermediate containing a coordinated nitrene. A similar process is suggested to 
occur on irradiation of [Rh(NH,)jNJ]2’ when N2 is evolved and the chloramine 
product is formed [151]. 

[(NH,)jirN3]” 5 [(NH,);LrN]” 
‘) 

1’“’ 

The I70 NNR spectra of the adducts of 1702 Lvlth trarzs-[LrX(CO)LJ [X = 
Cl, I; L = PPh3 or P(p-Me&H,),] have been examined in the belief that the bond 
charactenstics of coordinated osygen might be revealed by its chemical shift. 
However, no resonance attributable to bound 1702 could be detected 20000 ppm 
up- and down-field from the resonance of Hz 170. This failure to observe the ’ 7O 
resonance 1s attributed to a slow tumbling effect which broadens the resonance 
beyond detection [ 1521. 

The synthesis of the acetyljde complexes [ Ir(C=CPh) (CO)(PPh,),] and 
[Ir(CcCH)(CO)(PPh3)3] have been reported. The former compound reacts irre. 
versibly with molecular osygen to give a l/l adduct 11531. 

It has been reported [I541 that the cation [Ir(O,)(CO)(PMePh,),]’ acts as 
a homogeneous catalyst for the osidation of diphenytmethylphosphine by 0,. 
The kinetics of the irreversible uptake of O2 by [Lr(CO)(PMePhz),]’ have now 
been studied. Qualitative measurements on the homogeneous oxidation of PPh3 
and PMePh, by the above dioxygen complex show that in a variety of solvents 
this is an inefficient catalyst. 

A catalytic amount of trans.[LrCl(CO) (PPh& ] rapidly causes the decom- 
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position of the hydroperosides ROOH (R = t-Bu or Phhle,C) to give oxygen and 
the corresponding alcohol as the major products. When the reaction is carried 
out in toluene, diperosy compleses can be isolated. In the case of the related 
reaction of LrCI(CO)(PhIePh,), with t-BuOOH a comples is isolated, which is 
assigned the structure X_Y_XVII. in which the peroxy ligands have a relative CIS 
configuration. Although the perosy-iridium complexes are secondary products, 
they are not intermediates in the decomposition of the peroxides, since they do 
not catalyse the rapid decomposition of t-BuOOH. However, it is suggested that 
they are structurally related to the actual intermediates involved 11551. 

OOBU-t 
t-Buwjr,PMePh2 

Php MeP’ 1 ‘cl 
co 

Two general mechanisms have been proposed for the osida.tive addition of 
alkyl halides to square planar Lr’ complexes: (1) an SN2 process in which ir’ acts 
as n nucleophile; (2) a concerted, three-centre addition. It is interesting that re- 
cently evidence has been obtained that oxidatwe addition to Ir’ can proceed via 
a free-radical pathway. It has been found [ 1561 that [ LrCi( CO) (PMe3)2] reacts 
with either XX&XVIII or XNMIS to @ve an identical equirnolar nzivture of the 
two diastereoisomers XX-X and SXXXI. The lack of stereospecificity strongly 
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indicates 3 free-radical pathway, which ts Further suggested by the observation 
that 02, AlBN or benzoyl peroside initiate the reaction. Moreover small quanti- 
ties of radical scavangers such as duroqumone or hydroquinone retard the oxj- 
dative addition reaction. In analogy with related reactions of alkyl halides with 
complexes of Co” and 0-l’ which occur via radical pathways an attractive mech- 
anism for omdative addjtion to Ir’ is: 

I.$ + Q' - Ir’* - Q 

Zr”-QQRBr-Br-_*“-QQRR’ 
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Lr’+R’ --t Lr” - R 

Lr”-R+RBr-tBr-_“‘R+R’ 

Q’ = initiator 

However, it 1s significant that hlel reacts extremely rapidly with [ irCI(CO)- 
(Ph4e,)?] even in the presence of radical inhibitors, suggesting that alternative 
pathway(s) can be operative for certain substrates. 

A kinetic study [157] of the reactions: 

[ZrH(CO)(PPh,),l + PPh:, * [LrH(CO)(PPh,),] and 

LrH(CO)(PPh& + Me,(EtO)~_,SiH + [IrH? {S1(OEt)3_,h,le,)CO(PPh~)~] 

shows that for the case where tz = 3, the kinetic parameters for the phosphine 
and silane reactions are almost identical. For the case where n = 1 and n = 0, 
the activation enthalpies for addition were again 23 kcal/mcl, but for the elim- 
ination reaction substantially larger values of AH were observed, in agreement 
with an earlier investigation. These results are interpreted to mean that phos- 
phine addition and sllane are mechanistically similar processes, and that the 
observed activation enthalpies are largely due to an initial deformation of the 
square-planar iridium comp!es. 

Reaction of Vaska’s complex with cis-vinylenebis(diphenyl)phosphme (dp) 
affords an air-stable, five-coordinate carbon monoxide adduct, which on heating 
undergoes a reversible loss of carbon monoside to give the illustrated (Scheme 
19) 4-coordinate species. Comparison of the [Ir(dp)?]’ systetn with the corre- 
sponding dsphos compleses suggests that the unsaturated dp &and is more 
effective in the delocalisation of the d, electrons of the metal [ 1581. 

DrCI (CON PPh3 h] 

I 
dp 

[+OI ( dp), -j Cl 

OH: I 

y b-b(dPb1+ 

[IrHX(dPb,* 
-HX 

[Ir(dp12]+ Cloi O2 L or (dp12j* 

Scheme 19 

The reaction of tram-[ IrCl( N2) ( PPhX)2 ] with alkyl- and aryl-sulphonyl 
chlorides leads to the evolution of nitrogen and formation of five-coordinate 
S-sulphinato complexes. These compleses rearrange under mild conditions to 
the corresponding alkyl- or aryl-iridium complexes; kinetic studies indicate ihat 
electron-withdrawing substituents on the R substituent enhance the rate of this 
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rearrangement. This effect. contrasts to the observation that. electron-withdraw- 
ing substituents on R led to a decreased rate of migration from carbon monox- 
ide to iridium. The f&-coordinate sulphinato complexes react with ligands 
such as pyridine to afford sis-coordinate adducts [ 1591. 

SO,R 
cL \ 1 /“Ph3 

PhF 
,TCL 

Scheme 20 L = CO, pyrldine, PhCN 

Weak carbosylic acids react reversibly with Ir’-carbonyl complexes. How- 
ever, it has not been possible to isolate stable carbosylatohydrido carbonyl iri- 
dium complexes [ 1601. In contrast, addition of carboxylic acids to trans-[IrCl- 
(N,)(PPh,),] leads to the displacement of N? and the formation of stable car- 
borylate compleses. Carbonylation of these compounds leads to the addition 
of CO to a site trans to the strongly transdirecting hydrido ligand. It is suggest.- 
ed that other nucleophiles such as pyridine, benzonitrile and dimethylphenyl- 
phosphme add sunilarly. 

+ RC02H - 

Cationic hydride complexes of Rh and Lr have been prepared by treatment 
of Rh’ and Ir’ complexes with trifluoroacetic acid. For example, treatment of 
[IrH(CO)(PPh,),] with CF,C07H gives [IrH,(CO)(PPh,),]‘[(CF,CO,),H]-; the 
anion being a hydrogen bonded trifluoroacetate [ 1611. 

The oxidative addition of acyl and aryl halides to trans-[IrCI(N~)(PPh~)2] 
has been shown to give initially five-coordinate acyliridium(II1) complexes, 
which rearrange to six-coordinate alkyl- or aryl-iridium( III) species. In a related 
investigation the addition of acyl halides to IrCl(PPh,), has been studied. Inter- 

LrCl(Nz) (PPh,)? + RCOCl = [lrCl,(COR)(PPh,)~] -, [lrCl,R(CO)(PPh,),] 

estingly, if R in the acyl halide RCOCI is branched at the a-carbon atom, the 
resulting alkyl iridium(lI1) complex IS exclusively the isomeric straight-chain 
derivative. Thus addition of 2-methylpropanoyl chIoride in refluxing benzene 
gives the n-propyl complex. It is suggested that the initial product of reaction 
with branched acyl chlorides is the appropriate set-alkyliridium(I11) complex, 
and that this rapidly isomerises to the n-alkyl derivative via a hydride-olefin 
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It-Cl ( PPh 3 )a + RCOCI - 
Cl’1 \R 

Pps 

intermediate. IUolecular models suggest that the instability of the set-alkyls with 
respect to the n-alkyls may be due to non-bonding interactions of the branched 
alkyl chain with the phenyl rings of the PPh, tigands. Support for this hypothesis 
is provided by the observation that the cyciooctene complex [ IrCl(CO)(C8H,~)~]~ 
reacts with acyl chlorides to give dimeric chlorine-bridged alkyliridium( III) com- 
plexes (XXXXiI). For esample, metbylpropanoyl chloride reacts to give the iso- 
propyl complex (XXXXII, R = CHMe?), but after 90 min in reflusing benzene a 
mixture of the isopropyl and n-propyl (XXXXII, R = CH,CH,Me) complexes 
are obtamed ]lSZ]. 

The reaction of ]LrCl(CO)(PPh,)J with toluene-3,4dithiol has been jn- 
vestigated as a means of synthesising new iridium-dithiolene compleses [ 163 1. 
In addition to the simple oxidative addition product, an unidentified poiynu- 
clear complex and a dinuclear comples are formed. An X-ray crystal structure 
determination showed that the dinuclear complex has the illustrated structure 
XXXXIII. 

In a further investigation [164] of the reaction of aryldiazonium ions with 
Vaska type ir’ compleses, the ortho-metallated complex XXXXIV has been ob- 
tained in addrtion to the tetrazene complex; the identity of XXXXIV was estab- 
lished by X-ray crystallography. Deprotonation of XXXXIV with bases affords 
the neutral species XXXXV. 

CKXxKm)X-F,Br 
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A 

(?CXXCZ)X-F.Br 
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A single crystal X-ray diffraction study [ 1651 has confirmed that the reac- 
tion of triphenylcyclopropenium cation with trans- [ LrCl( CO) (PRle& 1 leads to 
the opening of the 3-membered ring and the formation of a four-membered iri- 
docycle. Examination of the carbon-carbon bond lengths in the propenylium 
group suggests that there E a 1,3-(p,p,) interaction. 

fJh R-l 

m3p, /co A rne3 

.?. m\l 
. . 

=,/ IrL 
+ +‘I m 

-3 
Pll Ptl - Cl N’i ,,’ +- PMea 

Reaction of &methyl( i-naphthyl)phosphine with IrCIJ in 2-methosyeth- 
an01 affords [ IrCI,(P-C)L,], metallation occurring in the 8-position. Further 
metallation occurs with base in alcoho!, giving [IrCI(P-C),L] and [IrH(P-<j,LJ, 
and finally pyrolysis ( 2%, 10 mm) give fuc-[Ir(P-C),]. Related rhodium(II1) 
co!rlpleues were prepared hy similar routes. Reversal of the metallation reaction 
occurs on treatment of some of these compleses with HCl; a hydride addition- 
elimination mechanism is suggested as a possible reaction pathway [ 1661. 

The rhodium and iridium hydrides IMH(CO)(PPh3)3] (M = Rh, Lr) react 
with SO2 to give sulphur dioxide derivatives. To account for the absence of dis- 
cernable high Beld NMR signals, it is suggested that in solution there is an equi- 
Iibnum mixture of tautomers [ 1671. 

Ph3P, /CO 

0 

nAM btl 

502 7 
M -so> c M -t__H 

3 a 

Although tetrafluoroethylene reacts strzightfomvardly with [Ir(NO)(PPh3)J] 
to displace PPh3 and form an adduct, the corresponding reaction with hexafluoro- 
2-butyne gives an unusual clinuclear complex XXX_YVI whose structure was es- 
tablished by S-ray crystallcgraphy [ 1681. 

Ir(NO)(PPh,), s 
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The complex [ IrCl( NO) (PPh3)? I’, a nitrosyl analog of Vaska’s compound, 
can be readily prepared (90% yield) by treatment of [ LrCl(Nz)(PPh3)~ ] with 
NOBFd in chloroform. Tetracyanoethylene adds to the cation to form a stable 
l/l adduct [169]. 

The cationic nitrosyls [I.rCl,(NO)LI]’ (L = PPh3, AsPhl) react with alcohols 
to @ve neutral iridium( III) complexes containing bound alkyl rutrites [ IrC13- 
(RONO)Lz] (R = Me, Et, Pr) [ 1701. These reactions (Scheme 21) parallel the 
formation of complexes containing alkorycarbonyl groups as ligands by alkos- 
ide-ion attack on cationic carbonyl compleses. The nitrite complexes revert to 
the parent nitrosyls with acids. It is suggested that this reaction bears upon the 
mechanism of formation of nitrosyl compleses in the frequently used prepara- 
tion, which makes use of alkyl nitrites, N-nitroso reagents and nitrous acid. As 
illustrated new routes to the dlnitrosyl cations required for the synthesis of 
[IrCl,(NO)L:!]’ cation, were examined. 

~KI,L L, ] ax- [IrCl ,(RONO)L,] x bCbL23 

t 
[IrCI,(NO)L,]+ 

f Cl2 

~rCl(NO)L~+ 

t Cl2 

brHZL3]+ = Et- (NO),LJ+ 
L, 

br(NOILJ 
4 7s 

I p- tosylNMe(NO) 

@H(NO)L$ 

Scheme 21 

Even though hydrido i;-olefinic compleses of transition metals are often 
cited as probable intermediates m homogeneous catal_ytic reactions, only a few 
such compounds have been isolated. With this view the reaction of various acti- 
vated olefins with [IrH(CO)(PPh3)X], [IrH(CO),(PPh3),] and [IrH3(CO)(EPh,)] 
(E = P, As) have been studied leading to the isolation and characterisation of the 
olefin compleses [IrH(CO)(olefin)(EPh~)2]. An X-ray study of the fumaronitrile 
complex has shown that in the solid state a trigonal bipyramidal configuration 
e_tists around the tridlum with the olefin and phosphine Ligands in the equato- 
rial plane. Attempts to convert the olefin complex via H-migration into a u 
bonded alkyl were unsuccessful. Ln the case of IrH(CO)(PPhl)J a 1,4 addition 
of TCNE is obser\red [ 1’71,172]. 

The crystal structure of carbonylchloro( tetracyanoethylene)bis( ttiphenJ;l- 
arsine)iridium has been determined [ 1731. 

Oxidative-addition reactions of the dihalodicarbonyliridate ions have been 
studied [ 1741 and are summarised in Scheme 22. The reaction with methyl 
iodide contrasts with the corresponding rhodium system where the methylrh:,- 
dium species, presumed to form initially rapidly isomerised to a dimeric acet!rl 
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species: the [Ir(CO)ZI,Rle]-, in the form of its tetraphenylarsonium salt shows 
no tendency to isomerise up to 150° . Acetyl chloride adds rapidly to 
[Lr(CO),X,]- at room temperature, which contrasts with the lack of reactivity 
towards acyl halides shown by the corresponding rhodium system. 

I 
Br 

i I- +Co 

Br’ I ‘co 
I 

I2 

I 

x = er 

[Ir(COl, r,] - 
excess 

7 
IjrtCo~xJ- $+- ~rtCO&Mej- 

/ 

/ 
MeCOCl C,H,Cl 

\ 
x = Cl 

jjrKO12X3( MeCO)l- ~r~CO~~Clj~~-allYl~]- 

Scheme 22 

There are many examples of the labilisation of substituents on an aJkyl 
ligand, which is bonded to a transition metal. A further illustration OF this prin- 
ciple is provided by the observation that o-ally1 complexes of the type [ LrC&- 
(CHzCH=CH2) (CO)L, J (L = phosphine) react with HCl to give the 2-chloro- 
propyliridium compleses I175]. These are readily converted mto the 2methosy 
or 2-ethoxy derivatives (X = ORle or OEt) \then treated with methanol or eth- 
anol to the Z-hydroxy comples (L = PMe,Ph ivlth Na?CO, m aqueous acetone) 
or to the 2-acetory compll?x (with NaOAc). Following an earlier investigation it 
was established that mer-[ LrC13(PEt,Ph),] when treated with KOH in ally1 alco- 
hol, and then with dilute HCI and MeOH gives a mixture of [JIrCIz(CH2CHXCH3)- 
(CO)(PEt2Ph)2] with X = OCH,CH=CH? and Onle. 
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