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Metal carbon s-bgnded corpounds

During the year 1977 reviews have been published which contain material.of
relevance to this section. These include reviews on cvclometalation reactions (ref.
1), di-organocobalt corplexes of macrocyclic ligands and mono- and bidentate w-
acceptor ligands (ref. 2), synthetic and mechanistic aspects of inorganic insertion
reactions (ref. 3), and decarbonylation reactions using transition metal compounds
(ref. 1).

. Treatment of the tris(trimethvl)tris(trimethylphosphine)cobalt(III) complex [1]
with [Me3PH]Cl and NaPFe gives the complex cation [2]. However, treatment of [1]
with NHePFg results in displacement of trimethylphosphine by ammonia to give [3],
(ref. 3). Stable cationic complexes of cobalt(IIT) also result upon reaction of the
cyvclopentadienyl complexes [4] with HBF,, HPFe or MelI (Scheme 1). The ethyl and acyl
complexes [5]-{7] can similarly be obtained. The hydride [8] reacts at higher
temperatures with excess HBF, in propionic anhydride to give [9] and an intermediate
compound [10] can be isolated from the reaction of [8] with propionic anhydride (ref.f)

* Cobalt, rhodium and iridium, Amnual Survey covering the year 1976 see
J. Organomstal. Chem., Vol. 167(1979) 135-264.
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Cobalt complexes of the type [CoCp(Rf) (1)L}, (L = optically active phosphine
ligand) form pairs of diastereoisomers which differ only in the configuration at the
The less soluble diastereoisomers can be prepared optically pure by

cobalt atom.
On equilibration the diastereoisomer ratio is a measure of the

crystallization.
optical induction of the asymmetric centre in the ligand L on formation of the two
possible cobalt configurations. Variation of the Rg group (R = CF3, CzFs, n-CiF7)
has no influence on the diastereoisomer ratio of 30:70.. However, a change of the
substituents R = H, Me, Et in the aminophosphines (S) - PhoPNRCHMePh gives the
following diastereoisomer ratios: 52:48, 30:70, 14:86 (ref. 7).

A study of the reaction of trimethylaluminium with Co(acac)s; or Cof{acac); in the
presence of 2,2”-dipyridyl reveals that both reactions give identical products. The

slowest step in the reaction of Co(acac)s; with Me3;Al in the presence of dipy is

References p. 495



considered to be reduction of cobalt{IIl} to cobaltiIl). Complexes of formula
[CoMepn(dipy)z]l, (n = L or 2} are formed in these reuactions (ref. 8). The reuaction
of Cofacac)s: with A (Ui:Ph) . and triphenyviphosphine in dicethvl ether as solvent
gives the complexes ColCHzPh) (acac), . 2PPh; and Co(CHoPh) . 2IPha . 2EE.0 (ref. 9).
Six-co-ordinate anionic and neutral low-spin cobalt([I) complexes of the type
M'M7[CO(CZCR" Ju (PR3} 2| and [CO(CECR’) 2 (PhaPALCHPPhz) -], (M = Na; M7= Ph.P;

R = Et, Ph; R’= H, Ph, have been prepared according to the equations: (ref. 1)

[CoCla(PR3)2] + JR7CECT iéggiﬂ» [Co(CZCR7 . (PR2)-]2™ + 2C1°

R’= t, Ph; R’= i, Ph.

liquid
fndnae koW

- ~—y 2 PPy
Nt [Co(C=CR”) 2 (Ph,PCHACH-PPho ) 2] + 2Br

[CoBr (Ph,PCH,CH,PPh2) 2 ) Br + 2R7C=C
R'= H, Ph.

However, simple acetylide complexes do not result from reactions between AgCECR,
(R = Ph or C¢Fs) and [RhC1(PPhi)3] or trans-[IrC1(CO)(PPhi}z}. The reaction betwcen
AgC=CPh and [RhC1(PPhj3)3] in refluxing tetrahydrofuran gives a good vield of the

cluster complex [11] together with 1,l-diphenylbuta-1,3-diyne, triphenylphosphine

RhC1F; + AgCAr —»= Rh(CAr)Ps; + AgCl
Rh(C2Ar)P3 + AgCzAr —» RhAg (C2Ar) P4

RhAg (C2Ar)»Ps + AgCzAr —» RhAg3 (C2Ar)s3P + P,

2RhAg; (C2Ar) 3P + 24gC,Ar —= RhaAg, (C2Ar) 3P, + 2Ag
(P = PPh3); (Ar = Ph) [11]

oxide, [AgCl(PPhi)]}. and traces of trans-[RhC1(CO)(PPhi3).]. The reaction betwcen
[RhC1 (PPh3) 3] and AgC=CCeFs is more complex and the complexes [12] and [13] are
obtained as well as small amounts of CsFsC,C2C¢Fs. In refluxing 1,2-dimethoxyethane
a third complex [14] can be isolated from this reaction. The reaction between
AgC=CPh and trans-[ITC1(CO) (PPhi3):] is more complex than the similar reaction using

CuC=CPh which has been reported previously. Products isolated from the reaction with
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Reaction Pathways

(i) replacement of halide by aryl acetylide

RhC1P3 + AgCoAr —> Rh(CHATr)P3 + AgCl

(ii) oxidative-~addition of arylacetylide moieties
Rh(CZAI’)Pa + AgC2A1‘ ——— RhAg(CzAr)2P3
RhAg (CAT) 2P3 + AgCoAr —= Rh(CoAr) Py + 2Ag

(iii) substitution of P (=PPhj3) by arylacetylide
Rh(C2Ar)3P3 + AgC2Ar — [AgP] [Rh(C,Ar) 4P,]
{13] + AgCzAr — [AgP>] [Rh(C2Ar)sP]

[M2Az 4, (C2ATr) gP 5]

P
X X
M Ar Cx l =
—_— C C==_
~— / ~ “AoP
[11}; BRn Ph oMl e
{12]; BRh  CgFs Xcéac , C=ey
[15]; 1r Ph P
[16]; Ir CgFs
[13]; M = Rh (X = CsF5s)
[17]; M = Ir (P = PPhj)
P
XCSsC , ci?cx
\"l \ / H
“ Rh ,l
B I
C 4\; ‘\ C ',’ ’S CX
pAg--—||--—--A&p
C
X
[14]
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AgC=CPh "include [15] and [AgCl(PPh:}|.. The reaction using AgCzCCeF: in refluxing
toluene gives the complexes [lo] and [17] (ref. 11).

A mesitvicobalt(II) complex, LiCoRa:, (R = 2,4,6-Mc:C:H:) has been prepared {rom
the reactions of cobualt(II) halides with mesityilithium (ref. 12), and scme tetra-
perhalogenoarvl metallates of cobalt(II) have been obtained via the reaction:

Et>0
—_—

[Buu®™N]2 [CoCle] + 4C5XsLi JLIiC1 + [BuuN]2{Co(CeXs) ]

X=ForCl
These homoleptic tetra-arvl derivatives of cobalt(II) are unstable in acctone
solution and in the solid state and decompose in davlight and in atmospheric moisturce

(ref. 13). Further reactions of the c-pentafluorophenyl iridium(l) complexes [18]

have been described. These pentafluorophenyl complexes are obtained as bright vellow

trans- [II'C]. (COo) Lz] + CegFsLi

toluenel -78°C

L
I Mel

CgFs —Ir —CO — [II‘MEI (CGFS)(CO) (PPha)z]
L

L = Ph3P, Ph,PMe, (g—EIeCGHq) p
[18]

air-stable crystals which upon exposure to light gradually turn dark green over a
period of a few months. The complexes [18] as a whole are much more soluble in
organic solvents than their halide counterparts. They are also less reactive than
the corresponding chloro complex from which they are derived. Theyv will undergo
oxidative-addition reactions with halogens and hydrochalic acids and in confrast to a
previous report the complex (18; L = PPh,;) will undergo reaction with methvl iodide
and acetyl chloride. Kinetic studies on the addition of methyl iodide to [18] show
that rates of methyl iodide addition are comparable to rates of methyl iodide

addition to trans-[ITC1{CO)L.] where L is a substituted triphenyviphosphine containing .
electron withdrawing groups (ref. 14). Diphenyliodonium salts, Ph,I1¥C1~ and i
Ph,I*BF,” readily react with trans- [ITX(CO) (PR3)2], (X = Cl, Br; PR3 = PPh; or
PMePh;) to yield iridium(III) o-phenyl complexes of general composition
[IrXY(Ph) (CO) (PR3) 2], (¥ = C1, BF.). It is likely that the tetrafluoroborate salts
do not contain discrete monomeric penta-co-ordinate cations and a halogen bridged

structure [19] is proposed for these complexes. The formation of o-phenyl complexes
as a source of impurity in the reactions of benzenediazonium salts with trans-
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co

[IrC1(CO) (PPha):] has been confirmed by deliberateiv conducting these reactions under
reflux conditions so as to promote dinitrogen extrusion from the initially formed
phenyldiazenato complexes. Thus PhN,"BF.” and trans-[IrC1(CO) (PPh;3};] react to give
an initial orange solution of [IrCl(N;Ph)(CO) (PPh3)2][BFs] which gradually loses its
colour and the white o-phenyl complex precipitates (ref. 15).

The reaction of an excess of trimethylphosphonium methylide, Me3;PCH,, with
[RhC1(1,5-cod)]2 yields the slightly air-sensitive complex [20]. Treatment of a

Hz
/\ /C\ /Me
l ! /Rh\ /P\
C Me
Ha
[20]

solution of {20] with carbon monoxide generates a red solution containing the com-

plexes [21] and [22] which could not be separated. Variable temperature n.m.r.

Mes
p
Ha CH;/// CH»
ocC C Me
N TN oq\{ | co
Rh P _— JEn Rh
o’ Ne N oc” | | >Seo
C C Me
CH, CH2
Hy
P
Mes
{21]
{22}

studies indicate that [21] and [22] are in equilibrium in solution. Benzene-methanol

solutions of [21] and [22] catalyse the conversion of methyl iodide to methyl acetate
and benzene solutions of [20] catalyse the hydrogenation of alkenes (ref. 16). A
metallocyclic complex of rhodium(III1), [23] has been obtained by the reaction of

Rh, (0,CdMe), with Mg(CH;SiMe3), in the presence of trimethylphosphine at 0°C.

However, an analogous reaction using MgdMe, gives the rhodium(III) methyl complex

{24] (ref. 17). A four-membered metallacyclic ring complex {25] can also be obtained
by the reaction [C3Pha]*Cl~ with trans- [RhC1(CO)} (PMe2Ph)2]. The complex [25] has
been characterised by a single crystal X-ray study. These results réveal that
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[Caphg]‘Cl' has oxidatively added to the rhodium(I) corplex in a similar fashion to
that observed for trans-[ITC1(CO)}(PMes)2] with the exception that the carbonyl
ligand has been displaced from the rhodium by chloride (ref. 18). The observation
that carbon monoxide is not lost {rom the resulting iridium(III) complex may be a

consequence of stronger iridium-carbonyl bonding. The low-valent complexes trans-
[ITX(CO) (PPha).] and trans-[RhC1(CO) (PPhi):] in boiling benzene cleave a carbon-
oxyeen bond in tetracyanoethylene oxide to give the cyclic complexes [26] and [277.
Treatment of trans-[IrCl(CO)(PPh;)-1 with the silver salt of tricyanocthenol gives
[28] (ref. 19).

(CV) 2

PN
o

X = Cl or Br
[26] [27]

(Ph3P) 3 (CO)C1Rh C(CN) 2 (Ph3P) 2 (CO)X’r C(CN) >

/\
o
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P d
Phj Nc// Nex
[28]

Metallacycloalkane derivatives have been postulated to be involved in a number of
transition-metal-catalysed reactions, such as isomerisation of strained carbocyclic
rings, [2+2] cyéloaddition of alkenes undoltgomerisation of 1,3- and 1,2-dienes.
Some of these reactions are catalysed by rhodium compounds and some five-, six-, and

seven-membered rhodacycloalkanes [29], [30], and [31] have been obtained by reactions

HoC
(D D e
L—Rh L—Rh L—Rh L—Rh
\ \ \ \

PPh, PPh; PPh, PPh;

L = n°-CsMes

[50] [51] [29] [32]

of [RhIz(n%-CsMes)(PPhs)] with the di-Grignard reagents Br-Mg- [CHz],-MgBr (n = 4, 5,
or 6). However, in the reaction involving Br-Mg-[CH-].-MgBr the ethylene ccmplex
[32] was the major product and ethylene was detected in the reaction mixture. The

sane results were obtained emploving [33] as the alkylating reagent. It seems

" yd \\CHZ s Sy F:::>
Mg 1 &4 —Csﬂs)%?\\/ n Csdes)ﬂf

CH,
Hoc” PPhgy PPh3j

[55] [54] [35]

likely that the metallacyclopentane complex [31] is an intermediate in the formation
of [32] (ref. 20). In contrast to these results, however, analogous reactions of
[33] or BrMg- [CHa],-MgBr with [Colz(n”-CsHs)(PPhs)] and [IrCla(n®-CsMes) (PPhs)] lead
to the metallacyclopentane complexes [34] and [35] in a pure form. Free ethvlene or
ethylene metal complexes have not been detected as by-products (ref. 21).
Metallacyclopentadienes have been implicated in the metal catalysed cyclotri-
merisation of alkynes to arenes. Two types of reaction of alkynes with the metalla-

cyclopentadiene intermediate have been suggested (Scheme 2):
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a) Diels-Alder addition of a co-ordinated alkyne to the metallacyclopentadiene and

om)

b) insertion of a co-ordinated alkyne into a metal-carbon o-bond. In this proposed

~—

scheme it is assumed that co-ordination of the alkyne precedes either path (a) or
path (b). Iowever, studies on alkyne cyclotrimerisation catalysed by the complexes

[36] reveal that the mechanism is dependent upon the nature of the alkvne. Thus the

Me Me
Cp = Me . Me
Co CpCo
/
R3P 7 Me =N Me
AMe AMe

R = Ph, Et, Me

[361 [37]

complex (36; R = Ph) catalyses the cyclotrimerisation of but-2-yne to hexamethyl-
benzene and the rate law found for this reaction is consistent with the mechanism
outlined in Scheme 2, involving substitution of triphenylphosphine by the alkyne via
the co-ordinatively unsaturated intermediate [37]. However, the high affinity of
triethylphosphine and trimethylphosphine for the cobalt(III) centre of [37] prevents
ready dissociation of these ligands from [36] and these complexes do not catalyse
the cyclotrimerisation reaction. In contrast dimethyl acetylenedicarboxylate reacts
with (36; R = Me) rapidly at room temperature affording stoichiometrically the
expected arene. Kinetic data for this reaction reveal that reaction proceeds with-
out prior dissociation of a phosphine ligand. A mechanism consistent with the data
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o mnde

involves direct Diels-Alder addition of the powerful dienophile, dimethyl acetrlens—
dicarboxylate, with the electron-rich diene present in [36] [ref. 22).

The reactions of alkenes with the metallacvclopentadiene complex (36: R = Ph)
leads to cyclohexadienc complexes and a study on the reactions of various metalla-
cyvclopentadienc complexes [38] with ethylcne, propene, styvrene, methyl acrylate, and

dimethyl maleate has been reported. These reactions proceed via initial displacement

Cp
Cp Co
\ R
Ph3P—Co \ R
\ + R'CH=CHR® —
R R R’
R
R R
'd
(58] B 39

of triphenylpﬁosphine from the cobalt and the sccond step is considered to be a Diels-
Alder reaction which takes place within the co-ordination sphere of the cobalt. The
reactions of [38] with dimethvl maleate lead in general to isomeric cyclohexadiene
complexes [39] namely the endo [10] and exo [41] isomers. The endo rule is obeyved

when R!,R* = Ph, but not in certain other cases (ref. 23). It is known that endo-

[40] [+1]

peroxides are produced in the reactions of conjugated dienes with singlet dioxygen
and it has now been shown that both [38a] and [38b] react with ground state dioxygen
at 70°C and at room temperature with singlet dioxygen to give but-2-ene-1,4-diones.
An intermediate cobalt complex of the diene [42] can be isolated and the proposed
mechanism of the reaction is illustrated in Scheme 3 (ref. 24). The cobaltacyclo-
pentadienes [43] also react with isocyanates at 130°C to provide a synthetic route
to 2-oxo-1,2-dihydropyridines [44]. In the reaction of (43; R!'=R?>=R?®=R*=Ph)
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with phenyl isocyanate at 80°C a cobalt complex [45] can be 1Isolated and such cort-
Cobaltacyclo

plexes may be intermediates in the formation of pyridones (ref. 25).

(45]

pentadienes containing a variety of substituents can be prepared by the stepwise

reactions of acetylenes with [CoCp(PPhi)}.], (ref. 26).
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Activated hvdrocirbons such as acetonitrile, acrvlonitrile and phenvlacetylenc
oxidatively add to the corplexes [ML.]", M = Rh, Ir; L = trialkvlphosphine or
-arsine and in the presence of carbon dioxide carboxylation of the carbon hydrogen
bond can be achieved. Thus addition of hydrogen chloride then BFi/MeOH to the
colourless solution of [d6] and carbon dioxide in acetonitrile affords methyl

cyvanoicetate.  Rhodium complexes are less reactive than the corresponding iridium

K1
[Ir(depe)-|C1l + CH,cN = [Ir(H) (CH2CN) (depe)z|C1

(401

(XY

K
[Ir(depe);]C1 =~ CH:CN = CO, = [Ir(H) (02CCH,CN) (depe),|Cl

(6] [47]
K2 > K}

depe = Et;PCH2CH,PEt,

species and bulky ligands inhibit reactivity. The obscrved correlation of extent of
reaction with metal basicity (Ir >Rh) and C-H bond acidity is indicative of a process
involving electrophilic attack at the metal. The n.m.r. of spectra of [17] are
consistent with both a trans or cis-fluxional geometrv. The complex [48] which is
much more reactive than [16] reacts rapidly with acetonitrile to give [49] (ref. 27).

Methyl iodide undergoes trans-addition to trans-[IrC1(CO)L,]. However, while there

H

[IrL.|C1 + MeCN — L , CH2CN| .
L L

[48] !

L = Pilea [49]

have been several studies on the effect of the ligand L on the rate of cis-oxidative
addition, no corresponding studies have hitherto been reported on the effects of
phosphine ligand on the rate of trans-addition. For the complexes trans-
[IrC1(CO){P(CsH.X-p)3}2], (X = F, Br, Me, MeO, H) a linear relationship is observed
between log k. vs. £oPR, the oPh substituent constants being derived by use of the
Hammett equation from measurements of the ionisation constants of organophosphorous
acids in water and 50% aqueous ethanol. A study of the complexes trans-[IrCl1(CO)L-],

[L = (p-C1CsHv)aPhi-n P] where n is varied from 3-0 &erified that the substituents
were additive for this system. Increasing the number of unsubstituted phenyl groups
resulted in the expected corresponding increase in reaction rate. The change in
steric effects upon moving a methyl substituent from the para to the meta position

appears to be negligible. However, trans-[ITC1(CO){P(CsH.Me-0)3}2] has no measure-
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able reaction with methyvl iodide as a consequence of steric factors. For a series of
alkyvl substituted phosphines the order of ligand dependence was found to be MePh-P
EtPhaP >Hr.PhP and it appears from these and other studies that a methyl group and a
phenyl group are comparable in their steric requirements whereas ethyl and presuably
higher alkyl groups exhibit increasing steric interference (ref. 28). Studies on

the oxidative-addition of a«-bromo esters to tetrakis(isocvanide)rhodium([) complexes

are consistent with a chain mechanism for this rcuaction (Scheme 3). The isocyanide
Rh! + RX = Rh...X...R
H'J initiation
rnfix
chain

Rh...X...R |
~\\\\RhIIK

Scheme 3

complexes {50] oxidativelv add the chiral alkvl halides, (S)-(-)-ethyl x-bromo-
propionate and (S)-(+)-ethyl a-phenylbromoacetate to give the trans-adducts [31]

which are optically inactive. The relative rate of addition of p-XC:H.CHBrCO:lt to

R’ NC CNR | * R N
R’ NC l CNR7
\/
Rh\\\ _ A//Rh
R’ NC CNR” R/NC 1 Sonp
Br

R'= Bu®, p—MeCgHy
R’= MeCHCO,Et,

[50] PhCHCO:Et

[51]

(50; R = Bu®) decreases in the order X = Cl>H>Me (ref. 29). The reactions of a
mixture of methyl iodide and iodide or.HC1 with the g-@iphenylphosphino)—3,5-
dimethylaniline, PN, [52] and o-(diphenylphosphino)-N,X-dimethylbenzylamine, PCN,
{53] complexes have also been reported. These complexes are prepared by treating
Li[IrC1.(CO}:] with one equivalent of the appropriate ligand. The use of excess
ligand leads to the formation of the four co-ordinate complexes [IrC1(CO)(PN).] and
[(IrC1(CO) (PCN)2]. Although o-(diphenylphosphino)anisole, PO, [54] acts as a
bidentate ligand to ruthenium(II) attempts to obtain a similar complex of iridium
were not successful. The four co-ordinate complex [IrC1(CO) (PO).] is instead formed
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with HCl or a mixture of methyl ilodide and iodide the complexes [52] and [53] give

Pho Phs
P P Ph,
Cl\ / C1 ~ / P
’/’Ir\\\ PN E::]::
oc N oc N—C OMe
Meyz Me H>
{52} [331] [54]

[IrHC12 (CO) (PN) ], [TrHCI2(CO)(PCN)], [IrMcl:(CO)(PN)], and [IrMel,(CO)(PCN)]. The
relative order of effectiveness for the catalvtic hvdrogenation of hex-l-ene is
[53] > [52] »trans- [IrC1(CO) (PPh:)2]. Equilibrium mcasurements of [Ir(TIT)]/[Ir(I)]
for the addition of benzoic acid to these iridium complexes reveal that there is
little difference in the basicities of the three metal centres and it appears
unlikely that either basicity or steric effects are important in promoting the
oxidative addition step in the catalytic cycle. The compound [53] is conformation-
ally mobile because of inversion of the six-membered chelate ring (ref. 30).

The addition of methvl iodide to the complexes [52] and [53] is quite different
from what has been observed for the analogous rhodium cemplexes. For iridium(III)
carbonyls the alkyl is stuable whereas with the corresponding rhodium(III) complexes
the alkylcarbonyl is unstable to migratory insertion and the acyl complex is
isolated. Rhodiun(III) acyl complexes have also been shown to result from the

reaction of methyvl iodide with the anionic complexes [55]. The product,

\/\/
\/\

L = CO, PPhj

[55]

[RhI{COMe)L(mnt}] , {L = CO) is unstable in solution and slowl)y decomposes on

standing and with primary alkyl iodides only the triphenylphosphine complex reacts

completely to give well characterised complexes [56]. The crystal structure of the

complex {56; R = Et) has been determined. The co-ordination about the thodium is
square pyramidal. Reaction of the acyl anions [56] with Ag” results in the forma-
tion of neutral rhodium(III) acyl complexes [57] thought to have the structure

illustrated. The «-methviene protons of the complexes [56] are found to be
magnetically non-equivalent and the diastereotopic nature of these protons indicates

that the acyl group is bonded to a chiral metal centre. In the neutral complexes
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~C \\s/// PPhs e \\s/// PPh;
[50] [57]

R = Me, Et, Pr , Bu , L = MeCN, pyridine

CipgHzy , CH2Ph

these hydrogens becore magnetically cauivalent as a result of rapid solvent exchang

On heating methylene chloride or tetrahvdrofuran solutions of the ncutral acyl com-

plexes (57; R =
to give the rhodium(1l) complexes- [58] (rer. 31).

Me, Et, CH-Ph) alkyl group migration from carbon to sulphur occurs
Some reactions of the related

R
1
ocC S CN
\\\RH//"\\%//
C
Pth/// \\\S’// Sex
[58]

triethviphosphine complex [59] have also been described, and are depicted in Scheme
The reactivity of [59] is significantly greater than the triphenylphosphine

4.
R0
\cl
RX/PEt 3
S\ /PEt3 _ _>_ . S\ I /PEtg
R (X = I; R =Me, Et, Pr", Rh
s co Bu", C;gH2,"; X = Br, s~  TNPEt;
- R = Et, Pr™, Bu", PhCH;,
[59] CH; CHCH,; X = C1, {60}
R CH, CHCH,)
NC S
s \C/
G - I
s c
ne” s

Scheme 4
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analog [55] which reacts only with alkyl iodides and activated alkyl bromides. The
single crystal X-ray structure of (60; R = Pr®) has been determined. Addition of
perchloric acid to [59] in the presence of triethylphosphine gives the hydride
[RHI(CO) (PEt:) - (mnt}]. Addition of acid to [59] in the presence of ethylene leads
to the acyl complex (60; R = Et). Alkyl group migration from carbon to sulphur is
also observed in monophosphine syvstems. This migration appears to proceed via a
sequence of 1,2-shifts from carbon to rhodium to sulphur, and is completely
suppressed in co-ordinating solvents and in the presence of free phosphine (ref. 32)
Studies on the reactions of allyl alcohol with iridium carbonyl cations of the
type [Ir(C0)al2]F and [[T(CO)2L3] " reveal a different behaviour to that observed in
reactions with saturated alcohols. Thus while saturated alcohols give complexes of
the type [Ir(COOR)(CO):L:] allyl alcohol gives a monocarbonyl complex [61]. Treat-

ment of [61] with carbon monoxide gives [62] which slowly reforms [61] even in the

Hp
c
-
+ HoC=cH '\
(1r(cor L] CH,=CHCH,0H P
or L2(COYIr—C
>o
[Ir¢CcO),L3]™
(L = PPh3j) (o1}
co
[Irci(coyL,] L, (CO) » IrCOOCH , CH=CH
[62]

solid state. Complex {61] cannot be transesterified even by prolonged boiling with
saturated alcohols. However, if the reaction is carried out in an atmosphere of
carbon monoxide {61] is transesterified presumably via initial formation of [62]
{ref. 33).

The stoichiometric decarbonylation of acid chlorides with [RhC1(PPhi3)i] takes
place under mild conditions, acid chlorides containing 8 hydrogens producing olefins
upon decarbonylation, while alkyl chlorides are formed from acid chlorides with no
3-hydrogens. Further studies on the decarbonylation of acid chlorides containing no
8 hydrogens reveal that the reaction proceeds with low net retention cf configura-
tion on carbon. Further since the acyl ¥ alkyl rearrangement is believed to take
place with retention of configuration on carbon, the reductive elimination step must
occur with the same stereochemistry and by microscopic reversibility, the oxidative
addition of alkyl halides to [RhCI(CO) (PPh3)2] should also proceed with retention of
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contiguration on carbon. The decarbonylation of ucyl chlorides containing -
deuteriwn atoms 1s non-stercoselective, the deuterium label being scrambled by inter
and intramolecular hvdride transtfer. However, the decarbonviation of ervthro- :und
threo-2,3-diphenylbutanoyl chloride is highly sterecospecific, trans- and cis-
methylstilbenes being formed respectively. These results imply that the addition of

rhodium hyvdride species across the double bond and the reverse reaction are non-

regioselective concerted processes with cis-stereochemistry. A study on the
oxidative addition of acyl chlorides to 3%Cl isotopically labelled [RhC1(PPhi)-:]
gives an cven distribution of the *°Cl isotope among the unreacted starting material
the product alkyl chloride (or olefin + HC1l), and [RhC1(CO)(PPh:)z]. This result
suggests a rapid equilibrium in the formation of the rhodium(II[)-acyvl complex and
an equivalence of the chlorine atoms in the acyl complex [63], (Scheme 5). 3*'P

n.m.r. studies indicate a stereochemically rigid structure in the range 218-3513 K.

Pl
fast 1 -
(o

= 1/3
RCOC1 + [RhC1L3] = R + RCOC1 + L

* /3 *1/3
RC1 (HC1 + olefin) -~ -

+ R///'I ~c1*
* 1/3
RhC1™  (CO)La L
[64]

Scheme 5

A single crystal X-ray structure determination on the complex (63; R = PhCH:} has
been reported and the geometry around the rhodiuwn has been described as trigonal
bipyramidal (ref. 34). Interestingly the structure of the closely related complex
[65] has been described as square pyramidal on the basis of an X-ray study (ref. 35).

However, both these complexes, [65] and [63], are distorted and there are not great

Ph
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differences between the two geometries found for each complex. Oxidative addition

of acetyl chloride to the compounds [66] give the monomeric, five co-ordinate

Me
co
RsP__ _-PRa c1\\\[ _-PR3
_"Rh + MeCOC1 >R
c1 ~PR3; c1 PR;
(R = C¢HyMe-p, Ph, [67]
or CgH.F-p) 1
[66] Me
co
RaP\\\l _a
__"ERnh
c1 ~PR;
c1 7 [68]
RsP._ | __cove ﬁ
c1 PR 0
C
R;R\\\' __Me
P
ci | ™~pRr,
c1
[69]
~MeCl
Rap\\\Rh co
i PR3
Scheme 6

acetylrhodium(III) compounds [67]. The compounds [67] rearrange in solution to give
the isomers [68], and isomerize further to six-co-ordinate compounds [69] and i.r.
and n.m.r. data can be rationalized as outlined in Scheme 6 for this system.
Equilibrium data at 298 K for acyl-alkyl i1somerizations are illustrated in Scheme 7.

[RhC1, (COR) (PR3 )a] = [RhRC1,(CO) (PR3 )2]

i PPh, P(Ce¢HyF-p) 3 P(CsHuyMe-Dp) 3
Me 0.29+0.02 0.35x0.01 0.38z0.02
Ph >20
R CH>CH» <0.1
p‘CleHuCHZ 13.7
CH»C1 >20

Scheme 7
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It is apparent that the acyl species are preferred for all three methyl svstens but
there appears to be no correlation hetween the position of equilibrium and the
niature o!f the para substituent. There is at present little data on octahedral
compounds such as [69]. However, n.m.r. studies on a solution of
[RhC12 (COCH-CH2Ph) (PPh3) 2| reveal the tormation of the octahedral compound
[RhC12 (CH2CH2Ph) (CO) (PPhs) ;| {(ref. 33).

A series of five-co-ordinate iridium(Il1[) complexes having the general formula

[70] have been prepared. These iridium(ill) complexes, which are clearly related to

R R
Cl\\\l ///L solvent Cl‘\\l //’L
/Il‘ + B _— Il‘\
L ~x L= | X
- B
[70} -

[71}]
L. = PPhj
X = anion

R = H, COR, S(O)2R”, CHj

the rhodium(III) complexes [63] and [65], are considered to have square-pyramidal
structures with the organo ligand R, in the apical position. Such structures are in
accord with predictions based on theoretical calculations for five-co-ordinate d®
complexes. The complexes [70] add a variety of Lewis bases and in all systems
studied the base adds, stereospecifically, trans to the R group to give the complexes

[71]. The reaction of the trifluoroacetyliridium complex (70; X = Cl) with a series

of bases in methvlene chloride gives the following order of -fH values:

P(OCH,) sCEt > P(OMe) : > 4-MeCsH.N >Me,S0 >Me,NCHO >MeCN >piperidine > Et;NH »PPhjy or
2-MeCsH,N. Enthalpy changes for the addition of pyridine, P(OCH.):CEt, and B(OMe);
to (70; X = Cl) have given a measure of the trans influence of the group R on the
iridium-B bond. The trans influence series based on this data is COCFH. >S(0).CF; >
S(0) zEt >S(0) 2Me > COCFzH > CH; > COCF3. The position of the trifluoromethanesulphin-
ato group in the series is not certain since there is evidence that in solutions of

the five-co-ordinate complex there may be an equilibrium between S-bonded and 0,07-
bidentate forms (ref. 36). Treatment of N-phthalovlamino-methyl chloride or -acetyl
chloride with Na[Co(CO).] in the presence of triphenylphosphine gives the five-co-
ordinate cobalt acyl compound [72] (ref. 37).

Six-co-ordinate methyliridium(III) complexes [73] containing two readily replace-
able ligands are obtained by addition of the methyl sulphonates MeOSO.F and
MeOSO,CF; to trans-[ITC1(N.)(PPhi).]. Some reactions of the complex (73; Y = F) are
illustrated in Scheme 8. The co-ordinatively unsaturated methyl complexes (74;

X = Cl1, Br, or NCO) undergo an ortho metallation of co-ordinated triphenylphosphine
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o
NCH,C1
o) 0 o
Na[Co(CO0), ] i
or e e NCH2C Co(CO) ;PPh3s
PPh3
o] 0
NCH,COC1
721
o
Me
L\ l /1‘
trans- [IrC1(CO)L;]| + Me0SOY —— Ir
- — ~—
c1 | L
0S0,Y
[73]
MFXT
Y=F
Me Me
L | X L | _x
\:::Ir/// Lo i:;lr +Np + MOSOLF
ci” | o c1 ~
c
o
X = ¢1, Br, I, NCO, OAc, NOa», NOj
L = PPhj [74]
Scheme S

and eliminate methane when thev are heated to 170-180°C. In homogeneous 1,2-
dichloroethane solution the dichloro and chlorobromo complexes (74; X = Cl1 or Br)

cleanly give the ortho-metallated compounds (75; X = Cl or Br). The presence of a

2[IrMeC1X(PPh3),] ——> T~ + 2CH,
[74] 2
(X = C1, Br or NCO)

vacant co-ordination site in [74] appears to enhance the orthometallation reactions.
Thus octahedral d® complexes of phosphorus donor ligands undergo orthometallation
only under forcing conditions whereas the complexes [74] do so at a significant rate
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at room temperature in solution. furthermore the addition of triphenyiphosphine to

reactions involving the complexes [7d] produces a significant decrease in the rate

of orthometallation (ref. 38). ‘the iridium(I} complex [IrCl1(PPh:):] also undergoes
an orthometallation reaction under mild conditions when treiated with 1-Li-2-R-1,2-

Biglallis, (R = Me or Ph), the intermally nmetallated complex [T6] being formed.

H
PhsP PhP [
>II‘ >I!‘
Ph;P \\\PPhg PhyP l PPh -
c1
[76] 771

Further studies reveal that formation of the complex [76] only occurs when
[IrC1(PPh;) 3] is treated with lithium or chloromagnesium derivatives of the C(2)-
methyl or -phenyl substituted 1,2-carborane. However, the cvclometallated chloro-
hyvdrido-iridium(IiI), complex [77], is always formed vwhen [IrCI(PPh;);] is treated
with the organometallic derivatives of either the unsubstituted 1,2- and 1,7-
carborane or the C(7}-methyl and -phenyl substituted 1,7-carborane (ref. 39).

The olefinic phosphines R,Pallyl (R = Bu® or Cyv) recact with [Ir(acac)(C:H.)-] in
the presence of y-picolinc and acetonitrile to yield the six-co-ordinated metallated
iridium(III) complexes [78]. Treatment of [78] with carbon monoxide, cyclohexyliso-

1-!8 ) Ra
b P H2
[;r(acac) (Can)z] + R,Pallyl ——L—— HC / \ C
\\C--— //,,\\\ ~r

Me H

But ; R=H, Me

Cy; R'=3le

= y-picoline

But; R=H; L = MeCN

(78]

mn

A aw
|

cyanide or trimethylphosphite results in displacement of the ligand L, and several
isomers of each complex can be obtained. The reactions of the olefinic phosphines
with [Ir(acac)(C2H.)2] differ from those previously observed with [IrC1(Cetlis)z]2 in
that when the bidentate acetylacetonate ligand is present, one bulky phosphine is
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sufficient to cause metallation (ref. 40)}. Cyvclometallation reactions involving
aliphatic C-Hl bond breaking readily occur by reaction of the phosphines PPr™Bu,t,
PBUMBu-t, PBust, or PPrii with [IrCl(Cgfl;.)-]12 in the presence of y-picoline or
acetonitrile. The aliphatic parts of the ' n.m.r. spectra of the resulting com-
plexes are complex and further since some of the complexes eXxist as mixtures of
isomers the complexes were allowed to react with triphenyvlphosphite in order to
displace the non-metallated phosphines and thus simplify the resulting n.m.r.
spectra. FProm these studies it is apparent that a primary carbon atom is more easily
metallated than a secondary carbon atom and that the reactivity towards metallation
is PPr:® =~PPrPBu,® > PBu-tBu® > PBu.t. Tri-n-butvlphosphine yields no metallated
products. It appears that the reactivity of the phosphine is determined by the

cone angle of the phosphine. When this angle is small no metallation occurs and
when the angle -is very large the yields of metallated products are small. Only when
the bulkiness of the phosphine is moderate are good vields of metallated products
obtained. These reactions lead to both four- and five-membered rings (ref. 41).

The interaction of three molar equivalents of tri-o-tolylphosphite with
[IrC1(1,5-Cst;2)]2 produces a vellow powder, [Ir,Cl.{P(0-o-tolvi);}i] which contains
a single tri-o-tolviphosphite ligand co-ordinated as a tridentate dimetallated
asroup. This complex undergoes bridge cleavage reactions with donor ligands and the

crystal and molecular structure of the y-picoline complex [79] has been determined

iref. 42).

N
C1l N
\, S
Ir
—’/L:::P—Oph N = y-picoline
° l
(o)
[79]

The internally metallated complex [80] reacts instantaneously with carbon monoxide
in solution at room temperature to give new carbonyl complexes of iridium (Scheme
9). Carbon monoxide insertion into the iridium-carbon bond is not observed in these
reactions in contrast to the behaviour found for the reactions involving the
corresponding rhodium complex. Complex [80] also reacts rapidly with dihydrogen,
the iridium-carbon bond being cleaved stereospecifically to give pure fac-

[IrH3; (PPhi) 3}, [81]. Treatment of [80] with methanol gives the dihydride [82] which
on further treatment with methanol gives [81] (ref. 43).

2,27 -Bis(diphenylphosphino)bibenzyl, (bdpbz) and its arsenic analogue, (bdabz)
form monomeric complexes of rhodium(I) and iridium(l) [83], in which the Group V
ligands span trans-co-ordination sites. The rhodium(I) complexes [83a] and [83c]
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exhibit temperature-dependent 'H n.m.r. spectra which are considered to be due to
inversion of the nine-membered chelate ring. Co-ordination of bdpbz and bdabz to
the rhodium or iridium as trans-bidentate ligands brings the methvlene groups in
close proximity to the metal atoms and the iridium complexes have been shown to

undergo metallation reactions. Thus reaction of bdpbz with [IrCl(cod)}: in methylent
chloride in the presence of carbon monoxide gives the metallated species [84a]. The

precursor to this complex [84a] is [83d] which can be isolated in an impure form by
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CH: CHz ,//”CH%\§:;>
z
X / D N,
E—M—E E—Ir—E
Ph, /  Phy Pho /N Ph:
cD ocC z
(a) M = Rh, E=P, Z =2C1 (a) E=P, 2 =2C1
(b) M = Rh, E = As, Z = C1 (b) E = As, Z = Cl1
(¢) M =Rh, E=P, Z = CO (¢) E = As, z = co*
(d) M= Ir, E=P, Z =C1 (d) E =P, z = cot
(e) M = Ir, E=As, Z = C1
[83] [84]

carryving out the reaction of [IrCl(cod)], with bdpbz and carbon monoxide in toluenc
at -10°C. On refluxing in chloroform the arsine complex [83e] also undergoes
metallation to give [81b]. Treatment of [83d] and [83¢] with silver tetrafluoro-
borate under carbon monoxide gives the cationic metallated complexes [84c] and [84d]
(ref. 44). A metallated pyrazolviphenvl complex of cobalt(II), ML., can be obtained
by the reaction of [MgBr, (L = pyrazolvlphenyl) with cobalt(II) halides (ref. 15).
Cobalt (1} compounds are powerful nucleophiles and react with alkyl halides and
certain esters to give alkylcobalt compounds. The possibility of effecting intra-
molecular alkylation (Scheme 10) prompted an investigation of the reaction of [83]

~N N\, \\55//
° /R _x //c°§§ _H+ S\ '
-~ \XQ _ N R —— N
H ===
T T
X
Scheme 10

with lithium naphthalide. However, reduction of [85] with lithium naphthalide
results in the formation of the novel alkylcobalt dimer, [86], (ref. 46). The
reactions of the polvcyclic bromides of adamantane and norbornane, [87]-[91] with
cobaloxime(1l) yield stable alkvl(pyridine)cobaloximes [92]. Displacement of bromide
from [87], [88], and [89] proceeds with retention of configuration and since nucleo-
philic displaccment is not likely with these bromides these reactions probably
proceed either via a bridged intermediate [93] or via a radical process (Scheme 11).
However, the displacement of bromide from the less sterically hindered bromides [90]
and [91] by cobaloxime(I) gives the same alkyl(pvridine)cobaloxime compound, the
configuration of which has not been determined (ref. 47). The reaction of

CoBr; (dpnH), [94] with pentafluorophenylmagnesium bromide gives the complex
[CoBr(Ce¢Fs) (dpnH)]. Only one pentafluorophenyl group can be introduced into the
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[871 ?
E/ [90]

f [91]

{891
H -~
o~ o |
R l RN
N i TN
H3C—C ¥V " Sc—cn, Bz, Lc0
~Co! , e
I, \\ N
HiC—Co .~ . _sC—CH; :
N NZ
l by l [93]
O-. o
\‘H/
{92]

|
—Cc—Br + (Ccol)~™ = -—(l:~ + (co™y + Br~
1 I |
—(l:- + (Coll) +——tl:—<CoI”>

Scheme 11



365

complex [91]. However, the remaining bromide ligand can be readily replaced by othel
ligands to give neutral complexes, [CoX(CeF:)(dpnil}], (XN = CN7, SCN7, 17, NO27),

mononuc lear cationic complexes, [Co(CsFe) (LY (dpnt)]Y, (L = H20, NHs;, pv; Y = ClO. ,
BPh. ) and binuclear complexes [{Co(CsFs)(dpnH)}.X]BPh. (ref. 48). A general method

used for the formation of cobalt-carbon bonds In macrocyclic chelate complexes such

It

as vitamin B;; involves the coupling reaction of an appropriately generated carbon-

centred radical R« with a cobalt(II) chelate:
R+ + Co(II) > R-Co(III).

It has now been found that organic hydroperoxides can be used as sources of organic
radicals for the preparation of organocobalt complexes. This method has been used
previousiy for the formation of organochromium complexes of the type [CrR(H,0)s127.

The reactions of the cobalt(II) macrocyclic complexes [95]-[99] with some tert-alkyl

o
l

C/\ .
//’ >~

N
/é

Co (dmgH) 2

/
|
AN

H

l
o,

{951
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hydroperoxides occur with a 2:1 (cobalt:peroxide) stoichiometry and lead to the
formation of alkvi-cobalt products. The reactivity order found for the complexes is
[Co(dmgH)2]3~[Co(dan)]$ *Byay = [Co(tim)]** >~ [98] > [99]. An idealised stoichiometry
for the recactions can be represented by the reactions in the following equations:

RCMe;00H + Co(II) - RCMe,0¢ + Co(III)OH
RCMe,0* -~ MesCO + Re
R+ + Co(II) - R-Co(III)

The reactions of [Co(tim)]?** with a variety of peroxides are not greatly effected by
varving the alkyl group of the hydroperoxide. However, the reactions were substan-
tially inhibited by substituting OR groups for the hydroxyl group of the hydropefox—
ides (ref. 49).

The photoinduced homolysis of the cobalt-carbon g-bond in vitamin E,, and the
related synthetic macrocycles is a well known process. It has been suggested that
the alkvl radicals thus obtained should react with nitroxides and hence provide a
useful technique in spin-label studies, but the restricted solubilities of these
cobalt compounds limit their use in aqueous systems. lowever, the highly water

soluble complex [100] reacts rapidly with nitroxides, e.g. [101] when irradiated in

A
[Co(CH:CO:T)(CN)s]™™ + HO N—o0
[100]
[101]
| \
[CocC¥)s[3™ + HO NOCH2CO2

the absence of dioxygen with light of 300-100 nm (ref. 50). Two main types of
reaction have been observed to take place when the alkylcobaloximes [102} and [103]

/
N

\ .

0—H-—0Q
R

|
c
SN

N N
\0-—3—0/ = CEV 5 [103]

react with the cobaloxime(II) complexes [Co(dmgH).py] and [Co(chgH)2py] in methanol
or methylene chloride. First, homolytic displacement of cobaloxime(II} from the
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alkylcobaloxime takes place by the attack of the cobaloxine. [) reagent on the alkyvi
group:
II i +_CoII(cth)zpy

py (dmgH)>Coll + RCoIIl(chgH)apy == py (dmgH)2Col

The reaction is first order in cach reagent and occurs with inversion of configura-
tion at the a-carbon of the alkyl group. The sccond-order rate coefficients for thi:
displacement reaction decreasc in the scyuence Me»Lt>»Pr~Bu~Oct ~Pri - Bul > Bus.
Sccondly atter the onset of alkyl exchange, exchange of equatorial ligands between
reagent cobaloxime(I1) and displaced cobaloxime(ll} complexes takes place rapidly.
Displacement of cobaloxime(1) from the alkylcobaloxime complexes by cobaloxime(I)
reagents, e.g. [Co(xull)=pv] ™ in methanolic solution has also been shown to involve a
bimolecular reaction of the cobaloxime(I) reagent with inversion of configuration at
the a-carbon of the alkyvl group, (ref. 51). In the displacement of cobaloxime(Il])
from alkylcobaloxime(1Il1) complexes by other cobaloxime(I1) reagents, the attacking
cobalt(I1) radical bears only partial resemblence to conventional organic radicals.
However, it has now been tound that benzylcobaloximes react with bromotrichloro-
methane thermally and photochemically to give good yvields of trichloroethylbenzenes
via a chain sequence In which one of the propagating steps involves homolytic dis-
placement of cobaloxime(II) by attack of trichloromethyl radicals at the a-carbon.

The reactions occurring are outlined in Scheme 12.

Initiation:

ArCH;Co(dmgH) 2B == ArCH." + ~Coll(dmgH).B

Propagation:
II - IIY .
o~ " (dmgH) 2B + BrCCl; BrCo (dmgH) 2B + "CCl,

III

"CCl; + ArCH,Co " (dmgH)2B — CIl3CCH2Ar + ~Coll(dmgH).B

Termination:

2C13C° —+ Cl3CCCl;

ci:c” + “coll(dmgH)»B <= c1icCo’!! (dmgH).B

(B = pyridine, imidazole, PPh3j)

Scheme 12

These reactions provide the first examples of homolytic substitution at a saturated
carbon atom and provide a useful synthetic route not only to trichloroethylbenzenes
but also to a variety of other BB8-trisubstituted ethyvlbenzenes using other poly-
halogenomethanes. An increase in the vield of trichloroethylbenzene is observed in
the presence of imidazole as the base B (ref. 52). A photochemical investigation of
the complex, [Co([l4]aneN.)(OH;)Me]?*, ([11]aneN. = 104) reveals that cobalt-methyl
homolysis (Scheme 13} occurs following relativelyv low energy irradiations. The



369

.
E;\?H H'\Tj
U

[14]aneN,

[104]
Me OH>
2+
Co + hv H20 Co + Me
OH» OH >

Scheme 13

quantum vield for this homolytic process is essentially independent of exciton wave-
length. The differences between the photochemical behaviour of acidopentaammine-
cobalt(IIl) complexes uand this organo-cobalt complex are striking. Thus homolysis of
the cobalt-methyl bond is induced by irradiations of absorption bands much lower in
energy than the charge transfer absorptions; homolytic cleavage of the Co-Me bond
requires less energy than homolyvtic cleavage of most ColII-X~ bonds; most acido-
pentaammine complexes exhibit strongly wavelength dependent photochemistry; there is
no distinct absorption feature which can be attributed to a Me - Co(IlI) transition
(ret. 53). Flash photolysis studies also confirm that cobalt-methyl bonds tend to
undergo efficient homolysis at relatively low eneruy and in the sense of homolvtic
dissociation it is apparent that cobalt-carbon ¢-bonds must be regarded as
significantly weaker than the usual cobalt(III)-ligand bonds (ref. 51). The quantum
vield for photodestruction for several alkvlcobalamins in aérated solution is known
to show an acid dependence (ref. 55). It has now been found that for anaerobic
aqueous solution, alkyvlaquocobaloximes are very photosensitive at moderate acidities
(pH 1-5); photoreaction is much less efficient at pH T than at lower pH; and the
fate of the released axial alkvl group depends strongly on pH (ref. 56). Kinetic
studies on the thermal and photochemical insertion reactions of dioxygen into the
cobalt-carbon o-bond of alkylcobaloximes suggest that the insertion

RCo(dmgH)sL + O, =+ ROOCo(dmgH),L

is not a chain reaction. The bimolecular reaction occurs in the non-dissociated
RCo(dmgH)zI. complex (ref. 57).

Micellar effects on methyl transfer involving vitamin B,» have been investigated by
studying the reaction between methylcobalamin and mercury (II) ion. The interaction
of methylcobalamin [105] with Hg(OAc), in water involves two consecutive steps: the

initial rapid reversible formation of the "base-off' methylcobalamin mercury(II)
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acetate complex [106) which is tolloved by the =lower formation of the aquocobalanin

complex [10T] (Schewe I4).
CH- CH»
— Co + Hg(0OAc) > — [— Co + Oac™
Bzm — BzmHgOAc
j1os] [1006]
H*’Jf
CH3 (l)Hz
[ Co + Hg(0AcC) 2 —_— [: (l.‘o + CHaHgOAc
BzmH* - Bzm + Odc
[108] [107]

Scheme 14

Addition of excess chloride or bromide ion simplifies the overall reaction by
eliminating the observable formation of [1€6]. Rate constants for methvl transfer
from methylcobalamin to mercury(Il) in water depend strongly on the nature of the
anion. The reactivities are acetate »chloride :-bromide. This order is the opposite
to that observed for the stabilities of the corresponding mercuryv(Il) complexes and
supports a mechanism in which the cationic mercurv(Il) species acts as the eclectro-
phile. The addition of sodium dodecyl sulphate to the reaction involving mercury(Il)
chloride causes a marked decrease in the rate constant for attack of mercury(II)
chloride on [105} in water. This inhibition is due to an alteration of the pKa for
the dissociation constant of [105] to form the '"'base-off' complex [108]. Aqueous
micellar hexadecyltrimethylammonium bromide completely stops the methyl transfer
(ref. 58). Kinetic studies on the cleavage of the cobalt-carbon bond in organo-
cobaloximes [CoR(dmgH)»(H.0)}] by iodine reveal the involvement of an CoR({dmgH); (H-0).
I, intermediate which undergoes intramolecular transalkyvlation and acts as an
electrophile towards a second organocobaloxime molecule. The second-order rate
constants found for these reactions vary in the order PhCH» >Me >Pri > Et > CH.C1 > Pro.
This order differs from that obtained for cleavage reactions with mercurv(II) and
thallium(III) where the order is Me >Et >Pr">Prl >(CH,Cl. It seems that electro-
philic substitutions with halogens are less sterically dependent than the
corresponding reactions with metal ions (ref. 59).

Complexes of [Co(dmgH).] and optically active amine are known to catalyse
asymmetric hydrogenation of alkenes (Scheme 15). 1In order to ciarify the mechanism
of induced asymmetry, the crystal structure of (R)-1-{methoxvcarbonyl)ethyl(R) (+)-a-
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H>C=CXY + Co(dmgH), —> Co (dmgH) »

>

l
B B

l 3Hs
. ‘}H—\ *
Co(dmgH), =+ H3CC HXY 2 HicCrxy
L 3
B Co (dmgH) 2
B*

Scheme 15

. methyibenzylaminebis(dimethylglyvoximato}cobalt (III) has been determined by X-ray
analysis. ‘The Co(dmgll). moiety is twisted around its long axis, owing to the steric
repulsion from the (R}-1-(methoxycarbonyl)} ethyl group and the optically active
amine. This twist is considered to he onc of the factors inducing the asymmetry in
the hydrogenation. The cobalt-carbon cleavage reaction in Scheme 15 proceeds
through inversion of configuration (ref. 60). Cobaloximes undergo oxidative
alkyvlation by vinyl ethers, J-penten-1-ol or Jd-pentenoic acid and the transalkylation
of alkvl(pvridine}cobaloximes by these alkenes has also been reported (refs. 61, 62).

The '°C n.m.r. spectra of a variety of cobaloximes of the type [CoR{dmgH):L]
including complexes in which R = CHBr., CgH.Br, CH:SiMe;, CH,C:H.CN, Et, and CH,Ph
have been recorded, (ref. 63), and the crvstal structure of the di-iodide salt of
the alkylcobalt(III) complex [109] has been determined (ref. 64).

H
|
N
[i/\\l Me
Co
N—"/\T—N
Me—c? / \ \C—-—.\‘[e [109]
N
S g N\

Y o

Thermodynamic data have been obtained for the addition of bases to the complexes
[110], [111], and [CoMe(dmgH),]. The strength of the ligand-cobalt bond formed is
determined primarily by the inductive properties of the trans alkyl or aryl ligands,
adduct stabilities being in the order CF: >(CH2(Cl1 >Ph >Me. The nature of the cis
ligands is also important in determining the acceptor strength of the cobalt centre.
Thus the dmgH ligand renders the cobalt considerably more electron deficient than

either the bae or salen systems (refs. 65, 66).
The reaction of polypyrrole macrocycles with [Rh,C1,(C0).] gives out-of-plane

References p. 495



R
//,Co\\
—N N
7/
R = CF3, p-MeOCgHy, R = Me, Et, Pr", Bu"
Ph, p-FCgH,, CHzCl, Me [111]

[110]

mono- (with corroles and thiaphlorins} or bis-dicarbonvirhodium (with porphyrins and
azaporphyrins) complexes, depending on the number of imino- and amino-groups present
in the central macrocyvcle. The complexes of etioporphyrin [112a] and the monoaza-
porphyrin [112b] not only undergo oxidative reactions with alkyl halides, arvl
halides, and carboxylic anhydrides but also insert into the C(1)-H bond of formute

esters and aldehydes to give the complexes [113], (1141, and [115]. The C-H bond of

Y = Rh(CO)2

[(112]

Me
Et

)
[II]

RCHO (R = Ph or Bu")

R
) é&‘\\\ ,/”'R“\\'
~) " ~ LN
N N
‘\~_x_/// S~—x—"
[113] [114]

a; X=cH, R!=Et, R?=Me
b; X=N, R!=Me, R?=Et
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[112]

HCOZR MeCOR (R = Ph, cyclopropyl or furyl)
R = Bu” or Ph

\\N \\\\N// \\ ,//’ \\\\
[115] [116]
a; X = CH, R' = Et, RZ = Me
b; X =N, R! = Me, R? = B¢t
Me COPh
N/ \T// N
\ /> X = CH; R! = Et, R? = Me
//// ~—
\\\_X__,//
[117]
R
|
CO
CHz)a
[112a] D—cor >
X CH, R = p— luorcphenyl ketone;

w
[
o

Et, R? Me)
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nethyl ketones also oxtdatively adds to the complexes [112a and b}. Thus [112a]
reacts with MeCOR, (R = Ph, cyclopropyl, or furvl) at 110°-120°C to give the
rhodium{ 1 [) porphyrin derivatives [Ll16a]. A range of products are obtained f{rom
the reuaction of {112b{ with cvclopropvl methyl hetone. The major product is [lioh]
but smaller amounts of [L13b] and [11db] are also tormed. ‘The reaction is not
restricted to methyl ketones since [112a] and ethyl phenyl ketone react to give
[117}. Wwhen the complex [112a} is heated in cvclopropyl p-fluorophenyl ketone, the
cyclopropyl group undergoes fission to give (118: X = (M, R = p-FCsH.}.  Fission
of the cyclopropyl ring also occurs on treating cyclopropyl methvl ketone with the
anionic rhodium(i) porphyrin [119] the complex (118; X = (I, R® = Me) being Formed
(refs. 67, 68). The introduction of dihvdrogen gas into a methanol solution of the
rhodium( [{1) octacthylporphyrin complex [RhC1(OEP}) precipitates the hvdrorhodium-
(ITI) porphyrin complex, [RhI(OEP)] and the sume complex can be obtained by acidifi-
cation of the anion [RhOEP)|™, (Scheme 16). In benzene solution the hvdride forms

/?
?O
TN 7 (CHa) T
A N N N
(V\m:/\) [>eo =2 ~ 1
v Ny v Ny
[Rh(OEPY ]~ (X = CH, R? = e)

[RhC1 (OEP) ] H2 . RuH(OEP)

N

[Ru(OCEP) ]~ benzene

[Rh(OEP) ]2 + H»
[120]

Scheme 16

the metal-metal bonded dimer [120}. Some reactions of this dimer are summarised in
Scheme 17 (ref. 69).
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_PBCH2BTY  (phBr(OEP)] + [RhCH2Ph(OEP)]

[120] SHz=CHCHzR  rop (0EP)CH CH=CHR]

(R = Ph, CN, Pr )
\__HC=CR_ [ (0EP)RKCH=CRRh (OEP) ]
(R = H, Ph)

Scheme 17

Metal-carbene compounds
The electron-rich alkene [121] provides a source of stable metal-carbene com-

R R
N N
E : < j LA—1f
N N
R R

[121}

Ui

[121]

= Me and Et

T
o
I

plexes. Thus on heating a solution of [Co(CO)3;(NO)] with [121] under varying
conditions the carbene complexes [Co(C0).(LM®)INO], [Co(CO)(1M€),(N0)] and

[Co(CO) (LE),(NO)] can be isolated. These cobaltate(-1) complexes are unaffected by
heating to 100°C and the mono{carbene) derivatives readilyv lose CO on reaction with
tertiary phosphines affording species such as [Co(CO)LR(NO) (PPhs)] (ref. 70).
Attempts to svnthesise [122] via the reaction outlined in Scheme 18 affords 2-
imidazoline which reacts with [RhCl(cod)]: to give a complex of 2-imidazoline [123]

R R
N N
(<]
R ([122] R

f R =R = Me, Et, Bu", or CH,Ph
RN (H)CH,CH,N(H)R + CH(OMe) 2NMe»

,///R =R =H

H
N

Scu [RnC1(cod)]2 [RhC1 (cod)L]
7 [125]

Scheme 18

(ref. 71). The reaction of [Co(CO).] with Ph(C1)C=NPh produces the compound
[Co2(CO) ¢ (PhCNPh).]. Treatment of this complex with PMe,Ph gives [124] the structure
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of which has been established by a single cryvstal X-ray study. The compound [124]

L(0OC)-Co

Q
o]

~
o]
[©]
~
13

contains a bridging carbenoid carbon and a mechanism for the formation of [121] has
been proposed (ref. 72). A bridged carbene coirplex of rhodium [126b] has been
The structure of

obtained by the reaction of [125] with N-methyv1-N-nitrosourei.

0o
i
Cp C co RCH- NH,
~ /// \\\“_/// + \\\‘ ~
///Rh ——— Rh ///L——C\\ e
oc Cp ox o
[125]
ﬁ‘\ R
Cp c’ co
el SN
e
o€ \\\Cp
a=H
b = Me
[126]

[126a] has been confirmed by a single crystal X-ray study and in view of the ready
accessibility of numerous alkvl-substituted nitrosoureas these reactions provide a
convenient source of the bridged carbene compounds [126] without using diazoalkanes.

Deuterium labelling expervriments show that the origin of the metal-stabilised
methylene is the alkyl group of the organic precursor. The reaction of diazodiethyl

malonate with [RhCp(CO)-] gives the bis(ethoxycarbonyl)methylene complex [127]

Et0,C CO.Et
CO,Et cp \\c’/ co
- 2
RhCp(CO) 2 + N2=C/ S N
~co,Et //Rh-—————Rh\\\
oC Cp
[127]

(refs. 73, 74). However, reactions of the diazo compounds [128] with CoCp(CO): lead



377

to the metallccycle [129], characterised by a single crystal X-ray study. The
CO2R Cp (]
N2='=C< + CoCp(CO); —— >Co\/ \/ /
COzR o€ IC C
R = Me and Et o “cozr
[128] [129]

formation of [129] proceeds via the unusual 1,3-addition of :C(CO:R} to [CoCp(CO),]
(ref. 75).

An unusual iridium ylide or carbene complex [130] results on heating the complex
[1531]} at 170°C in vacuo. The X-ray structure of [130] reveals that the structure of
this compound is somewhcre between the extremes of an iridium(I) carbene [130a] and
an iridium(IIT) vlide [130b]. The hyvdride [131] together with [132] is formed on
treating hydrated IrCl; with But.P[CH.]sPBut; (ref. 76).

_CH,~PBut, _-CHz-PBut,
CH» ] CH»
Nc—1r—C1 [130a] Sct—1rt—c1 [130b]
Gl | cHa
: "N CH;-PBut, \CH,-PBut;
_-CH;PBut, But,P[CH; ] sPBut;
CH, | H
ScH—I¥ —cC1 [151] HIrCl, HIrcl, [132
CH,
N CH:PBut, But,P[CH, ] sPBut,

The reactions of [RhC1(PPh;);] with benzoyl isothiocyanate or ethoxycarbonvl iso-
thiocyvanate vield the carbene complexes [133a] and [134] which are shown by single
crystal X-ray structure determinations to contain planar tridentate carbene ligands.

RhC1L3 (L = PPh3)
Hcoigi///// \\\\5:fcoxcs
\\\Lh///o\\c,/ﬂ \\\Lh,//s\\ _~N(COOEt) ,
/l\/N /I\C/N
\ / \L/
f s cC——S
R-CO-N Et0-CO-N [134]
a; R = Ph
b; R = p-Me-CgH,
c; R = Me2N [133]

References p. 495



The presence of cyclohexyl isocyvunide in these reactions inhibits the formation of

the tridentate carbene complexes and n”-isothiocyvanate complexes are formed, (Schene

19). The formation of the carbene corplexes probably procecds via n?-isothiocvanuate
RCONCS
RhC1L 5 "RhC1 (diphos)"
-~ R = EtO
CyNC
L c1 3
C1 S .
\nlh/f (p\R’h/C\E'
i C
cyxe” | e P} Ss—
NCOR o x
/
\ (l:
= E
R Ph, OEt o
F135 Et
t155] CyNC
C1 ?
P C COOEt
( \th/ ™y
p | T~s—~xcooet
C
N
€y [136]
Scheme 19

complexes [135] followed by c-co-ordination of a second isothiocyanate molecule to
the sixth co-ordination site which is occupied by cyclohexyl isocyanide, in [135].
The complex [134] is considered to be formed via a five-membered rhodiacyclic inter-
mediate and this structure type, [136], has been isolated by the reaction of
ethoxylcarbonyl isothiocyanate with "[RhCI(diphos)]" (ref. 77). Various rhodium
carbene complexes have been found to be active catalysts for the hydrosilylation of

a wide variety of alkenes, alkynes and dienes (ref. 78).

Metal-isocyanide compounds

Reduction of [Co(ButNC)s]PFs with K-Hg in tetrahydrofuran affords the complex
[157]. A single crystal X-ray structure determination shows that the Co-Ce skeleton

R
\1'
1

c
N
———Co (CNR) R = Bu!
\C e 3
I

N~g [157]

(RNC)3 Co
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In solution [Co2(CO)s] exists in three iso-

closely resembles that of [Co:(CO)s]-
79).

meric forms and initial studies suggest a related situation with [137] (ref.

The reaction of [Co.(C0)=] with [138] also gives a zerovalent isocyvanide complex

[139] and some reactions of this complex are depicted in Scheme ZOa’b. The complexe
NR
!
BNC ,/’C\\\
Co2(CO) g [138] (RNC) 3 Co /CO (CNR)
\\\C
]
e NR
Me
(139)

PhN=NPh

z
5
NR

Scheme 20(a)

[137] and [139] are the first zerovalent cobalt complexes containing isocyanides as
the sole ligand (ref. 80). The reaction of [RhCl(cod)], with [138] gives a neutral
complex [140] in contrast to a cationic complex [Rh(RNC).]Cl which is usually formed

Me

Me

in this type of reaction. The reactions of [140] with bases, alkenes and alkyl
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[Co(rRNC) 5] [Co(CO) 4] Co (RNC) ,Bra + [PhCHg—ﬁ——ﬁ——]z
NR NR
(1I)
I1v)
Cco PhCH,Br,
R\N/CH 3
[
CpH CH3I _c_
CpCo(RNC)2 = (139) > [(RNC)3CQ:—;§0(RNC)3]I
C
I
NR
PHC=CPh (11D
02
NR
Jr Ph _NR Ph
RN=C=0 + NR
Ph” SNR Ph
NR

Scheme 20(b)
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halides have been described (Scheme 21}. However, [140] does not decarbonylate

[Rn(RNC)2 (PPh3)2]C1

[RR(RNC) . JC1 PPh, Rh (RNC) 2 (CO)C1
RNC co
TCN KX
Rh (RNC) 3 (TCNE)C1 ——2E 440 X Rh (RNC) 3X
X=Br, I
FN RX
~FN
Rh (RNC) 3 (FN)C1 Rh (RNC) 5C1 *RX

R=CH;, CHz;=CHCHj3,

FN = fumaronitrile PhCO
X=C1, I

Scheme 21

aldehvdes and is not an active hyvdrogenation catalyst (ref. 81).

Triphenylphosphite and tris(p-chlorophenyl)phosphite replace aromatic isocyanide
in the cationic complexes [Co(RNC)s]X, (X = BF,, ClO.; R = CsgH.Y-p, Y = H, F, CI,
Br, I; R = -CsHuMe-0, -CeHiMe>-2,6) to give the complexes [Co(RNC).P(OR”)3]X which
have trigonal bipyramidal structures and exhibit stereochemical non-rigidity (ref.
82). The paramagnetic complexes Co(RNC).I. dimerize in organic solvents to give
binuclear diamagnetic cations with linear iodide bridges. Treatment of these com-
pounds with salts of the anions C10.  and BPh.  gives diamagnetic complexes
[I-Co(CNR)4-I-Co(CNR),I]X, X = C10, or BPh,. The corresponding isocyanide complexes
of rhodium(l) also associate in solution to yield linear stacks in the solid state.
The rhodium(I) species interact with the corresponding tetrakis(arylisocvanide)-
rhodium(III) complexes to give mixed valence complexes (ref. 83) and electrical
conduction properties of some complexes of the type [Rh(RNC).}PF;, (R = Pri, But,
and -Cg¢H.Cl-p), have been reported (ref. Si).

Some isocyanide-dithiocarbonimidato complexes [141] result from the reaction of
the isothiocyanates RNCS, (R = Ph, PhCH:, Cy, But, Bu®, and Et) with [RhC1(PPhs)a]-
The complex (141; R = Ph) has previously been formulated as [RhC1(oc-PhNCS) (w~PhNCS) -
(PPh:):], however, although w-bonded PhNCS complexes are probably involved in the
formation of [141] no w-PhNCS complexes werc isolated in this work. Some reactions
of the complexes [141] are illustrated in Scheme 22. Reactions with triphenylphos-
phine provide a useful route to the complexes trans-[RhC1(CNR) (PPhj)2}s (ref. 85).

The reactions of cyclohexylisocyanide with the complexes [CoXL.L"}, (X = C1, Br,
I, NOp; L = MeC(:NOH)C(:NO)Me; L~ = p-HaNCeH.SOgH.SO-NHR, R = H, Ac, CONH., Ph,
2-thiazolyl, CgH.SO,NH,)} in methanol g;ve [CoXL;(CNCy) ], (ref. 86).
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PPh3
BRNCS RNC l R
RhC1(PPh3) » Et-0 Rh
Cl/’ \ /
PPh,
fraty
R=Ph R=Ph
Mel PPh3, toluene/0:
PPh, + PPh,
PhXC ! M I~ PhNC 0
~n = e Srn |
c1/l \s/ “N\Pn c1/| ~o0
PPh: PPh

Scheme 22

Metal carbonvls and related compounds

a) Homonuclear carbonvl compounds

Reviews on thiocarbonyl compounds, (ref. 87}, hyvdride compounds, (ref. 88}, and
thermochemical studies of organo-transition metal carbonyvls and related compounds,
(ref. 89), contain information on cobalt, rhodium and iridium compounds.

Matrix isolation infrared spectra of dicobalt octacarbonyl in various matrices
show the presence of three distinct isomeric forms, with structures {[142], [143],

and [144]. Conversion of [144] to [142] occurs very readily (ref. 90). Dissociative

\\Cé?SECO// ——CL-—’%&ZL :>‘£-——éd/,
“d > 7 | 4 [
[142 [143] [144]

loss of CO is invoked to account for the kinetics of several reactions of [Co,(CO)sl-
The infrared spectrum of the product of photochemical decomposition of [Co,(CO)s] in
argon matrices reveals that the major product is [Co»(CO);] which contains no
bridging carbonyls. There 1is no appearance of [Co(CO).] radicals upon irradiation
at 350 nm of matrix-isclated [Co0,(CO)g] in argon. However, irradiation of [Co,(CO)a]
in CO matrices at 254 nm causes formation of [Co(CO).] in addition to [Co»(CO)-].
Passage of [C0.(CO)g] over an active cobalt metal surface before matrix isolation
causes complete decormposition, however, on less active cobalt species [Co(CO).] is
seen in the matrices as well as a second species, possibly [Coz(CO)g] (ref. 91).
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The uv spectrun of [Co»(CO):] in n-heptane has been reinvestigated and the photo-
chemical formation of [Co,((0)::2] at room temperature and its delaved formation unde
v-ravs has been described (ref. 92). The electronic spectra of [Co.(CO)sL:], (L =
P{OMe):, PPhi) have becen interpreted, the intense absorpticns at 393 mn in
[Co2 (CO) ¢ (PPhi) 2] and 560 nm in [Co-(CO);{P{OMe)s}.] being assigned to g- g%
transitions. Electronic spectral measurements on [Coz(CO)s] show features which can
only be attributed to two isomers. The band at 350 nm is assigned to the ¢-+o*
transition of the non-bridged species while the band at 280 nm is assigned to o—-0o%
in the bridged dimer. This higher energy transition is consistent with a shorter
Co-Co band in the bridged form, consistent with Co-Co stretching frequencies (ref.
93). The reactivity of photogenerated metal carbonyl radicals toward l-iodopentane
and CCl. is [Re{(C0)s] > [Mn(CO)s| > [WCp(CO) 3] > [MoCp(CO) 3| > [FeCp(CO)2} > [Co(CO)u]-
The ordering of the reactivity correlates with the lability of the M-M bonds. Thus
[Co(CO).] is the least reactive and [Co,(C0)s] has a labile Co-Co bond (ref. 94).
Irradiation of a solution of [Co,(CO)s{P({OEt):}2] and nitrosodurene affords the spin
trapped species, [Co(CO):{N(O)R}MP(OEt):}] (ref. 93).

U.v. irradiation of a mixture of [Co2(CO)¢] and MeN(PF;),; gives [145] but in the

Me Me
N N
H
F.P PF, ; FoF bEa
1N | | _Ne
F:;P——jﬁgi———CO———P::F oc —Co ch——-co
N /\
1e¥” r,8 Fop Pfs PF, T F28 F2b.  PF2 PF»
H N\
N N N N
ile Me Me e
{145} [146]

absence of u.v. irradiation the compound [116] is formed, the apical carbonyl groups
being retailned. Both complexes have been characterised by X-ray studies. The
PF,NHMe ligands are considered to arise via facile hydrolysis of monodentate
MeN(PF32)» ligands (ref. 96). The bidentate MeN(PF:): ligand also bridges Co-Co
bonds in the compounds [Coy(CO)i2—2n {MeN(PF2)slal, (n = 1-5) (ref. 97). Treatment
of [Co:(CO)s] with Ph,PCH2CH:NEta, (L) gives either [Co(CO)iL2][Co(CO).] or
[Co2(CO)sL2] depending on the reaction conditions. The norbornadiene compound
[Co2{CO)(C7Hg) 2] reacts with L to give [Co2(CO)¢L.], (ref. 98). 1In all these com-
poupds the ligand L is monodentate and P-bonded. Dicobalt octacarbonyl reacts with
(Ph,P) .NH to give [147] which has been the subject of an X-ray study. This complex
is also isolated as a by-product from the reaction of [Coz(CO)el with Ph>PCH2CH:PPh»
since the literature preparation of the diphosphine can lead to a product which
contains some (PhzP):NH, (ref. 99). Reactions of [Ir,(C0)s(PPhs)2], [148], with
triphenyl-phosphite, triphenylphosphine, and sulphur dioxide have been investigated
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[147]

and the results are summarised in Scheme 25. ‘The structures of [149] and [150] have

[o 3 02

S co P s 3
P7IF/H—H—>II'——P OC>Ir\I>Ir~—CO

1z
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eo || son

P
Ir,(CO)sPs =—— Ir,(CO)eP» Ira(CO)sLa” P

[148] (L’ = thpﬁ<::>Me)

l L = (PhO) 1P

solution
Ira(CO)sLy, ————  Ir,(CO)¢Lz
[ H, IrH(CO)Lj;
L
H ir//,CO HY ‘\:‘//
| Sco /[ co
L
(P = PPh3)

Scheme 23

been confirmed by single crystal X-ray structure determinations (ref. 100). Treat-
ment of [Coz(C0)s] with Lewis bases can lead to substitution and/or disproportiona-
tion reactions. With hard bases such as oxygen or nitrogen donor ligands dispropor-
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tionation is favoured and the kinetics and mechanism of disproportionation of
[Co-(C0O)s] induced by nitrogen bases has been reported (refs. 101, 102).

A review on tetranuclear carbonyl clusters has been published (ref. 103) and
infrared spectroscopy has been used to study the decarbonylation of [Ir.(C0),2] on
Si0,; and Al,0; supports (ref. 104). The clusters [M.(CO);2], (M = Co, Rh, Ir)
maintain the same structures in solution as in the solid state; [131] for
[Cou(COT:2] and [Rh.(CO):2.], [152] for [Ir.(CO);:].

I~
[151] [152]

N.m.r. studies on the derivatives [Ir,(CO),2~x (PPhs),], (x = 1-3) and
[Ir.(CO) -y (PMePh,)y ] (v = 1-4) revecal that these compounds also adopt the solid
state structure in solution each structure being based upon the bridged form [151].
The low energy exchange processes observed for [Ir,(C0),,(PMePh,)] can be interpreted
in terms of formation of a non-bridged intermediate of the type [152]. Each of the
other derivatives show evidence for carbonyl site exchange but at higher temperatures
than required for [Ir.(CO);:(PMePh,)] and the data are not compatible with the inter-
vention of [152] (ref. 105). The structures of [Rh.(CO)eL.] and [Rh¢(CO):i:L.], (L =
(PhO) ;P) have been determined by single crystal X-ray studies and have been shown to
be derived from those of [Rh.(C0);-.] and [Rhs(CO):s] by replacement of terminal
carbonyl groups, (ref. 106). N.m.r. studies show that the hydrogens in
[Rh;3:(CO)2:.Hs_n]1"" (n = 2 and 3) migrate rapidly around the inside of the hexagonal
close-packed cluster. At room temperature all the edge-bridging carbonyl groups,
except for the three carbonyl groups which bridge the rhodium atoms in the hexagonal
plane, undergo exchange with the twelve terminal carbonyl groups on the outside of
the cluster {(ref. 107). )

The reactions of complexes of secondary phosphines with w-allyl complexes have
led to phosphorus-bridged dinuclear and trinuclear complexes containing metal-metal
bonds. However, in an attempt to obtain a compound containing a cobalt-nickel bond
by reacting [Co(n®-CsHs)(CO)a] with [Ni(CO);(PMesH)], the pentanuclear compound
[153], which has been characterised by an X-ray study, is formed in low yield. The
valence bond notation with the two resonance formulas [153a] and [153b] provides the
cobalt atoms with a krypton electronic configuration and gives the long unbridged
Co-Co bonds a bond order of one-half (ref. 108). The compound [Rhg(CO);g] is an
effective catalyst for the oxidation of CO to CO, and acetone to acetic acid. Both
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[153]

[Rhe (CO)15] and trans- [IrC1(CO)(PPhs).] catalvse the oxidation of butan-2-one,

cvclohexanone, and pentan-3-one to acetic acid, adipic acid, and a mixture of acetic

and propionic acids respectively. The mechanism is a free-radical autoxidation.

Oxidation of cyvclohexane in the presence of methanol or ethanol yields dimethyl and
diethyl adipate, respectively (ref. 109).

Reduction of [Co(CO)u]™ or [M.(CO)12], (M = Rh and Ir) with sodium in liquid
ammonia, naphthalene-tetrahydrofuran or hexamethylphosphoramide give the highly
reduced d!%s? species [M(CO);]1%®". Treatment of these anions with Ph;EC1, (E = Ge,
Sn, or Pb) gives the air- and moisture stable anions [154] (ref. 110j. Conmercially

Phs
E

oc l

[M(CO),]3~ ER3ECL >M—c°

oc l
E
Phy

M Co; E = Ge, Sn, Pb)

M Rh, Ir; E = Sn, Pb)

[154]

available LiBHEt; rapidly and quantitatively cleaves [Co0,(CO)e] in tetrahydrofuran
at room temperature to give Li[Co(CO),]. This reaction, which probably proceeds via
a formyl intermediate, provides an attractive route to carbonylate anions since the
by-products, dihydrogen and BEt:, are volatile (ref. 111). Both [Co2(CO)e] and

[Co. (CO):2] are known to disproportionate slowly in dry ethers to give [Co(CO).]1~
and solvated cobalt(II). Halide ions (free or complexed) have now been found to
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catalyse the reaction to provide another convenient route to [Co(CO).] . Some
reactions of [Co(CO).]”, generated via this procedure, with organic halides are
i1llustrated in Scheme 21. Solutions of [Co(CO).]~ can also be obtained in ben-ene

CHa2X CH2Br
CHzx CHzBI‘
| - _
l [Co(cOo). | [Co(co) 4]
Scheme 24

or toluene by the action of [K(crown)]:[CoX.] or K(crown)OH, (crown = dicyclohexyl-
18-crovwn-6) on [Co2{(CO):] or [Co.(CO):z] at room temperature. Such solutions are
useful in subsequent reactions in which polar solvents would interfere. Thus
sebacoyl chloride reacts with [Co(CO).]  in benzene to give [({0),CoCO(CH;)sCOCO(CO).,
(ref. 112). Ton-pair dissociation constants of bis(triphenyiphosphine) iminium salts
of the metal carbonylates which vary in the order u-H[Cr(C0)s],” > [HFe(CO) 4]~
[V(CO)s] > [Co(CO).]  indicate extensive association of the salts in tetrahvdrofuran
solution (ref. 113).

Reduction of cobalt(IT) chloride with sodium amalgam in the presence of excess
triisopropyl phosphite gives a complex of composition NaCo{P(OPri),}s. This complex
has a very high solubility in pentane in contrast to the complexes M*[Co{P(OR)3}.]”
and this observation together with n.m:r. evidence suggest the structure [155] for
the triisopropyl phosphite complex. Treatment of [155] with allyl iodide gives the

¥ 4
- \ /\ ‘ ”/
B —CQ et P —0 —-INa----0—P—0
- \p o~ ‘o
AN \ \
[155]

unusual paramagnetic salt NaCo(CiHs) {P{OPri);};I. A neutral cobalt(0) compound

References p. 495



388

[CofP(OPri);1.] can be obtained by reduction of CoCl: by two cquivalents of sodiun
amalyam in the presence of excess phosphite. The compound 1s paramagnetic and shows
no tendency to dimerise (ref. 114)}. Reduction of [Co(PMes)s] by alkall metals gives
salts of the anion [Co(PMes:).] . This anion is a powerful base and undergoes a
variety of oxidative-addition reactions with both organic and inorganic halides. It
readily exchanges three of its phosphine ligands for carbon monoxide (ref. 115}.
Some derivatives of dicobalt octacarbonyl can be obtained by treating cobalt metal
with the appropriate ligand under a high pressure of carbon monoxide. Complexes
isolated include [Co(dipv)a][Co(CQ).}2, [Co(phen)a}[Co(CO).]=, [Co=z(diphos):(CC).]-
[Co(C0).], [Co2(CO)s(PPhi).], [Co2(CO)¢(PhPCH-CH NEtz):z], and
[Co(CO) 3 (PhoPCH,CHaNET2) ]2 (ref. 116).

Dark brown solutions of the olefincobaltates [156] react readily with dinitrogen

to give the hexameric compound [KN2Co(PMes)sls, [157] which may also be obtalned fror

K[Co(olefin) (PMe3j)3] + Nz

olefin = propene, cyclopenten;\\\\\‘

[KN2Co(PMes) 3]s

[156]
//////' [157]

[ (Me3P) 3CoN, ] ;Mg (THF) y + 2K
[1567]

the magnesium compound [156°]. The structure of [157] has been determined by X-ray
crystallography (ref. 117). The dinitrogen compound [Co(Nz)}(PPh:):] reacts with

4]

_.----.. -

Co(PMes) 3
N2

IW

[157]

carbon dioxide to give [Co(CO.) (PPhi3)2],- With dioxygen at -50°C [Co(N2) (PPhs) ;]
gives [(PhsP);sCo0,Co(PPhi)s] (ref. 118).
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b) Heteronucleuar metal-metal bonded conpounds

Optically active compounds [Me-1-NpPhMCo{CO).], (Np = naphthvl, M = Si, Ge), can
be obtained by reaction of theh dride Me-1-NpPhMH with [Co, (CO)3]:

Me-1-NpPhMH -+ Co03(CO)g —~ Me—-1-NpPhMCo(CO), + HCo(CO),
[158]

[t is usually assumed that the M-H bond 1s cleaved with retention of configuration
at the asymmetric centre and this has been confirmed by the determination of the
crystal structure of the germanium derivative (ref. 119). Electrophiles have been
shown to cleave the Si-Co bond of [158] with retention of configuration at silicon
while the reagents (LiAlll., H,0, MeOlH, KOAc, Hg(OAc):) cleave the bond with inver-
sion. Organolithium and Grignard reagents attack at carbonyl ligands to displace
silicon as an anion, giving R3Sil.i and R:SiMgX respectively (ref. 120). Reactions
with phenyl-lithium, however, vield benzoylsilanes Me-1-NpPhSiCOPh with retention of
configuration at silicon. An intermediate adduct, Li[R3SiCo(COPh)(CO};}, is
probably formed, Scheme 25. Phenyl-lithium is known to attack the carbonyl ligand

PhLi ~\\,

R3SiCo (CO) =/, Co—co | Li
/
oC ,
R3Si = Me-1-NpPhSi
Cu
Vit

[158] oh a

‘//////;;;t

[(PR3P)>N] [R3SiCo(COPh) (CO) 3]

(Ph3P),NTC1™

R3SiCOPh

Scheme 25

trans to the Ph3M group in the compounds [PhiMCo(CO).], (M = Sn or Pb) and a similar
behaviour is observed in the compounds [1538] (ref. 121).

Appearance potential measurements for the ions MMes® have provided M-Co bond
dissociation energies for the compounds [Co(MMes;)(GO).]. The bond dissociation
energies found are >2.4 eV, (M = Si); 3.2 eV, (M= Ge); 2.8 eV, (M= Sn) (ref.
122). Pyrolysis of [Co(SiH3) (CO).] gives CoSi (ref. 123).

Metallic tin and lead react with [Co(CO)e] in diethyl ether to give
[Sn{Co(CO)w1.] and [Pb{Co(CO).}.] respectively. Treatment of the lead compound with
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triphenviphosphine gives [PhiCo(U0):L}:Co(CO} ] and [Pb{Co(CO};sL:-}. Lithiwm and
sodiwn cleave the lead-cobalt bonds in [PhiCo(t0)u:u] to give LifCotCM).] and
Ni[Co((0) ] respectively. In the compounds [M{Co(CO).}.] the lead atom but net the
tin can co-ordinatce to polar solvents such as acetone or diethyl ether (rer. 121).
Treatment of [Co(SnCl.)(COY.} with PBus™®, PPh;, or AsPh; results in the formation of
the ionic compounds, [Cof{CO}sL-]{SnCl:]. A free radical chain mechanism is proposed
to account for the chemical products and kinetics of the reactions. The mechanism
involves homolytic cleavage ot the Sn-Co bond to give [Co(CO).] which reuadily under-
goes carbonyl substitution. This mechanism is applicable to the disproportionation
of [Co.(COY:] in basic solvents (ref. 125). Temperature-dependent *?C n.m.r.
spectra indicate that the compounds [Co(MX2){CO).], (M = C, Si, Ge, Sn, or Pb;

X = F, C1, Me, Bu, PhCH», or Ph) undergo intramolecular axial-radial carbonyl
exchange. The free energy barriers to intramolecular rearrangement are in the range
1.5-11.8 k cal mol~! and are determined mainly by the steric requirements of the M\:
agroups (ref. 126). Tin-cobalt and carbonyvl stretching force constants for a series
of tin-cobalt carbonyvl compounds of the type [X._,Sn{Co(CO):L},], (n =1, 2, or 3}
have been determined (refs. 127-129). 3%Co n.q.r. data on a series of compounds in
which the Co(CQO). group is bound to the elements Bi, Si, Ge, Sn, Pb, Ga, In, F1, In,
Cd, Heg, Au, Mn, and Co indicate that the covalency of the element-cobalt bond
increases on going down the periodic table in the groups 2B, 3A, and 1A and on going
across the table from left to right. There is no strong evidence for metal-metal
7-bonding in the majority of the compounds. tilowever, an interaction of the 7¥ level
of the equatorial carbonyvl groups in -Co(CO). with the metal-cobalt bond or the
heterometal appears to exist (ref. 130).

A variety of indium-, tin-, cadmium-, and mercury-cobalt bonded compounds can be
obtained by treating cobalt metal with the metal halide and a donor ligand under a
pressure of carbon monoxide. Complexes isolated by this technique include
[C128n{Co(CO).}2], [C1IN{Co(CO):}2)2, [X2Sn{Co(CO):(PPh:)}.], (X = Cl, Br, I), and
[M{Co(CO)s(PN)}2], (M = Cd, Hg; PN = PhaPCiloCHaNEto) (ref. 116). Group IIB metals
and SnCl. also insert into the cobalt-cobalt bond of [Co2(COls(PN)z] (ref. 98).

The compound [CoCp(PMe:):] is a very strong nucleophile and forms 1:1 adducts
with a variety of Lewils acids. However, reaction of [CoCp(PMe:).] with
[MnCp(CO) 2 (THF)] gives the dinuclear compound (159; R = H). The compound (159;

R = Me) can similarly be obtained via [Mn(Csi.Me) (CO)2(THF)]. The compound (159;

R = Me) undergoes unsymmetrical cleavage of the Mn-Co bridge fragment on treatment
with a variety of Lewis bases, Scheme 26 (ref. 131). MNucleophilic substitution of
the halide ligands in the compounds [NiX,(PPhs;)-] by [Co(CO).] 1leads to
[Ni(CO).(PPh3),] via a metal-metal bonded intermediate. However, [Co(CO).]  and
[NIX(NO) (PPh3)2] give the nickel-cobalt bonded compound [160] (ref. 132). Treatment
of the palladium compound [161] with Na[Co(CO).] is known to give the palladium-
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[160]

cobalt bonded compound [162]. The structure of [162] has now been determined by a

single crystal X-ray study (ref. 133).

The phosphorus bridged iron-cobalt bonded compound {163] can be prepared by the
reaction of [(CO).Fe-PMe:H] with [Co(n?®-CiHs)(CO)s] and the crystal structure of
[163] has now been determined (ref. 131}. The metal-metal bond in the related
dimethylarsine bridged [164] is reactive and is readily opened by phosphines to give
dinuclear complexes of the type [(CO).FeAsMe2Co(CO)3;PRa] (ref. 135). Compounds such
as [164] may therefore be regarded as complexes possessing latent free co-ordination

sites capable of being exploited for catalytic reactions. An example of such a

reaction has been demonstrated by the catalytic dimerisation of norbornadiene by
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[163] [164]
[164] at 60°C to the exo-trans-oxo dimer [165] and the dimer [166]. Reaction of
[165] [166]

norbornadiene with [164] at 55°C gives the complex [167] which has been the subject
of an X-ray study and [167] catalyses the same reaction as [164]. It is considered

Meo
As

(OC) 4, Fe Co(C0) 3(C7Hg)

[167]

that only one of the metal atoms in [164] is the catalytic active centre in view of
the unaltered presence of the (CO)}.FeAsMe, group in [167] (ref. 136). An attempt tc
obtain the dinuclear complex [168] by reaction of [(CQO) (NO):FePMeoH] with

[Co(n?-C3Hs) (CO) 3] instead gives the trinuclear complex [169] together with several
other complexes (ref. 137). Howevef, the dinuclear complexes [170] are formed upon
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Mes Me> Mea
I TN_(C0), %
(CO) (NO) ;Fe Co(CO) \‘F )2~
o S~ eocco
(NO) 2 Fe // Co(CO)3
[168]
PMez
[169
Me,
As
(0C) ,CpM T ———CoCp(CO) M = Mo or W)
[170]

reaction of the arsines [(CO);CpMAsMez], (M = Mo or W) with [CoCp(CO).] (ref. 138
Interestingly the five-membered ring complex [171] is formed upon reaction of
[(CO) :CpFeAspe,] with [CoCp(CO).], (ref. 139), but the organometalloarsines

(OC)CpFe ocC co

Me,

[171]

M-AsMe, (M = MoCp(CO)s, WCp(CO)s, FeCp(CO);), react with [Co(NO)(CO)a] to give
dinuclear complexes [MAsMe,Co(NO)(CO).], (ref. 138). Treatment of

cis- [M(CO) . {AsMea2Cl)2], (M = Cr, Mo, W) with Na[Co(CO).,] give the arsenic bridged
complexes [(CO).CoAsMesM(CO) AsMeoCl] (ref. 140).

fo) OC\M(CO)Cp
— //

7z
Cp(COXM T N F

\\P
P Ars
Argy
M M7 Ar

a; Rh Fe p-tolyl

b; Ir Fe Ph [172]

c; Ir Fe p—-tolyl

d; Ir Ru Ph

e; Ir Ru p-tolyl
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The [riamework of the chiral polvinuclear cation [172a) racenmizes with simultanccus
bridge-terminal carbonyl exchange, GF being about 13 kcal mol™ - for both processes.
The relatei complexes [172] have also been prepared and the barriers to racemization
in CaD.Cl- of [172¢] and [172¢] are 17.5 and 17.8 kcal mol™! respectively. Both
clusters add H: reversibly at 1 atmosphere and room temperature and [172c¢] forms an

adduct [173] with CO which reacts with H: to give [ITH] (refs. 141, 142).

O¢ c°
~ ~
Cp(CO) ;FePAr, — Irt —— PAr,Fe(C0)2Cp

[o
o}

f173]

oc | v

H 0
PAr,Fe(CO)2Cp

-

Cp(CO);FePAr; —/1 r.
“Co

H

[171]

The reactions of trans-[IrX(CO)L.}, (L = Ph;P, PhMeoP, Ph:As; X = 02CR) with
T1(05CR) , (R = Me, Et, CiMe,, CF:) give the iridium-thallium bonded compounds
[175]. When X = C1 a mixture of isomers is obtained. The iridium-thallium bond is

remarkably stable and reactions of [175] with H,O and HCl give

[L2(CO) (CH) (02CR)ITrT1(02CR)>] and [L,{CO)C1l,IrT1Cl,] respectively. The reaction of
[Rh(0-CR) (CO)}L,] with T1(0,CR); results in reduction of thallium(III) to thallium(I)
and complexes analogous to [175] cannot be isolated (ref. 143). The reaction of
Vaska's complex with1,1,3,3-tetramethyldisiloxane [176] gives the cyclic iridium-
silicon bonded compound [177] and the molecular structure of this compound has been
determined by an X-ray study. The thodium compound [RhC1(PPh;)3] also reacts with



395
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P\!—r/51\0
HMe,SiOSiMezH p’//' \\\Si’/’
[1_6J H .“ez
P = PPh;,
(177

[176] to give an uncharacterised vellow powder and both this rhodium compound and
[177] catalyvsc the disproportionation of [176] into Me:SiH. and higher siloxane
oligomers under mild conditions. These catalyvtic recactions are considered to
proceed via cleavage of a cyvclometalladisiloxane ring [178] to give an intermediate
[179] containing co-ordinated Me:Si and a co-ordinated Si=0 double bond (ref. 144).

\g{/
Ir/ \0
o

/N

[178]

Alkvlidynetricobalt nonacarbonyl
and a review on these complexes has
[Co2(CO) 5] has been used to preparc
complexes [CH.=CHCCo;(CO)s],
[MeCOCH=CIICCo,3{CO) 5] .

[CH.=QMeCCo3 (CO) s ],
In order to obtain these vinyl derivatives rigorously dried

//
L.S5i
—— //
= Ir
\ o
v
Si
AN

[179]

cluster complexes continue to attract attention
appeared (ref. 145). The reaction of RCCl; with
x,2-unsaturated methyviidynetricobalt nonacarbony’.

[Me ;SiCH=CHCCo;(CO) 5] and

tetrahyvdrofuran, water-{rce [Co:z(CO)s], and a non-hydrolvtic, aprotic work-up are

necessary.

Protonation of these allylidvnetricobalt nonacarbonvl complexes provides

a route to cluster-substituted carbonium ions including the hitherto unavailabie

tertiary species [130].

ch
7
(0C) gCoC—C + HPFg

Me

+ Me

(0C) 9CoCcC PFg~
\Me
[180]
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Protonation of [Me3SiGE@ICCos(CO) .| results in desityvlation. The MceCOCL/ALCI -
reagent acetylates the complexes [181] in the Z-position and methoxymercuration of

[I8la} gives [IS2] (ref. 146). Treatment of Li[Co:(C0)::] with MeCOBr gives

Hg (OCOCF +
(OC) 5Co ;CCR = CH- g(0COCF3) - (0C) 5Co3C — CH~—CH:

>
o
c
o

a; R = H; CF3

b; R = Me. MeOH

[181]

(0C) sCo3CCH (0OMe) CH>HgOCOCF 5

NaC1l

(OC) 3Co 2CCH (OMe) CHoHgC1
[182]

{QC) 3Co:C-0COMe which has been characterised by a single cryvstal X-ray study. This

is the first methvlidyne-nonacarbonyvltricobalt derivative with a 3-C-0-C bond
(ref. 117). The reaction of [183] with (EtCO).0/HPF; has previously been shown to
give acylium salt {184]. It has now been found that the action of aluminium tri-

(EtCO) ;0
HPFg

{1853] (1811

(0C) 3Co sCCOLR (0C) 3Co3CCOYPFg~

halides, AlX:, (X = C1, Br, I} on the complexes (0C)sCo:CX, (X = C1, Br) results in
formation of the acylium haloaluminate salt [(0C)sCo.CCO][AIX..AL1X.], even when the
reaction is carried out under dinitrogen. Co-ordination of a molecule of AlX; at a
carbon monoxide ligand is presumed to provide the activation for migration of CO
from cobalt to the electron-deficient apical carbon atom. Addition of a range of
nucleophiles (alcohols, phenols, amines, thiols, R.Sn compounds, reactive aromatics,
silicon hydrides) to the acylium ion produces cluster complexes of tvpe

(CO) sCn3CCOY, (Y = RO, ArO, RR’N, RS, R, Ar, H) (ref. 148). Clemmensen reduction
has been shown to be an effective means of converting acyl- and vinylic methylidyne-
tricobalt nonacarbonyl complexes to the corresponding saturated alkvlidynetricobalt
nonacarbonyl. Diborane in tetrahydrofuran reacts with acyl clusters to give a
mixture of the corresponding alcohol and alkyl complexes (ref. 149). A variety of
experimental evidence has shown the presence of a donor-acceptor interaction
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between the ester carbonvl group and one of the cobalt atoms in
[ (CO) sCo;CCH=CRCO-R" | .

ligand and a metal atom have been detected in mono- [185], di- [186] and trinuclear
[187] cobalt compounds {ref. 150).

OR
Hzc./C< /gz\
o x /CH
el | > N\
Co
OC///] \\\CO (0C)3CQ\\_’/FO(C0)3
L
[183] [186]
¥
N
4 )i
(OC)3C6//// \\\\CO(CO)g
Co
(CO) 3
[187]

The general method for the preparation of alkylidynetricobalt nonacarbonyl com-
plexes involves the reaction of an organic trihalide with [Coz2(CO)e].
has been used to obtain silvi-substituted methylidvnetricobalt nonacarbonyvls

[R35iCCo:(COY ], but has drawbacks in that it requires the preparation of the

appropriate R;SiCCl; derivative. A new and comvenient route to the silicon

functional compounds [188] has now been discovered using silicon hydrides and
[HCCo3(CO)s .

toluene
R3SiH + HCCo3(CO)q Teflux R3SiCCo3(CO)g + H3
30 min [188]

Hvdrolysis of [C13SiCCo3(C0)s] gives the cryvstalline silane triol [189]. Very few

HO

N

HQ —— S1iCCo3(CO) g

HO [189]
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Similar interactions between the polar groups in an organic

This reaction
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stlanetriols are known but those which have been reported arce very sensitive to
condensation to siloxanes. The stability of [189] is probably due to the large
CCos:(CO} 5 group which inhibits the bimolecular condensation reaction. Treatment of
Ph,Gell with [HCCos(CO0)s] gives [PhaGelCoa(C0)s] (ref. 1531).

The reaction of GeBr. with Na[Co(C0).] gives the germylidvne-tricobalt cluster
[190] which corresponds structurally to [(C0)sCo,:Si-Co(C0O).]. However, attempts to

obtain the carbon homologue [(C0)4C0:C-Co(C0).] have failed (ref. 152). Treatment

(CO)u
Co

|

G

(0C) 30~ | ——.Co(CO) 3

/

Co
(CO) ;

[190]

of [(CO)sCo:Me]l with tricyclohexyviphosphine results in displacement of one axial
carbonyl ligand and rearrangement of three equatorial ligands to give three bridging
carbonvls, onc across each of the sides of Co: triangle (ref. 153). A variety of
methinyltricobalt enneacarbonvls, [YCCo:(CO)}s] undergo facile alkali metal and
electrochemical one-electron reduction to produce stable radical anions. The
cluster is retained on reduction and e.s.r. studies reveal hyperfine coupling to the
three cobalt nuclei. A°° does not vary significantly with the nature of the apical
substituent (ref. 154).

Few organometallic clusters have been reported as homogeneous catalysts. However,
results have now been presented which reveal that the hydroformvlation of pent-1-ene
and pent-2Z-ene can be catalysed by [191] and [192] under mild conditions to give

Fh Ph
,///c\\\
(0C) 3C0< 7CO (CO) 3 (0oC) 2/ Co Co— (CO) »
Co
s (OC)z———CO <oy,
[191] p
1
Ph
[192]

aldehydes in high yields with a fairly normal-to-branched selectivity. Hydrogenation
of pent-l-yne and pent-2Z-yne to pent-l-ene and pent-2-ene respectively can also be



399

achieved (ref. 1553). Photolysis of [HCCo;(CO)a] in the presence of hvdrogen and
hex-1-ene has also been shown to lead to a catalvtic reacticn. In this example
conversion of hex-l-ene to cis- and trans-hex-2-ene is observed. Irradiation of
[HCCo:(CO) 5] under a hydrogen atmosphere with visible or u.v. light leads to
quantitative formation of [Co.(CO},2] and production of methane, photolysis in the
presence of D revealing that the methane derives from the apical CH group and not
from CO. The photochemical properties of [MeCCo:(CO)e] parallel those of
[HCCo;(CO)s]. Irradiation of [HFeCo3(CO)q] and [HFeCo3({C0)1¢(PPh3)2] in degassed
solutions also leads to declusterification with formation of [Co.(CO)::2] and
[Coz (CO) s (PPh3)2] respectivelv (ref. 156). Neutron diffraction studies on the
cluster hydride, [HFeCo;(CO)s{P(OMe):}2] reveal that the hydrogen atom triply bridges
the cobalt atoms on the side opposite to the iron atom (ref. 157).

The reaction of [Cr(PH3)(CO}s] with a deficiency of [C02(C0)s] gives the
phosphorus-centred heterometallic cluster [193] although an alternative structure
[193] has been proposed (ref. 158). Further substitution of the P-H bond in this

H H
1 l
P P.
(0C) sCo ~———— Co(CO)y (0C) 3Co Cr(Co)s
Cr Co
(CO) 3 (CO) 3
[193] [194]

cluster has not been achieved. Thus reactions with [Coz(CO)z] or [MnH(CO)s] did not
effect further metalation of the phosphorus (ref. 158). The reactions of
[MCICp(CO)s5], (M=Mo, W) with Li[Co3(CO):,] gives a mixture of [Cp(CO) ;MCo(CO),] and
[(CO) eCo3M(CO)2Cp] (ref. 159). 1'?C n.m.r. studies have revealed that the replacement
of CO by a phosphbrus donor ligand in [195] is at one cobalt atom in the monosub-

RN

(0C) sCo

Fe(CO) 3

Co
(CO) 3

[195]

stituted derivative, at two cobalt atoms in the disubstituted derivative and at two
cobalt atoms and one iron atom in the trisubstituted derivative. In each case
substitution is at an equatorial position (ref. 160).
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<) Metal oxidation state ([), (11}, and (111} compounds

The molecular structure of [HCo(COY.] has been investigated by gas-phase electron
diffraction. The hvdride has C,, symetry, with the hydrogen directly bonded to the
cobalt at a distance of 1.556(18) X. This is close to the distance of 1.593 3
reported for the diatomic hydride [Coli] (ref. 161). The structure of a benzene

solvate of the related hydride, [196], has been determined by a single crystal X-ray

[\
>

H
r |
::::?h———P P = PPh,
p
P
Fj
[196]

study (ref. 162). The electrochemical oxXidation of a series of d®-hyvdrido complexes
of cobalt, rhodium, and iridiwn has been shown to proceed in two one-electron steps
and to involve rare d’ paramagnetic hydrido complexes in the Il state. Results on
the electrochemical oxidation of [ColH(Ph:PCH.CH,PPhs)2] are summarised in Scheme 27
while Scheme 28 depicts the results observed with [IrH(Ph:PCH.CH2PPhz):]. The
electrochemical pattern of [RhH(Ph,PCH,(H,PPh;};] in an acetonitrile-toluene mixture

_ [CoH(P-P), ]

[CoH(P-P), ]
+28\

(P-P = Ph>PCH2CH3PPhj)

-e | MeCN

[CoH(MeCN) (P-P)5]3*

Scheme 27

[1rP-P),]* + [IrH2(P-P)3]* + MeCN

!

< —\
[IrH(P-P);] - *2€  [IrH(MeCN)(P-P),]2*
—MeCN

Q§S: ;j;/’
e - +MeCN

[IrH(P-P),]"

3[Ir(P-P),]* + 3[IrH,(P-P),]*

Scheme 28
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is virtually identical to that observed for the related iridium complex. The
electrochemical behaviour of [MI(CO){(PPhs)a], (M=Rh, IT) has also been investigated
(vef. 163).

The B-elimination reaction from co-ordinated alkyls and alkoxides leads to metal
hydrides. A similar reaction has been postulated for metal amide complexes and this
mode of decomposition of a metal amide has now been established. Thus treatment of
[RhC1(PPh3) 3] with LiNMe» gives [RhiI{PPh;)s] while in the presence of added phosphine
[Ri(PPh3}.] is formed. Treatment of [RhC1(PPhi)a] with LiNHCiDMe: proceeds as out-
lined in Scheme 29. Studies with LiNMeCD: reveals a large deuterium isotope effect

RhC1P; + LiNHCHMe, —» Rh(NHCHMe;)P3

NH3 + O =CMe>2 ﬂ HN =CMez + RhHPj

(P = PPh3)

Scheme 29

indicative of the importance of C-H bond breaking in the transition state (ref.
164). ‘The hydride [RhH(PPh3).] also results from the action of dihydrogen upon
[Rh{0Ac) (PPh3) 3] in the presence of excess phosphine. In the absence of phosphine
[RhH: (0Ac) (PPh:)2] is formed (ref. 165). The crystal structure of
cis-[IrH2 (Ph2PCH,CH,.PPh,) 2 ]PF; has been reported (ref. 166).

The reaction of [197] with carbon disulphide gives the dithioformate complex
[198]. With mer-[IrH:(PPh:);], carbon disulphide gives [199] (ref. 167). Alkyl

c1 - a1
H\\‘lr’//p Hc/?¢S\\\lr’//P
P/l ~p \-S/[ \P
c1 c1
(P = PPhj)
[197] [198]
P
.S H
Hc:Z:s:::I%:::H (P = PPhj) ]
P
[199]
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and arvl isothiocyanates (RNCS, R=Me, bxt, Ph, MeCsli.) also undergo "insertion’
reactions with metal hydrides. ‘hus products of stoichiometry

[TrXz {RN==(11==8) (PPhs;):] arc obtained by treating the hydrides {IT{IXz(PPh;):] with
RNCS (ref. 168). Similar "insertion” rcactions again occur upon treatment of [197]
and mer-[Irti;(PPh:):] with .\',X'—di—L)-tol_\'lc;u'bodiimide to give [200] and [201}

respectively (ref. lo9). The hydrides [Iriizl..], (L. =PPha, AsPhi) react with para-

P
| & | _*
c X H N
l\\\lr///\\ CcH \\\Ir//,Ni?\CH
" N° | >
R R
P P
: P = PPh,
el ,)_’
(2001 R = p-MeCsH, [201]

and meta-substituted benzeneseleninic acids to give the complexes [202] formulated

with iridiwm-selenium bonds {refs. 170, 171). The butyldiphenylarsine (L) complexes

R L
Se H
V4 \\Lr/
(o) O/l \H
L

(L = PPhz; R = H, p-C1, p-Cl, mBr, m-NO2; L = AsPhi; R = m-Cl)

[202]

mer- [M{iLi], (M=Rh, Ir; X=C1, Br), [IrHX:Li3], (X=C1, Br), [ItHX2(CO)L:2], (X=Cl1,
Br, I}, and [IrX3(CO)L:], (X=C1l, Br) have been reported (ref. 172).

SCF-Xa-SW calculations have been carried out on [Rh2Cl.(CO).} in both the experi-
mental bent conformation and the hypothetical planar one. [t appears that the
molecule bends because the resultant lowering of symmetry converts a very weak
Rh-Rh m-interaction into a stronger interaction which is mainly ¢ in character (ref.
173). A detailed vibrational analysis of the carbonyl stretching frequencies in
[Rh2C1. (CO) Q_n(”CO)n] has been reported and infrared, Raman and n.m.r. studies on
the complexes cis-[RhX2(C0)2], (X=C1, Br), cis-[IrCl,(CO)2], trans-[RhX{CO) (PMe;)}:]
and [RhX3(CO) (PMe3)2], (X=C1l, Br) have been reported (refs. 174, 175). The com-
plexes [MX2(C0)2]~, trans-[MC1(CO) (PPhi)2], [M(Ph2PCH,CH;PPh;)21%,
[M(Ph,PCH=CHPPh,).]*, (M=Rh, Ir; X=Cl, Br), and [Ir(CN),(CO):]" exhibit intense
absorptions in the visible and ultraviolet region which have been assigned as metal

to ligand charge-transfer transitions (ref. 176)}.
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The ability of [RhCl.(CO),]~ to catalyse the carbén monoxide reduction of iron
(ITL) and the ability of rhodium(III) halide complexes to activate dihvdrogen
suggest that such systems night be potential catalvst systems for Fischer-Tropsch
type reactions (the H: reduction of CO to hydrocarbons). In view of the importance
of this latter reaction the kinetics have been studied for the decomposition of
[RhBrs(C0)]°~ to cis-[RhBr.(CO)2]~ in aqueous HBr solutions at 60°C under a CO
atmosphere. A hvdrolysis step leads to the formation of rhodium(I) which forms the
dicarbonyl. Reaction of the dicarbonyl with [RhBrs(C0)1?~ then occurs in an auto-

catalytic process to give more [RhBr>(C0).] " via a bridged intermediate [203]. The

Rhl-—— Br-——-RrnII

[203]

bromorhodate (III or I} complexes catalyvse the reducticn of iron(III) according to

the equation: (ref. 177)
2FelIl _ co + Ho0 + 2Fe!! + COs + 2HT

Recent controversy has arisen concerning the carbonyl halide originally
characterised as [IrC1{CO);] but later considered to be non-stoichiometric,
[IrC1l, 1 (CO)3] or [ITCl: ¢,(C0)2.¢3]. However, a single crystal X-ray study reveals
that [I1C1(C0O)s:] is a stoichiometric material which contains short iridium-iridium
interactions of length 2.844(1) X.  This compound is a one-dimensional highly con-

ducting material (ref. 178).

The use of rhodium complexes in the catalvsed hydrogenation of diimines has
proopted a study of the reaction of di(t-butyl)diimine with [RhoCl.(CO).]. This
reaction leads to [204] and reactions of the complex are illustrated in Scheme 30

= NBu®  + [Rhz2C12(CO) ]

TN
C1(CO)>2Rh—N N—Rh(CO)2Cl

[204]
[RR2C12¢COY 4 ] Il PPh3y - [RhC1(CO)PPhj]
N
C1(CO)>2Rh—N N

Scheme 30
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Treatment of [RhoCl2(CO).} with P(Qle:)s gives the monomer [205] which

(ref. 179).
The crystal

in pentane solution exists in equilibrium with the dimer [206].

structure of [205] has also been reported (ref. 180). Some rhodiun([) complexes,

L—Rh—L L = P(CMe3)s

(206}

(L= R substituted benzo-2,1,3-thiadiazole, R=H, 1-Me, 5-Me, J4-NHa,
Treatment of these complexes
The complex

[RhC1(CO):L},
S5-NH», 4-MeQ, 5-MeO, 5-Et0) have also been obtained.
with ammonia gas give the complexes [RhC1(CO):(NH:)-L] (ref. 181).
Rh(CsH3N203S) (PPhi) (py)2(H20)2, prepared by the reaction of [207] with [RhCI1(PPhs):]

followed by addition of pyridine, is considered to contain the square planar unit

[208] (ref. 182).

CO2H

é o
H\N/ \C/H q7\C~<—_l(N—H

| | Py o~ _1(
_C Cx N

s= \\‘n’// o \\\Rh/// S

é py’// \\‘Ppha

[207] [208]

Since transition metal complexes with tertiary di-t-butylphosphines, PBut,R
(R= alkyl or aryl), frequently show unusual chemistry and n.m.r. phenomena, (ref.
183), complexes of the ligand PBu®»(C=CPh), (L), have been investigated. Treatment
of hydrated rhodium(ITI) chloride with 4 mol equivalents of L at 20°C gives the

five-co-ordinate hydride [209]. Some reactions of [209] are illustrated in Scheme

31. The preferred conformation of both the rhodium and iridium complexes [210] is
considered to be the one illustrated since an X-ray structure of [212] shows that



H
R /Cl
—~

P
’ SERn
- PR3

Cl

o e

CHC1 4

[Rh2C1l. (PR3)2 ]}

HC1
M=Ir

Scheme 31

Bul;P—c=cC—cCH;

[ e
/ z
Cl—Ir—Co CH»
~
|
But2P—C=C—CHa2
[212]
lNaOPri
Butg
P
oc Scxu
o [
\ .
But,p o /C
Cx
Xc
—[CH2]s

only the conformer with Cz0 and C=C adjacent is present in the solid state.

PR3

405

= PBu', C=CPh

But
P—C=CPh
But//
Cl1—M—CO

U
/

(M = Rh or Ir)

But

[210]

ment of H,IrClg with 4 mol equivalents of PBut,(C=CPh) gives the trigonal bipyra-
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midal hvdride [213] (refs. 183, 185). New tertiary phosphine esters
H (210; M = Ir)
PR,
R3P———Ir::: l NaOPr
) Cl
c1
Ph o PRy
[215] \ﬁ/ NS
Ir
~
C =
H’// \\p/// C=§0
{Pr; = PBut,(c=cph)} Bu®,
[214]

But,P(CH.) ,C0zEt (n=1, 2, or 3) have been described and some reactions of these

phosphines are illustrated in Scheme 32 .(ref. 186).

t Cl -
RhC1s.3H,0 Bu ",PCH,CO2Et L l L
PR3 \Rh/ >
L—" I ™~L
Bu®; P(CH,),COEt c1
(n = 2 or 3)
1 NaBH;,
C1 PR3
==
R3P ~~c1 PRy
H B//H\‘r’m’/H
2
\H/, \H
PR3
Buzt
- P
T~ = HZC \
L |
C
R
.0 (o}
E
Scheme 32

Various complexes of rhodium(I) with phosphites, [RhX(CO)}{P(OR)s}.], (X=Cl, Br, I;
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R=Me, Et, Pr, Pri, Bu, Bul), [RhC1(CO)(PEtCl:)2], [Rh2C1:{P(OR)3}.],
[Rh2C12{P(OR”)20H}.], (R” =Me, Et) have also been reported (ref. 187).

Treatment of [RhC1(1,5-cod)]. with stoichiometric amounts of monophosphines or
diphosphines under an atmosphere of carbon monoxide or carbon monoxide and

dihydrogen give complexes containing one carbonyl ligand per rhodium (Scheme 33).

PXPh3
PhX
[RhC1(cod)],  —=nXPha c1—Rh—Co
PXPho»
lzL ’
X = Et, C1
PhoP PPhg
co l C1l
l/ e
Rh Rh L = PhP(CH3)aPPh2, n = 1, dppm;
v C/’
Ci l 0 n = 3, dppp; n = 4, dppb or
PhoP PPh - -
2 bdmo = 4,5-bis{diphenylphosphino-
methyl)-2,2-dimethyl-1,3-dioxolane (bdmo)
Scheme 33

With dppen, (Ph,PCH=CHPPh,) and CO, [Rh(dppen).][RhC1,(C0},] is formed while with
dppe, (Ph,PCH,CH,PPh,), [RhC1(CO)(dppe)] and [Rh.Cl,(CO) (cod) (dppe)] can be
isolated. An excess of dppe gives [Rh(dppe):]Cl while an excess of dppp or dppb
gives an equilibrium mixture of [RhC1(CO)L}:= and [Rh(CO)L:]Cl, [215]. Reactions of

thp_———(CHz)a

L

OC —Rh C1

, \Pth

PhaP—0  CH,>, |

PPhy

[215]

these complexes with chlorine, hydrogen chloride, or methyl iodide have also been
described (ref. 188). The diphosphines Ph.P(CH;),PPh, (n= 1-4) form trans-carbonyl
complexes of iridium(I) of stoichiometry [IrCl(CO)(P-P)]n in which the diphosphine
(n=1, m=2; n=3, m=2; n=4, m=3) bridges the iridium atoms. The complex of
Ph,PCH,CH2PPh, has been shown to be the salt [Ir(CO) (Ph;PCH2CH2PPh3)2][IrCl2(CO)2]
contrary to a previous report in which the complex has been formulated as

[Ir(CO); (PhoPCH.CH,PPh,)]C1 (ref. 189). The phosphine (Me3CCH.)3;P, (L), reacts
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with hydrated rhodium{III} chloride in ethanol at room tcmperaturc to give

[RhC1:L2]> but in boiling ROGL(L0H (R=Mec or Ft} the carbonyl [RhCI(CO)I-] is
formed. With the phosphine PPh(CH.CMe:)z, (L7) the compiexes [RhoCl.I5] and
[RhC1.L%21- are formed (ref. 190). Treatment of [{Rh(acac)(CQ):-L], (L=1,3-bis-
(diphenylphosphino)xylylenc) with sodiwn azide in the presence of triphenylphosphine
in a water-benzene emulsion gives [Rh(N3)}(CO)(PPhs)-]. The structures of both of
these complexes have been determined by single crystal X-ray structure determinations
(ref. 191).

In the scries of complexes [Rh(COYL]IPF; formed by the phosphinocethers L =
PhoP(CH2) s (OCH2(112)nPPh2, (n =1-3) striking changes in gcometry are observed as the
length of the ligand changes. In the complex with n=1 the ligand is terdentate
while that with n=3 the ligand forms a loose chain with a very strongly hecld water
molecule encapsulated in the large ring. The crystal and molecular structures of
the complex with n=2 [216] has been published and this complex also contains an

encapsulated molecule, of ethanol, but this is much less firmly held. The cryvstal

o
Ph c
P Z/CHZ /
PhoP —Rh~—PPh
/CHz V2 / \ 2
0C—Rh—0H-—-Q HQ &2 Sz
Et ¢
l CH» ' //CHz Ho
o 0
P, " CH: \ /
2 /CHZ CH»
[216] H2C Cl1 CH>
N\ \
PhoP ——R\h —— PPha
co
[217]

structure of the dimer [217] has also been determined (ref. 192). Cationic com-
plexes of the type [Rh(CO)2L3}Cl10:, (L =Ph:P, PhiAs) have been shown to react with
imidazoles to give four-co-ordinate complexes [Rh{CO)QL.]Cl0., and five-co-ordinate
complexes [Rh(CO) (N-N“)Lz]C10,, (Q=imidazole, benzimidazole, or substituted
benzimidazole; N-N”7=2-(a-pyridyl)benzimidazole). The complexes [Rh(CO)2(N-N7)]C10,
and [Rh(CO),L31C10., (L7 = 2-phenylbenzimidazole) have also been isolated (ref. 193).
The crystal structure of the cationic pyrazine complex [Rh(CO) (pvrazine) (AsPhi).]CI0,
has been reported (ref. 194).

Addition of salicylaldoxime to the cooled lemon solution obtained by refluxing
hydrated rhodium(III) chloride in dimethylformamide gives the dicarbonyl [218] which
can also be obtained by the addition of salicyldoxime to [Rh.Cl.(CO).]}- Analogous

complexes containing a-benzoinoximato and a-furildioximato ligands have also been
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0 co
e
_jmn
c=x”  Nco
/A
OH
[218]

prepared. Treatment of these complexes with triphenylphosphine give the monocarbonyl
substituted products (ref. 195). The crystal and molecular structure of [219] has

been reported. It is considered that the carbonyl ligand trans to the phenyl group

CF3
oc 0--C
AN
\\\Rh/// gbﬂ
oc” Ng=”
AN
. Ph
[219]

would be displaced in substitution reactions with phosphines (ref. 196).
Four-co-ordinate cobalt(I) halide complexes, CoXL3, (L=P(OEt)s;, PMe;, PPh;) have

previously been described. Three methods of preparation of the analogous paramag-

netic triphenyl phosphite complex [220] have now been reported and are outlined in

Scheme 34.

- CoH (MeCN) L, Lsc%csﬂqop(oph)z
HX/THF HC1/THF
25°C 25°C
excess L excess L
CoBr(CO)L, ~~goog ~  CoilLj 110°C CoC1{P(OEt)3};
[220] vacuum
Zn/MeCN

CoX; + excess L

(X=Cl, Br; L=P(OPh)3)

Scheme 34
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Treatment of [220] with triethyl phosphite readily gives [ColP(0OLt);::]Cl at room
terperature, {a reaction greatly influenced by solvent polarity) and other reactions

of [220] have also been reported, (Scheme 35) (refs. 197, 198). 1he related triiso-

CoHL, =+ Co(II)
CoHL, + Co(II) r Co(II) + CoHL.

Zn | MeCN, MeCN,
xsL | H20 H-0

H20
| xsL .
CoXLj MeCN/H0 no reaction
7z dr¥ ieC& Zn } dry
n. xS J MeCN dry MeCN
[221] (51) . Co(ITy + [221]
p
LzCO—COLz
P
0
Phj} >
[221]
L =P(OPh) 3
Scheme 35

propyl phosphite complexes [CoXL3] have also heen described (Scheme 36). The n3-
allyl complex [Co(n3-CsHs)IS] reacts with dihvdrogen to give [CoH3L5]. This hydride
catalyses the selective hydrogenation of «,B-unsaturated ketones and amides to the
saturated ketones and amides (ref. 114).

A cobalt(II)} paramagnetic hydride complex [222] has been prepared and character-
ised by a single crystal X-ray structure determination. The co-ordination around
cobalt is distorted square pyramidal (ref. 199). Tritertiaryvbutylphosphine has been
shown to form an ionic complex [Bu®:PH]{CoBriPBut;]. The geometry about the
cobalt(II) is pseudotetrahedral; the unexpected formation of an ionic complex is

ttributed to the bulkiness of the PBut; ligand (ref. 200). The cobalt(II) phosphine
complexes [CoXz(PR3)2], (X=Cl1, Br; R=Et, Ph, CsH;1) react with furoyl azides to
give phosphinimine complexes, [CoXz(furN=PR3).]. At lower temperatures the inter-
mediate complex CoBr:(furN;PCy,).Et.0 with phosphatriazene ligand can be isolated
(ref. 201). The crystal structure of the five-co-ordinate cobalt(III) complex [223]
has been determined (ref. 202).
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CoCl> + Zn + xsL”

|

CoC1L3
purple
v “‘
CoC1L5
\” MeCN
jd TY
CoClL: == CoCl(MeCN)L? = CoCl(MeCN),L3%
blue : vellow
I- . NO .
ColIl’ ColL% Co(NO)LS
Scheme 36
H,B H
|
H P
/
:::::Co\\\ P=P(CcHi1)a
P H
2221
Ets
P
ci l
i:;CO——Cl
o]
P
Ets
[225]

Soluble metal cormpounds containing =S, SH™, and S as ligands are rare since

the compounds tend to Tevert to binary sulphides. However, by the reaction of
dihvdrogen sulphide or methyl mercaptan with cobalt(IT) aquo ions in the presence of
the poly(tertiarvphosphine) ligands [221] and [225] low-spin mercapto and methylthio

(PhPCH2CH2) 3N (PhPCH2CHz ) 3P
nps Pp3

[224] [225]
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complexes [ColSHDLIEPh., (L=np- or pp-1 and [ZZ6] have been obtained (ref.

l7/(-'CL>P BPh:
< *

a

S
Me

220)

The crystal structure determination of ¢is-[CoCl:(np,}|[BF. reveals the first example
of the ligand np: foming an octahedral complex (rer. 2041).
complex [Rhin®*-allv1){P(OMe)siz] with dihydrogen attord:

Treatment of the n’-ally
The

the trimer [RhHP(OMe):rz]s [227] which has been the subject of an X-ray study.
positions of the hydrogen atoris have not been located but thev appear to be bridging

LoRh— ——  RhL- L =P(0Me) 3

227

In contrast, the isopropyl phosphite derivative, [RhH{P(OPr#}:}.]- is a dimer. Both

these complexes arc exceedingly active hydrogenation catalvsts (ref. 203). The
structure of [RhBr(PPh;):] has been determined by extended X-ray absorption fine

structure (EXAFS) (ref. 200).
Three-co-ordinate species of the type [RhC1(PR;):] are often
processes but evidence for such complexes is lacking. towever,

[RhX(PCy3):2], (X=F, C1, Br, I; Cv=cyvclohexyl) have been prepared from rhodium(I)
The

invoked in catalytic

the complexes

cvclo-octene compounds. The chloro compound is in equilibrium with its dimer.

magnitude of %J(F-P) found for the fluoride complex [228] strongly suggests trigonal

three-co-ordination for [RhF(PCyv;):2]. The complexes [RhX(PCy3)-] form dinitrogen

/PCy 3

F—Rh
PCys
[228]
[229] and dioxygen [230] complexes. Carbonyvl, ethylene, and diphenylacetyvlene com-
plexes, trans-[RhX(L)(PCyi):], (X=F, C1, Br, I, N3, NCO, NCS; L=CO, CzH,, C2Ph;
X=CN, NO3, OCOMe; L =C0) have also been prepared (ref. 207). A three-co-ordinate
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o
P il
o
CyaP Rh —PCy- Cy3zP— Rh——PCy;
— :
X X
{220 [230]

corplex [Rh(PPhs:) s ]CLO. . CH:Cl- [231] has also been obtained {rom the reaction of
[RhC1(PPhs) ;] with TIC10. in donor solvents followed by recrvstallisation from
methylene chloride. \n X-ruay study of [231] reveals a ncar T shape geometry about

the rhodiwn and a weak gortho-hyvdrogen interaction. However, on heating [231] no
’— Phj
P

- Ci0:.

ortho-metallation reaction takes place. The complex [231] like [Pt(PPhs3)s], does
not oxidatively add dihydrogen but it recacts with carbon monoxide to give
[Rh({CO) - (PPhs}:]ClO. (ref. 208)}. 'the threce-co-ordinate compounds [RhX(PCy3):]
(X=C1, Br, I} cuan be oxidised by halogens Cl:, Br:, and [, to give the paramagnetic
rhodium(i1) compounds [RhXY(PCy3)-f, (X=Cl: Y=Br, I; X=Y=Brj. Hvdrogen
halides, HY, add to give the hyvdrides [RhHNXY(PCyvs):] and depending on the reuaction
conditions methyl iodide reacts to give either [RhC1IMe(PCr:)2] or [RhI2Me(PCya)-oj.
The compounds [RhH-CL(PCys)-] and [Rhil- (BHL) (PCy3) 2] have also been isolated.
Structures of these complexes are illustrated in Scheme 37 (ref. 209).

The four-co-ordinate dioxvgen complexes [230] exhibit unusually high v(0=0)
stretching frequencies at about 990 cm™!. This high frequency is attributed to the
four-co-ordination found for this complex. In three-co-ordinate complexes of the
type [PtQ:({PPh;):] and five-co-ordinate complexes of the type [IrCi(CO)(0-) (PPh3)2]
there ix more back-bonding from metal to O: than is observed in [230]. An analogous
four-co-ordinate dioxygen complex trans- [RhC1(0.) (PPri;)-] has also been prepared
and its structure has been determined by an X-ray study. The dinitrogen complex

[2532] has also been the subiect of an X-ray study which reveals the presence of a

side-bonded dinitrogen ligand. This is a most unusual bonding mode for dinitrogen
and the complex warrants further study. The ethylenc complex trans-
[RhC1(C2H.) (PPris)},] has a C-C bond distance of 1.319(4) % which is one of the
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c1
H L X L
RA Rh
L’// \\‘H L/// \\\t
H e
X L X L
~ l/// \\\l yd
Rh Rh
7 Nx L/ X
L
H ' H
s
>nh BH -
H l H
L (X=Cl, Br, I; L=PCy3)
Scheme 37
N
i}
N
L —Rh—L (L=PPri,)
c1
[252]

shortest reported for co-ordinated ethylene (ref. 210).
Two crystalline materials, [233] and [234] have been isolated from the reaction o
dioxygen with [RhC1(PPhi)a] and each of these complexes has becn characterised by a

0 P
c1 | o)
P2CIRh™0_ O—RKCIP, Rh—o
P~ | o
0 (P = PPh3) P
[233] [254]

single crystal X-ray study (refs. 211, 212). Spectral changes observed for the
oxidation of the dimer [RhC1l(PPh;}.]. by dioxygen indicate that the reaction
proceeds via rapid formation of [233] which then slowly decomposes to form Ph.PO and
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Rh-01,-Ph:PO complexes, Schere 38. The spectral changes observed during the oxida-

[RRC1P2| ——2— [RhCI(02)Ps]
2 fast (02)P2]2
0> | slow

PO + Rh-0:-PO complexes

(P = PPhj3)

Scheme 38

tion of [RhC1(PPh;):] are similar to those observed for the dimer, [RhC1(PPhi):]»
but sorie differences are observed suggesting that the oxidation pathways may not be
entirely similar. The oxidation products of [RhC1(PPhs)s;] and [RhC1(PPh;3}z] can be
readily converted back to [RhC1(PPhs};] by refluxing ethanol -solutions of the
products with excess triphenylphosphine under a dinitrogen atmosphere (refl. 2135). A
kinetic study on the reactions of H., 0, C:H., (HCI=CCl. and (H;I with [RhCI(PPh3)}:]
has been published (ref. 214).

\Various rhodium(l) complexes containing bidentate unsaturated thio ligands have
been prepared from [RhC1(PPh:):] and trans-[RhC1(CO) (PPh3)=] in the presence of

triethylamine (Scheme 39). In the carbonyl derivatives the CO ligand is trans- to

the chelate donor atom with the lowest trans-influence (ref. 215 and see ref. 196).
The rhodium(I) complexes [235], [236], and [237] react with dioxvegen to give 1:1
adducts. In solution only the trans-isomer [238] is observed but with the complexes

[239]-[242] cis- and trans-isomers are observed. For [241), [242] there is a

solvent effect on the initial cis-trans ratio. In benzene solution, the formation
of Ph;PO from [241] is inhibited by addition of triphenyiphosphine. The reaction of
{213] with dioxygen in the presence of PPhi gives PhiPO and [244]. The complex
[244] can also be obtained from [Rh{Ph:P(0)G(S)NPh)(PPh3)2] and dioxvgen. Only [245]
reacts with dihydrogen to give [246] which is a catalyst for cyclohexene hydrogena-
tion (ref. 216). The influence of the anionic ligand X on the polarographic
behaviour of the complexes trans- [AMX(CO) (PPhs).], (M=Rh, Ir; X=N0., I, Br, NCS,
OCOH, C1, SPh, N3, OCOPh, NCO, OCOMe, OPh, SH, F, OH) has been investigated and the
half wave potentials obtained have given a kinetic scale for the electron donor i
properties of the anionic ligands which can be related to the stability of the :
dioxygen adduct, formed by the four-co-ordinate complex (ref. 217). The inter-
actions of rhodium atoms with dioxygen have given the species Rh(0;) and Rh(0:):.
Small, well-defined rhodium clusters, Rh, (n=2 or 3) also react with dioxygen to
give dinuclear complexes, Rh2(02), (n=1, 2, 3 and 4) together with a trinuclear
species Rh;(0z)y (m is probably 2 or 6) (refs. 218, 219). The action of light and
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dioxyeen upon [247] gives the ronomeric superoxo-rhodium species [248] which is
relatively stable in vater {ref. 220}.

-t

hv +
(=) [Rh(NOz)z2(en)2| + 02 —= [Rh(NO-)(0:)(en)a]

(217} RATY

The compound [RhCI(PPh.)y:| is known to be an active decarbonviation agent for
aldehyvdes and acyl halides. 'The rhodiwn corpound has now heen shown to react with
the hexacarbonyvils [MCO).] (M=Mo and W) to give [M(PPh:){CO)s| and trans-
[RhCI(COV(PPhs) -} (ref. 221). ‘Thermodynamic and kinetic data for the reversihle
carbonylation of [Ir{Ph:P(HCH-PPh-)-]CI reveal that contruary to previous reports
the role of the solvent is zero (retf. 2227.

Activation of carbon dioxide by co-ordination to transition metials continues to
attract attention. Treatment of [Ir(Me:PCH2CH:PMe:)-2]" with carbon dioxide gives an
adduct [r{dmpe):Cl.(0.. ‘the i.r. bands of the co-ordinated (0, are significantly

different to those observed in [249] and it is suggested that the carbon dioxide mmy

o o
o 5
(cyap)zml\\\é Ir——C\éko
X
o}
[249] [250]

be monodentate in the iridium complex as illustrated in }250}. Heating a solution o
suspension of I[r(dmpe).Cl.CO» at ca. 120°C gives an isomer considered to be [251] in
which a co-ordinated dmpe has been metallated and carboxylated. An analogous adduct

[Ir (8) {Me(CH2CO2PC2H.PMe> } (dmpe) |C1
| S —— |

[251]

Ir(diars);C1.C0, can also be isclated but increasing the bulk of the compounds
[IrL.]* reduces their reactivity towards (0:. The co-ordinated (O In
Ir(dmpe)2C1.C0> can be displaced by small molecules, L, to yield [IrL(dmpe)-]C1,
(.=CO, PMes, CS;) or cis-[IrH,(dmpe),]Cl (ref. 223). Although the corresponding
rhodium complexes react with difficulty with CO: (ref. 223) treatment of

[Rh,Cl1,(C;H.)}.] with two mole equivalents of PBu?; under an atmosphere of CO, gives
[RhC1 (CO-) (PBu™3)2] which on standing in solution gives the phosphine oxide complex
[RhC1 (CO) (OPBu™;) (PBun;)]. With PEtPh, the bis-phosphine complex,

[RhC1(CO); (PEtPh;)2] and tris-phosphine complex, [RhC1(CO.)(PEtPh-):] can be
obtained. Similar bis- and tris-phosphine complexes are formed with PEt,Ph. The
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complexes [RhCHICO, ) (PMe-Ph) -} and [RhC1(CO.) (PMePha)}s] are also reported. The
bis-phosphine complexes are considered to contain bidentate (0r as in [249] while
the tris-phosphine complexes are belicved to contain unidentate C0: as in [250].
All the rhodium complexes lose (O- when treated with sulphuric acid or when heated
at temperatures above 80°C (ref. 224). The reaction of C€0S with [RhC1(PPh;);] gives
trans- [RhCL(CO) (PPhs) -] and [Rh:C1.8{C0) (PPhs)s] (ref. 2IZ5).

Carbon disulphide is known to react with [RhCI(PPhi).] to give trans-
[RRCI(CS) (PPh;)-]. Using this complex a range of cationic thiocarbonyl complexes
[Rh{CS)L:]", (L=pMePhs, PLtsPh, PPh(OPh)-), [Rh(CS)L.]7, (L=PMe:zPh, PPh,OMe,
PPh{OMe)a, PPhiOkt)., P(OMe} s, P(OEt);3), und [Rh(CS)L:r, (L = PhoPCiL (11, PPh,) have
now been isolated. Preliminary X-rav studies on [252 and [253] contirm the

illustrated structures (ref. 226). The reaction of dihyvdrogen with [IrH(CS)(PPh3)i]

L %‘ L -+
ay
L—Rh—CS | PFg ' rn—cS
L//,!
L = L -
(L = PMePh») . (L = PMe>Ph)
[252] [253]
s
C L
v | . L
SNir—1L \\\ir'/’
L’/,, H*”l sue
H L
-L|H, [253]
-
L
H\L-/H L\Ir/sz\le
H’//, cs g’
L
|- I
L L
H\L/L ] L\L(T
H”’l \\‘qg/ - H’//I CHa
(L= PPh3) L s L

Scheme 40
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gives the methanethiolato complex [251]. This reduction of the thiocarbonyl ligand

s considered to occur via thioformvl and thioformaldehvde complexes (Scheme 10).
That a thioformyl complex of iridium{1I[) is a plausible intermediate is shown by
the isolation of [Ir{(GIS)CL-(CO)(PPh:)-| via the sodiwn borchydride reduction or
the cationic thiocurbonyl complex, [IrCl-(CS)H(CO)(PPhs}-]1- (retf. 227},

The single crystal X-ray structures of the sulphur dioxide complex,

[RRCI(SO-) (PPhi)2 ]2 and disulphur dioxide complex [Ir{S-0:} (Ph-PClCH-PPha) - [CL and
the ESCA spectra of [Ir(S:3(P-P).]C1, [Ir(S.0)(P-P)-|PF:, and [Ir(S,0-)(P-P)]|Cl,
(P-P = Ph.PQI.(11,PPh,) have been reported (refs. 228-230).

During the past yvear various studies on oxidative-addition reactions of square
planar rhodium{I} and iridium(I) complexes have been published. ‘lhe ability of low-
valent d®-metal complexes to homogeneously catalvse the hvdrosilation of alkenes has
stimulated further interest in the reactions of monosilanes with planar iridium(I)
complexes. The silanes R:Sill, (Ri=Cl;, MeCl:, ([EtO)s, Ph:) undergo oxidative
addition to [IrClL:], (L= PPhs;, PUePh-, and AsPh;) to give silviiridium(1il)
hvdrides [IrHCL(SiR:)L,), (== 2 or 3) which unlike the corresponding rhodiun{ I}
compounds show no tendency to lose silane. The five-co-ordinate complexes are

considered to have the square pyramidal structure [2553] although the triphenylarsine

SiRs SiRj
H\\\Ir//,L H\\\ir//,AsPhs
L~ TSa c1”  SasPh,

[255] [256]

derivative [256] may have hydrogen cis to chlorine. The five-co-ordinate complexes
are formed mainly when L= PPhs or AsPh;, and also in the example of L= PMePh-,
R=Ph but six-co-ordinate adducts are formed predominantly when L= PMePh.. tHowever,
both five- and six-co-ordinate adducts can be isolated by addition of MeSiHCl, to
[IrC1(AsPh;}a]. Most of the adducts react with carbon monoxide to give the
carbonyls [IrHCI(SiR3) (CO)L:} which may undergo complete or partial reductive-
elimination to form R;SiH and [IrCI1(CO)L.]. The ease of this reaction depends on
L(PPhj > PMePh, > AsPh3) and on R3{Phi> (Et0)3> Cl; MeCl,} (ref. 231). Addition of
CF350,.C1 to [257] gives [258]. This is in contrast to the analogous reaction of

o
i}
//’s\\\
o CF3
Ny
\\\Ir’/,C1 (P = PPhj)
IrX(CO)P, ‘(/' \P
[257] X=C1l, Br c

0 [258]
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MeSO-C1 with (257; X=C(1}) which gives the S-bonded compound [259]. The reaction

of CF3S0.C1 with [200] gives the co-ordinatively unsaturated cormplex [261] which

underuoes the transformations outlined in Scheme 41. The compound [261] does not

0
0=8=0
C1 L
~
IrC1(N2)L> _— v
L T~ca
[261]
[260]
CcH; | 28°C
e
0=5=0 CFEszawo
L\\\Ir’/’Cl _— 0\\\£r’//L
a1 L L] TSa
c1
co
or
Dy
: py
i
0=5=o0
L |
\Ir/CI
c1/’/l ~L (L’=CO, py; L =PPhj)
LI

Scheme 41
readily undergo trifluoromethyl migration reactions and the reported transformation

of [II’C].:{S(O):Cs}rs}(PPhs)g] to [Il'clg(C6l:5) (502) (Ppha)z] appears to be incorrect
(ref. 252). The transformation 1is probably a rearrangement of the S-sulphinato com-
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plex to the bidentate 0,0 -sulphinato isomer. The secondary phosphine, Ph-HPS react:
with trans- [IrC1{CO)(PPh:).] to give [ITHCI(SPPh:}(CO)(PPhijs] which reacts with

Mel or EtI to give [IvHCLI(CO) (PPha)a]. However, reaction obf Ph.lPS with trans-
[RhC1(CO) (PPh3)a] gives a mixture of [Rh(SPPh.)(CQ) (PPPha)-] and the starting complex
tref. 233). In an attempt to obtain a neutral transition metal-formyl complex the
reaction of acetic formic anhydride, HC{O)OC(O)Me, with trans-[IrCl(CO)(PMe-Ph)- |

has been investigated. However, the expected oxidative-addition product,

[IrC1 (CHO) (OCOMe) (CO) (PMe2Ph) 2] was not observed and the reaction leads, via a

series of intermolecular anion (hydrido, formato and chloro) ligand exchange

reactions to [262] {ref. 2331).

Mercury(IT) halides, HgXa, have long been kiown to oxidatively add to the complex
trans- [IrY(CO) (PPh3):] to give the iridium-mercury bonded compounds
[IrXY (HgX) (CO) (PPha}21, (X,Y=Cl1, Br, I). It has now been observed that these six-
co-ordinate complexes are decomposed by the presence of halide ions to regenerate
the Vaska complexes. In reactions involving different halides the iridium(I) product
tends to preferentially co-ordinate to the halide in the sequence I <Br <Cl. The
iridium(III) complexes can also be reduced electrochemically (ref. 235). The
decomposition of organomercurials occurs only at elevated temperatures (generally
above 300°C). However, [RhC1l(PPhi)i] has been shown to be an effective catalyst for
the formation of the coupling product R-R from HgR», (R-R=conjugated diyne,
conjugated diene, biaryl, and alkane). The proposed reaction sequence, which

involves an initial oxidative-addition reaction is outlined in Scheme 42 (ref. 236).

RoHg + RhCiP3 —— RHCL(R)(HgR)P, + P
(P = PPh3) 1

3R-R + RhCIP; + + 3Hg

(N
o
Y
T
)

Scheme 42

Although the oxidative-addition of dihydrogen to Vaska type complexes has been
extensively studied there have been few studies on dinuclear complexes. It has now
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been found, however, that the complexes [Ir(SBu®)(CO)(PR:)]2, (R = Me, Ph, NMe; and
OMe) homolytically cleave dihydrogen to give the iridium-iridium bonded complexes

[2653]. Protcnation of these cormplexcs gives the bridged hydrides [264] (refs. 257,

(R;P):(OC)HIrfi:—::>IrH(CO)(PR3)2

S
But

[263]
1 HC10,

But
S

(R;P)g(OC)HIr\H/IrH(CO) (PR3)2 | C10y4

s
But

[264]

238). The thioclato-bridged iridium(I) carbonyl complexes [265] have been prepared
by the reaction of carbon monoxide with [IT(SR)(1,5-cod)]: arnd reactions of the
complexes are outlined in Scheme 45. The crvstal structure of [Ir(SPh)(C0):2]2
suggests the cxistence of intra- and inter-molecular metal-metal interactions. The

L
[Ir(SR)(CO);L]> and/or [Ir(SR)(CO)L]: <——~——]
(o}

LiSR C
[IrCl(cod)]s ——— [Ir(SR)(codd]a ——— [Ir(SR)>(CO):]:
[265]
[RhCl (CO) 2] 2
LiSR
Ci C1
~ co N
(CO)-Ir Rh(cod) ———> (CO),Ir Rh (CO) »

C1 C1
[266] [2671

[R =Bu®, Pn; L =PMe;, P(NMej)3, PPhj, P(OMe)s]

Scheme 43

compounds [266] and [267] are only the second examples of dinuclear complexes with

two different d°® metals in a square-planar environment (ref. 239). The crystal
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structure of [268] reveals a "bent” veonetry with o dihedral angle of 113° between

the squarce pluanes shout cach rhodiwm.  There is o solvent-dependent cquilibriun
betreen the ¢is- and trans-isomers of [268] (ref. 240y By altering the bridging

Ph

S

/////S\\\\\
/Pl\
///Rh ! Rh\\\
Me P / \ PMe -
' oc
[208]

groups prescnt in dimeric vhodiwi{ ) complexes both the distance between the rhodium
centres and the relative orientation of the two co-ordination planes can be varicd.
Thus by comparing the electronic spectra of solutions of trans-[RhC1{CO){PPh:) -]

with those of the dimers [260}, [270} and [271] it is reveualed that onlyv [269] shows

(CH3)
/ n\
| |
l c1 c1
’,Rh// ing
oc l oc”’l
p p
(g
[2069], n=1
[270], n=3
{271}, n=4a

a significant shift of the low encrgy absorption. ‘The shift in this absorption can
be explained in terms of overlap of the two filled metal d,. orbitals in the dimer
and of the two empty ligand 7 orbitals which results in a narrowing of the energy
gap between the highest filled metal orbital and the lowest empty ligand w7, orbital.
The lack of a proximity shift in [270] and [271] is due to the larger rhodium-
rhodium separations involved in these complexes. Comparison of the electronic
spectra of [Rh(acac)(CO)2] with that of [272] also reveals the presence of a
rhodium-rhodium interaction and addition of Ph:PCH.PPh, -to [272] produces [273]
which also exhibits effects due to the close proximity of the rhodium centres. Both
[Ph({OCOCF3) (CO)2]2 and [274] again appear to have structures which contain rhodium-
rhodium interactions but the electronic spectra of [275] and [276] show no pronounced
proximity shift. Neither trans-[RhC1(CO)(PPh;).] nor the dimers [269], [270] and

[271] react with dihydrogen, dioxyvgen, or diphenyl disulphide. However, some of the
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P P = Ph,PCH:zPPha
(2721 [275]
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N | Dx L c1 co

/Rh/ /Rh/ \Rh/ \Rh/
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c c o
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[275], L = co

N
VR e 2= =
N N = PaNT <NPh [276], L = PPh;

[274]

complexes do react with di-iodine, tetracyanoethylene, and sulphur dioxide. Treat-

ment of [269] with di-iodine gives [277] while reactions of di-iodine with [270] an

P P
l co l c1
/
I— Rh /Rh/—l
Ci I of l
p p
(2771

[271] give polymeric products of stoichiometry [RhC1I,(CO){Ph.P(CH,);PPh2}],, (n=
53-14) and [RhC1I.(CO){Ph2P(CH:)+PPh2}]}, respectively. Tetracyanoethylene does not
react with [269] at room temperature but with [270] the complex [278] is formed. A
yellow polymeric product [RhC1(CO) (TCNE) {PhoP((H2).PPh2}], is formed with [271].

References p. 495



N
P P = Ph,P(CH->) :PPh»

278}
Addition of sulphur dioxide to [270] gives [27¢]. However, with [271] sulphur
o]
r c
o]
_c P~ | 0
__PRh _Rh—57
c1 l P | o

g\\\_.///// -

Pam
P P = Phy,P(CH-) 3:PPh;

(279}

dioxide gives an adduct which is thermally less stable than [279] and with [269]
sulphur dioxide gives an adduct which cannot be isolated in a pure form {(ref. 211}.
The addition of sodium sulphide to [Rh2Cl2(CO):{Ph2PCH,PPh2}.] produces red crystals
of [280] which contains a novel "A-frame' type structurc and it has been character-
ised by an X-rayv studyv. Some recactions of this complex are illustrated in Scheme
44. Treatment of [280] with methyl isocyanide gives [Rhz(u-S) (C\Me)z{Ph2PCH2PPh,}:]
The complex [280] also absorbs reversibly sulphur dioxide and catalyses the hydro-
genation of ethviene. The bridged carbonyls in [281] may be unsymmetrical in view
of their high v(CO) stretching frequency (ref. 242).

The ligand Ph2P(CH:) sPPh: undergoes a dehydrogenation reaction with [MX({cod)]. in
refluxing mesitylene (M=Rh, X=Cl or Br; M=1Ir, X=Cl1) to give the complexes [2§Z]
and a suggested mechanism for this reaction is outlined in Scheme 15. However, in
no case is metallation or dehyvdrogenation observed on reacting the ligands
Ph;P(CH2) yPPh2, (n=35, 7, or 8) and the diarsine Ph:As((H:)¢AsPhz with rhodium(I) or
iridium(I) complexes in refluxing mesitvlene. Upon reacting the ligands
Ph,P(CH;) ¢PPh, or PhyAs(CH:)sAsPhz with [MCl(cod)]2, (M=Rh or Ir) in methylene
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chloride solution in the presence of carbon monoxide the dimeric complexes [283] are

formed which do not undergo dehyvdrogenation reactions. The ligands 1,6-bis(diphenyl

Y Y
o . _
‘I/C ,/Cl Y=P or As
M c—N M =Rh or Ir
c1 l 0 l
Y :
\(Cﬂz)s/
[283]

phosphino) -trans-hex-3-ene and 1,6-bis{diphenyiarsino)-trans-hex-3-ene undergo norma
substitution reactions with rhodium(I) and iridium{l) complexes as outlined in
Scheme 46 (ref. 243). Treatment of the heterocyclic compounds [281] with

RhCl13.xH-0 + BDPH

-

[Ir(CO)2(BDPH) |*

o
EtOH 178 ¢ coT M=Ir;
co
[MC1(cod)]2 + BDPH - MC1l(BDPh) = MC1(CO) (BDPH)
[282] €0

[RhCl(cod) |, + BDAH — RhCI(BDAH)

(BDPH
(BDAH

Ph,P (CH») 2CH = CH(CHz) 2PPh>»)

PhyAs (CH2) 2CH =CH(CH»>) 24sPh3)
Scheme 46

[RhC1(PPh;) ;] also results in a dehydrogenation reaction to give [285] (ref. 214).
R R
RN
N
! AN e
Me AMe
[284] [285]

[R = H, Me, Pr, Me>CHCH., Ph, PhCH,, 2-pyridylmethyl, 3-pyridylmethyl,
4-pyridylmethyl, and (1—methy1-—4—pyrazoly1)methyl]



The bidentate phosphine [28¢] forms the mononuclear scuare planar complexes [287]

and [288]. The tendency of these complexes to form adducts with carbon monoxide,

Q CH2PPh>
(> 2
QQ CH2PPh>

[286]
X
cOo
P ol / P P M P BF,,
C N
o Mec
[287] [288]

(M=Rh, Ir; X=C1l, Br, I, NCS)

dioxygen and sulphur dioxide is significantly lower than that of the corresponding
triphenyviphosphine complexes. The oxidative-addition reactions of the complexes
trans- [1rX(CO) (P-P)] with hydrogen halides give the species [Ithg(CO)(P-P)] showing
that this bidentate phosphine ligand [286] does allow the formation of six-co-
ordinate complexes although the presence of the ligand [286] does tend to reduce the
ability of the metal to undergo oxidative-addition reactions. Reactions of the
appropriate square planar complexes with dihvdrogen give the corplexes
[IrtLT{COYV(P-P)) and [ITHL(COY(P-P)]BF., (L =CO or MeCN). The static requirements
of the ligand [286] are similar to those of bis-PhaPCH2Ph metal compounds (ref. 215).
Sulphur dioxide is known to bond to a metal atom through the sulphur atom in one
of two spatial arrangements i.c. bent [289] with approximately tetrahedral geometry

around the sulphur atom and coplanar [290] with the metal atom. In general, in the

0 0
"s< M ~—:S
T o o
M
[289] [290]

"bent" geometry, the S =0 stretching frequencies occur near 1200 and 1050 cm™?, the

SO. is labile, and the co-ordinated SO, veacts with dioxygen to form sulphate com-
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plexes. However, if the metal-5S0: groups are coplanar, the $=0 stretching
frequencies appear near 1300 and 1100 cm™ !, the S0: is not labile and sulphates are
not formed upon oxidation. Some exceptions to these generalisations have been noted
previously and in order to determine factors which influence the reactivity of co-
ordinated sulphur dioxide a series of rhodium-S0. adducts of the type Rh{(ttp)}XSO:,
[ttp = PhP({CH,CIHCH,PPh2) 2, X=Cl, N;, CN] and [Rh(ttp)l.(SO:)]"', (L =MeCXN, PPhMe-,
PEt;, (0O) have been prepared. All of these complexes have S=0 stretching
frequencies in the region associated with "bent” SO2 but there are major differences
in the reactivity of these complexes towards dioxyvgen and in their lability in
solution. The structures of these SO: complexes are not known with certainty and
the threce geometries [201], [292] and [2853] have been proposed. It is clear that

further work is required in order to determine factors which control the chemistry

of bonded sulphur dioxide (ref. 246). The complexes [Rh(L-L)2]PFs, (L-L=[204],
(o]

Séo P P

ol AT

P~ TX (or L) KI \s<8 l \s<3

p X

(or L)

[201] [292] [2951

[295], and [296]) also react with sulphur dioxide to give 1:1 adducts. The S=0

H H AsMez

CH,CH
>c = c< P/ : 2\P
— S
PhsAs AsPha AsMes Meph/ \PhMe
[294] [295] [296]

stretching frequencies of these adducts are in the range associated with the ''bent"
geometry and they react with dioxygen to give sulphato complexes. These sulphur
dioxide complexes are formulated as square-pyramidal species with apical SOz. By
contrast SOz reacts with [Rh(diars),]Cl to give an extremely insoluble 1:1 adduct
which has low values of v(SO) at 1099 and 984 cm™!. It is suggested that in this
adduct [Rh(diars)»(S0»)]" units stack so that weak interactions occur between one
metal and the SO, co-ordinated to the adjacent one. The complexes [Rh(L-L)2]PFg
also react with dioxygen to give 1:1 adducts which contain side-on'' bonded dioxygen.
The 'H n.m.r. spectrum of [Rh(0,) (Ph:AsCH=CHAsPh,),]PF¢ indicates the presence of a
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significant interaction between the ortho hydrogens of two ligand phenyl groups and
the dioxygen molecule as has been observed in [Ir(02) (PhoPCH:CH:PPh;},]Cl. The
three rhodium(l) complexes also react with Sg but only the complexes

[Rh{S2) (PhaAs(H=CHAsPh, )} - ]C1 and [Rh(S.) (Ph2AsCH=CH\sPha). ]PF: could be isolated

in a pure state. There are also interactions between the ortho ligand hydrogens anc
the co-ordinated S: molecule in these complexes. The [RhO,(L-L).]X, (X=Cl, PFg)
complexes react with nitrogen dioxide to vield a variety of nitrate derivatives
including [Rh(OH) (NO3) (MePhPCH-CH:PPhMe) - [PEF5, [RhC1(NO;) (diars)|PFe, and

[Rh(NO3) (NO2) (PhoAsCH=CHASPh;)2]Cl. While only [Rh(diars),]PF; reacts with acyl

chlorides to give [297], sulphonyl halides reuact with all three complexes to give

R
~ 490

T~as

c
As I As As
( :::Rh/// PFq <: = diars
AS I
1
2

c
[297]

[R = Me, Et, Ph, 3,5-(N02)2CecH3]

L L L
\Elth/ ( = [294], [295], [296]
L

[R = Me, Et, Ph, p-BrCgH,, m-(NO2)CgH,, p-MeCgHy, l-naphthyl]

the sulphinato- S bonded complexes [298]. For L-L={[296] and R=m-(NO:)CsHu.,
p-MeCgH., or 1l-naphthyl, O-sulphinate complexes are also produced. The rhodium(I)
complexes also undergo oxidative-addition reactions with halogens (ref. 247).
Attempts to prepare [Rh{Qas)]PFs (Qas = [299]) have been -unsuccessful although from

: :Asf-lez
As- ;
AsMes

MeoAs

[299]
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the reactions of Qas with [RhCTiICO:- !, or [RhCl{cod]. followed by metathesis with
AgPF; the compounds [Rh{CO} (Qas) [P and [Rhtcod) {Qas) |PE: can be isolated. Ireat-
ment of the cyclo-octa-1,5-diene derivative with p-toluenesulphonyl chleride or

methyl iodide gives the cis-vomplexes [RhCLIFS{O 1p-MeCsH. HQas) [ PV: and ¢is-

[RhIMe(Qas) [Pl respectively.  lhe complex [Rh{fdrmay- PP, (fdma= {300]71 adds a
Ashler
Fe
AsMe?2
[500]

variety of small molecules 1. to produce five-co-ordinate adducts [RhL(fdim) 2 |PFe,
(L=C0, S0,, CXQMes, 02, S, CF:C=CCF:) and it oxidatively adds molecules XY to
give octahedral complexes [RhXY(fdmal-]PVFe, (XY =1, Bro, Io, HCL, HBr, HI, MeSO,CI,
Mel, MeSSMe). Several of these adducts are stereochemically non-rigid in solution
{ref. 248). The crystal structure and absolute configuration of an optically active
dioxygen complex of cobalt(ILlI) (+)gag-£&-cis-£-[CofR,R-Me2As(CHa) 3AsPh(CH) ~AsPh-
(CH2) 5AsMe2}02]C10. have been determined. This is one of the few cobalt complexes
in which there is detfinitive evidence for a side-bonded dioxygen ligand (ref. 2.19).
Cobalt(II) perchlorate readily reucts with the diarsine ligand [301] to give

[Co(dase) » JC10, which contains planar cobalt([l). However, attempts to isolate the

/CH 2CH>
~ ~
PhMeAs AsMePh PhMeAs (CHz) 3AsMePh
(dase) (dasp)
{301} [302]

analogous compound with dasp [302] fails. Cobalt(II) halides readily form complexes
of empirical formula Co(dase)X:, (X=Cl, Br, I) which are formulated as the salts

[Co(dase) 2] [CoX,]- In solution the following isomerism occurs:
[Co(dase) 2] [CoXxn] == 2[CoXa(dase)]

The ligand dasp, however, forms only pseudo tetrahedral compounds [CoX.{(dasp)] (ref.
250). Treatment of hydrated rhodium(III) chloride with the tetradentate ligands
[303]-[306] does not give simple monomeric adducts and only the compounds Rh.L:Cl;s,

(L =[303]-[306]) can be isolated (ref. 251). 1In an attempt to obtain new planar
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/‘:\-\
S s {303} X~ = -(CH;); - (eS2Njy)
NH-o HoN [301] X7~ = —(CHz)3 - (pSaN2)

[305] — %™

~(CH2)y — (bS2N2)

[306] X

cis-CH=CH - (V,N3)

organometallic complexes which will form multiparallel chains bridued by a highly
delocalised v-system, tetrathionaphthalene [307] has been treated with several metal

carbonvls. Reaction or [307] with a stoichiometric amount of Co,(C0): in benzene

S—35
... €0, (CO),TTNCo2 (CO) 2 TTN
{308]
S—-8
(TTX)
[307]

gives an insoluble red precipitate formulated as [3508]. Thus in contrast to the
dithiolene ligand $:C:(CF;): TIN does not lead to complete displacement of carbon
monoxide from the cobalt. The compound [308] behaves as a onc-dimensional conducting

syvstem (ref. 252).

Metal nitrosvl and arvidiazo compounds
Treatment of [Co(NO)(CO):} with dimethyl arsine gives [309] which can be oxidised
by air to the dinuclear complex [310] which can also be obtained from [Co(NO) (CO)s]

Co (NO) (CO) 2 (AsMe-H) —» (CO) 2 (NO)Co—-Asilep;—-AsMeaCo (NO) (CO) »
[509] [510]

and MesAsAsMe» (ref. 253). The orvanometallic Lewis base [311] reacts with
[Co(NO) (CO) 3] to give [312] and a rmonosubstituted complex, [CoCp(CO)L] can be

(CO) ,Fe-PMe~PMe; (CO) z (NO)Co-PMe 2-PMe—~Fe (CO) v
[311] (312}

obtained by the reaction of {311} with [CoCp(CO).1, (ref. 254). The n.m.r. spectra
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ot these complexes of [511] exhibit line broadening which has been attributed to
variable interactions of the quadrupolar nuclel with different spin states of the
XoABY: spin svstem (ret. 255).  The species [Co(NII(C0)-] is considered to
participate in photochemical and thermal substitution reactions of [Co(NO)(CO);].
Evidence for this intermediate has been provided by the isolation of [Co(NO)Y{CO):]
in argon and methane matrices. ‘The primary photolyvsis steps which lead to this
species are readily reversed by irradiation with visible light and by annealing the
matrix in the case of the reaction of [Co(NOI(COQ)2] with CO. The formation of
[Co(NOY (CC)2(XN2) | and possibly {Co(NO) (CO)(Nz):-] has been observed in dinitrogen
matrices (rei. 236).

Although phosphines of the type PR:R” (R7 =:{IRVI or H) react with Co(NOa)-.6H-0
in Prioi to give [Co(NO)(PR:R”}:] complexes, the phosphite P(OCH:):QMe (L) induces
disproportionation of divalent cobalt to form [Col.s],[Co(NO;:),]. However, the
isomeric phosphine P(CH-0).Qle does form a nitrosyl [Co(NO){P(CH:0):QMej;s]}. The
disproportionation of cobalt(II) by phosphites is probably associated with the
strong ligand field stabilisation afforded by ligands which are able to accept
m-electron density from the cobalt. Attempted recrystallisation of [CoLc]:[Co(NO:)
from methyvl cyvanide gives [CoLs]NO: and [CoLs][Co(NO:):(N(e)] which contains a
near-perfect trigonal-bipyvramidal array of phosphorus atoms around cobalt(l). The
anion [Co(NO:)s(NQMe)]  has a heptaco-ordinate cobalt(II) geometry formed by three
bidentate nitrates and a methyl cvanide ligand (ref. 257).

The crystal structure of the tetrahedral compound [Rh(NO) (PPh:):] has been
reported (ref. 258). Solutions of this compound saturated with sulphur dioxide
afford crystals of [313] which has been characterised by a single cryvstal X-ray
studv. The complex [313] reacts readily with dioxygen to give [314] which again

0 Q
N\ AN
N N
P— A ’/,? 22 \\\An’/’O\\‘s’//o
| s p— o ™
~
P o]
[3135] P = PPhs [314]

contains a bent nitrosyl ligand and this complex has also been characterised by an
X-ray study (refs. 259, 260). The mechanism of the reaction of this side-bonded
sulphur dioxide compound [313] with dioxygen has been studied using oxygen-18
substitution and infrared analysis. The data are consistent with a mechanism which
involves formation of an intermediate [515] which contains square pyramidal
co-ordination about the sulphur. The oxygen atoms thus become equivalent in the

basal plane allowing the metal to move to each of the four basal edges with equal



Rh

!
13g-"7 \“OIE
0/ \0

[315]

probability. This would predict a 1:2:1 ratio corresponding to !'®0'®0, '®0!®Q, and
t80'80 for the isotopic content in the terminal oxvgen of the sulphato group
respectively. Three infrared peaks in this ratio are observed in the vi: region of
the infrared spectrum. In studies with S-bonded sulphur dioxide a different
distribution of labelled oxygen is observed suggestive of a peroxysulphite inter-
mediate {ref. 259).

Studies on the carbonylation of [Ir(NO)(PPhs3)}:] are consistent with the stepwise
mechanism outlined in Scheme 47 (ref. 261). Some nitrosyl carbonyl derivatives of

+S
Ir(NO)L; ===  Ir(NO)(S)L; + L
-S

Ir(NO)(S)L, + CO ——=  Ir(NO)(CO)L, + S

(S = solvent, P = PPhj)

Scheme 417

the type [RhXC1(NO)(CO)L.] can be obtained by treating trans-[RhX(CO)L.], (X=C1, Br
I; L=PPh;, AsPh3) in either dimethvlformamide or chloroform with solid sodium
nitrite and moderately concentrated hydrochloric acid. The action of silver nitrate
on the compounds [RhXC1{NO){CO)L:] results in loss of the carbonyl ligand to give
[Rh(NOa)zCNO)LQ] (ref. 262). An X-ray study of a related compound [316] has been

/,O
N

L , Br
~gn~" L = P(OPh)s

L=~ TSBr
[316]

reported (ref. 263). The action of sodium nitrite on trans-[IrCi(CO) (PPh,).] leads
to [IT(NO)(CO) (PPh3).] probably via the sequences of reactions outlined in Scheme 48.
Treatment of [IT{NO)(CO)(PPhi3)>] with NOPF¢ gives [Ir(NO2) (PPh3)2]PRF¢ and this
cationic complex can also be obtained by tﬁe action of nitrogen monoxide upon
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IrCl1(CO)P- + NaNO; -— Ir(NO:)(CO)P> + NaCl

Ir(NOz) (CO)P- + CO = Ir(N0.;)(CO):P-

Ir(NO2)(CO) P> — Ir(NO)(CO)P, + CO:
(P = PPhaj)

Scheme 18

[[r(CO)}:(PPh3)-1PF;. The dinitrosyl rhodium cation [Rh(NO}:(PPh;),|PFs can be
obtained from NO and [Rh(dienc) (PPh:)2)PFs. The black cobalt salts [Co(NO).L.|PE.
can bhe obtained by the action of NOPF; upon [Co(NO)(CO)L-], (L=PPhs;, P(OPh).}.

The structures of the three cationic complexes (517; M=(Co, Rh, Ir) are known and

34 P

-,
.
N
N

T

05\‘N/// \\\N,,,o

[517]

study of some of their reactions has been reported. With tertiary phosphines or
chloride ion the reactions fall into three classes.

(a) For M=Co, reaction with phosphine or chloride occurs via the l6-electron
intermediate [Co(NO)z(PPhs)]~.

(b) For M=Rh or Ir, reactions with phosphines occur via an associative path with
the formation of a 20-electron intermediate formally containing NO' and NO~. This
leads to coupling of the two nitrosyl ligands and formation of N:0, phosphine oxide
and the cations [RhL.]". However, when L is PPh,, NO* and [M(NO) (PPhi)s], (M=Rh,
Ir) are produced.

{(c) For M=Rh or Ir reactlon with HC1l produces [MC1l,(NO)(PPhi)., N20 and water.
The reaction of [IT(NO);(PPhi):]" with 2,2 -bipyridyl gives [Ir(NO)(bipy)(PPh;).17"
and evolution of N>O. This five-co-ordinate dication may have the structure [3518]
or [319]. Treatment of the cations [M(NO)2(PPhz):]% with NaBH. or N;H, in tetra-

P P
( '>![I‘——N—O P>{Ir—~l\'—0
N N
| !

[318] [519]
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hvdrofuran in the presence of PPh- gives [M(NQ)(PPhi)sl.  In the reactions with
NaBil. attack of 7 on co-ordinated NO occurs to generate ammonia (ref. 264). A
series of cationic cobalt nitrosyl complexes [Co(NO):L:]Y, (L =RCN, ROH, Me,CO;

I, =cod, nhd: Y=PI'-, BF., ClO.) have been prepared by the reaction of [CoCl1(NO):
with AgY in the prescence ot the ligand L, (ref. 265), and the crystal structure of
the compound [Co(NO)z (PhzPCH2CH-PPh-) [PF; has been determined (ref. 266).

A number of dicationic nitrosyl compounds of rhodium have been obtained by

reactions of rhodium(l) compounds with either NOPFg or NOBF, as outlined in Scheme

49.  The vorpound [322}, which was originally incorrectly formulated as a bis-

[RhC1(cod) |,
NOox

- —_— N v Y
or eCN [RhC1 (NO) (MeCN) 3 |X

[RRCL(CO)a ]2 [5321]
p
[RRCL(NO) (MeCN) P> X
[5325]
[Rh(cod) (MeCN) 2 |X
°r c1~
[Rh(cod) 21X

l NOX

[Rh (NO) (MeCXN) . 1X2
[320]
P;i//// \\\<i:s
[Rh(NO) (P-P) 2 }X> [Rh(NO) (S-S);]X
[523] [324]

[RR(CO) 2 (MeCN) 5 | X

L

[Rh (NO) (MeCN) 3L2 }X2
(322}

N2Hy, /P excess S-S

v
[Rh(NO)P3] [RhY, (NO)P2 ] [Rh(5-5)2P3]X

(P=PPh3; P-P=PhsPCHsCH;PPhs; L=PPhs, AsPhy; S-S=S,CNRz; Y =C17, I7;
X= BF., PF¢)

Scheme 49
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acetonitrile compound, has been shown by an X-ray study to contain a bent nitrosyvl

ligand and the compounds [520]}, [321], [324], and [3253] are also considered to

/0
N
’!.{ec:\- l P
>Rh< [PFe] 2
P l NCye
N
(4
L Me A
[322]

contain bent nitrosvl ligands. The compound [323] probably contains linear NO*
(refs. 267, 268). The dication [Rh(NO) (MeCN).][BFs]2, dissolved in nitromethane,
is an effective catalyst for the di-, "tri-, and tetra-merisation of isobutylene at
room temperature (ref. 269). In view of the reformulation of the dication

[Rh(NO) (MeCN) 2 (PPh3) 2] [PFs]2 as the tris-methylcyanide compound [322] it seems
likely that the ions [M(NO) (MeCN).L.]J?*, (M=Rh, Ir; L=PPh;, AsPh;), (ref. 270)
may also have analogous octahedral structures to [322]. Treatment of these dicati¢

with ortho-benzoquinones or grtho-catechols in ethanol or diethyl ether gives the

N 0‘_\
o}

L ~ 2+ _NCMe ‘

1,2-
/Ir/ 12-CeXy (OH) » L—1r""
MeCN ~t I ~L
0//N
EtOH 1,2-CgXy, (OH) 2 [326]
L\ + OEt E+OH (S) S\I __OEt l
/Ir —_— - !'\
0=N ~L o=l L p [ 1,2-C¢X402
L = PPhi, AsPhgj L\ /0
X = C1, Br Ir
X N o
<0 X o o0&
o x@o
X
Scheme 50

compounds [326], (Scheme 50), (ref. 270) and similar four- and five-co-ordinate
ortho-catecholato rhodium and iridium compounds have been obtained with catechols
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with both electron-releasing or -withdrawing substituents (ref. 271).

[CoCp(CO) 2] [327] reacts at room temperature with nitrogen monoxide to give [328]
Partial nitrosylation of [327] has now been accomplished either by reducing the
rcaction temperature or bv using N-methyl or N-ethyl-N-nitrosourea (Scheme 51) (ref.
The crvstal and molecular structures of [328] and [329] have been determined

272

Cp
Co
c// co
0" [327] )
NO co NO co
(-120°C) (60°C, 550 atm) (25°C) (60°C, 550 atm)
(o} (o]
C N
N NO
CpCo————CoCp CpCo———CoCp
N (25°C) "
o ]
paramagnetic diamagnetic
[329] [328]
Scheme 51

together with the e.s.r. spectrum of [329]. The compound [328] undergoes reversible
oxidation to its cation and [329] undergoes reversible reduction to its anion (ref.
273). «Nitrosyl chloride reacts with [327] and with [Co(NO) (CO)s] to give
[CoC1(NO)2]- (ref. 274). The reaction of [327] with the Diels-Alder adduct of
cyclopentadiene with Me0:CC=CCOz-Me in the presence of NO gives [330] and the
structure of this product has been confirmed by an X-ray study (ref. 275). The

CpCo R R = COzMe
™~

[350]

reaction of NO* with the cobalt compound [CoL]., where L is the tetradentate N,S;
donor ligand derived from N,N”-dimethyl-N,N”-bis(Z-mercaptoethyl)ethylenediamine
(LH;) affords [(CoL)gNO]+ [331] which has been characterised by an X-ray study.
Unlike the corresponding iron compound there is no metal-metal bond. The reactiocn
has been interpreted in terms of an oxidative-addition reaction of the NO* ion to
the bimetallic species (ref. 276).
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fcoliL]: + x0= — j(ColllL). (xo7)|"

s -

N\/\ s

/\/\

[351]

The products of the metathetical reactions of [CoCl{NO) . with Nafle(NOptcoy-|,

Na[FeCp(€0)z], and Xa[Co(C0). | are active catualysts for the selective dimerisation
of butadiecne to 4-vinvlcyclohexene (ref. 277). Ethanolic solutions of [RhCl-{CO}) |
containing aqueous acid catalvse the reduction of NO by cuarbon monoxide under mild
conditions. Turther studies on this svsten indicate that the catalvtically active
species is best formulated as a rhodilmﬂlll) carbonyl dinitrosyl complex in which
both nitrosyl ligands are bent (ref. 278). The relative stubilities of the anions
[M(NO)CLs]™™, (M=1Ir, n=1; M=Ru, Os, Re, n=2) have becn compared (ref. 279).

The reactions of Vaska's complex trans-[1rCl(CO) (PPh-)-] with diazonium =alts,

RN.PBELT, are critically dependent on the conditions erployed and the suggested
mechanisms for the recactions in benzene-cthunol together with those of diatonium
salts with [Irti(CO) (PPh:)a] are outlined in Scheme 52. The chloride-bridged
arvdiacenido complex [332] is formed initially in benzene-ethanol as it is in
acetone. This reacts with the alcohol at one iridium centre causing asyvmetric
cleavage of the chloride bridges to give [333], [331] being formed via hydrogen
abstraction from the alcohol. 1in reactions with [IrH(CO)(PPh3:):], [333] is formed
initially followed by insertion to give [3357]. The intermediate [33d] rearranges
to the orthometallated complex [335] which can be isolated from reactions iIn
benzene-ethanol when R” =0 or p-NO». However, [335] usually undergoes oxidation to
an orthemetallated iridium(III) arvdiazene complex [336] (refs. 280-283). ESCA
spectra have been obtained for nitrosyil, aryldiazo, and arvldiimine complexes of
rhodium and iridium. A good correlation is observed between the N Is binding
energies of the nitrosyl complexes and those of their aryldiazo analogues and
provides further evidence that nitrosyl and arvldiazo ligands possess similar co-
ordination properties. It is also found that arvldiazo and arvldiimine ligands
possess low overall charges and are appreciably less polar than dinitrogen ligands
co-ordinated in similar situations (ref. 28%).

Metal-alkene compounds

Several rhodium{I) compounds are known to be catalysts for the polymerisation of
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trans- [IrC1(CO)P, |

[IrH(CO)P3}

BCH-OH, [Ir(NHNR) (CO)P2|™
[334]
RN,
Ry .
P N—N
\\‘1 P §§\
r . R
C//’ \\<:;:>/’
0 R
P
3351
F~, C1
(P = PPh3j)
R
Scheme 52

P
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allene. Studies on the reaction of allene with [337] and [338] reveal that at 30°C

[Rh(acac) (CO) 2] [Rh(acac) (CO) (C2HL) ]
[337] [338]
allene, allene,
30°C, 20°cC,
benzene benzene
T

H2C =C=CHa, (0 = acac

rapid reaction occurs to give [339] which has been characterised by an X-ray study.
An analogous reaction does not occur with [Rh(PhCOCHCOPh) (CO).] between -78 and
+30°C, but liquid allene reacts with [3401 at -78°C to give [341] analogous to
[339], (Scheme 53). Three diastereoisomeric structures are to be expected for {341

oc o—c~ ' o
~ ~ —§‘\ allene /‘ I
//,Rh\\\ ’; CH —7s°c 0———Th——-c0
oc : ]o—c CFs H2C= C=CHy
340

OC —Rh—O

. 5

CF3 [341]
oc o_—_‘c/
~_ 7 N I
Rh ’:/CH P
o7 Ngz-g
\CF3

(P = PPhj)

Scheme 53

and n.m.r. studies reveal the presence of two in solution. However, the configura-

tion [342] is probably the major isomer present in solution and is the favoured
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configuration in the solid state in view of the known structure of [339]. The
q‘\ H
c’ c0
ll Rh—0Q
/
o (o}

[542]

reaction ot allene-with [340] at -30°C gives the allyvl compound [343] and it is

considered to be Tommed via the mechanism outlined in Scheme 54. When the reaction

0
C lCIHZ
[340] allene [od
or S (hfacac) Rh i
-30°C CH-
[341] 2
CH2
1
i
p CHa
O§C/ \C?CHZ 8 H2
C
l l l/ \cé(:Hz
(hfacac) Rh\éc‘\ (hfacac) Rh |
7 \\C \C/C§CH2
H2 H,
Hy
[543]

Scheme 54

between [340] and allene is carried out between -20 and +20°C in pentane [344] is
obtained in high vield together with varyving amounts of [343] which is not an
intermediate in the formation of [5314] (ref. 285). Compounds [345], analogous to
[344], are formed from the reactions of allene with the iridium compounds,
[Ir(B-diketonato) (cyclo-octene),], the hexafluorcacetylacetonatc derivative of [345]
being characterised by an X-ray study. These bis-allyl compounds are considered to
be formed via metallacyclopentane intermediates. A compound containing this ring
system [346] is formed by the action of allene on [Ir(acac)(cyclo-octene),] at
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CHo
I .
(o4 C
H c/// \\\C/fc
2 1
\§;;;T\\\Rh(hfacac)
CH2 P
H2C /E: ““““ " CHa
\\\\C
I
CHa
[544]
CH-»
/R " Hz
(o4 [ o4
L . /0,:\ N yd \C I/’ o
N allene H-C S~
Ir , CH Ho / Ir )
L//' \\6"67/ c C ~o
- \ R \\\}{Z
H,C \‘~‘\
\\\ ,////c_—:CHZ
L = cyclo—-octene c'i
R = Me, CFi, Ph CH>
[345]
[Ir(acac) (cyclo-octene):]
allene
-78°C
CH»
e ¢
| -
P me-c” iz o
H.C=C c? | _~ )
0 py c
| | e ) B H; ir”Z o
H,C IrZ—o /l
L
L/IL py
[347]
[3461

(L = CH; =C=CH>)

-78°C and treatment of [346] with pyridine results in displacement of one of the

allene ligands to give [347] which has been characterised by an X-ray study (ref.

286).

Compounds of rhodium(I) and iridium(I) containing co-ordinated pseudo-allene:
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XN=C=Y, X, Y=3, XR, 01 have also been prepared, e.g. [3181, [349]. Most of these
Cl PCy c1 PCys
~ .
S M Rh
s N
Cy-:P \" CyaP \ ”R
C c
S <
[318] Nx [349] Ny
M=Rh; X=§, 0, NMe, X=0NR, O
Nallyl, NPh, N(p-tol);
M=1Ir; X=S, NPh
o)
(o) o
% N/
S S
LI/PCY&\ Lh/pc}'a
3]
/
CyaP” | cysp” |
c1 ci
[350]} [3511
O Ph
A4
N
| _Pcys
Rh
CysP |
Cl
[352}

products can be prepared by simple addition of the pseudo-allenc to [RhCL(PCyi):2].
Compounds of phenyl isocvanate and sulphur dioxide (structure either [350] or [351])
may also be prepared using solutions of [RhCl(cyclo-octene): ). and the required

amount of PCyj;. However, addition of $=C containing heterocumulenes to
[RhC1(PCy3)-] results in decomposition of the heterocumilene but the required com-
pounds can be obtained by addition of the ligands S=C=X, (X=5, 0, \R) to
[RhH:C1(PCy3)2].

formation of an oily product.

The reaction of [IrCl(cyclo-octene):]- with PCyvi leads to the
However, PCy;.reacts with [IrCl(C-i.).] to give an
orange solution which reacts with carbon disulphide, carbonyl sulphide and pheny1
isocyanate but not with methyl and allyl isocyanate to give the compounds (3548;

M= Ir). decompose in solution by sulphur-abstractior
and addition of PCyj; gives the complexes trans-[MC1(CS)(PCy3)a].
abstraction from the isothiocyanate complexes has been observed.
presence of light, solid [RhC1(PhNCO)}(PCy3)2] decomposes to trans-[RhCI(CO) (PCy3):z]-
{RhC1(PCyr3)=] does not co-ordinate

The carbon disulphide complexes
No sulphur

However, in the

The nitrene fragment has not been detected.

carbon dioxide although [ITC1l(PMe;)s] does. Nitrosobenzene gives [352] {ref. 287).
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Some cobalt(0) complexes prepared "in situ'’ can catalyse the dinerisation and
cvelisation of co-ordinated alkenes. Some zerovalent cobalt alkene complexes of
general formula [Co(ROQUCCH=CHCOOR) > {R7CN) | [353] have now heen obtained by reducing
anhvdrous cohalt(1l) chloride, bromide, or iodide with rmanganese powder in the

presence of fumaric esters and organic nitrile. The compounds are paramagnetic and

CoX, + 2R0O;CCH=CHCOaR
Mn | R‘CN
RO,CCH — CHCO;R
R'CN — Co —NCR” + MnX»

RO ZCCH — CHCO:R

7

R= Et, R”= Me;
R= Pr, R”= Me;
R= Bu, R"= Et.

[555]

(9]

the structure of the compound (353; R=It, R” =Me) has been determined by an X-rayv
studyv. The four co-ordination about the cobalt as based on a distorted trigonal
pyramid. Some reactions of these air-sensitive bis-alkene compounds are illustrated

in Scheme 55 (ref. 288).

[355] _27PPe" _ [co(Et0,CCH=CHCO,EL) ; (MeCX) (o-phen) |
l co o-phen
[Co2¢COY 5] [Co(Et0,CCH=CHCO,Et) (MeCN) (o-phen) 1]

Scheme 55

A number of four-co-ordinate square-planar diene complexes of rhodium(I) exhibit
temperature-dependent 'H n.m.r. spectra which have been interpreted in terms of an
intramolecular exchange of alkene protons between non-equivalent sites. The rate of
this site exchange is enhanced by the addition of donor ligands and an associative
mechanism involving formation of a five-co-ordinate intermediate and an intramole-
cular rearrangement of the intermediate provide a mechanism for the reaction. Such

an intermediate [354] has now been isolated and its structure has been determined by
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py 3 Il
l 0_;_C,/CF* <j _ co,Me
/— Rh< ____:>CH il
{ o C\CF COzMe
— 3
[554] [555]

an X-ray studv. The °C n.m.r. spectra of [354] and of the compounds {RhX(diene)]:,
[RhX(diene)pyv] and [Rh(acac)(dicne)], (X=Cl, Br, I; dienc= [355]) have bcen
studied. Pyridine recacts with [Rh(hfacac) (cod)] or [Rh(hfacac)(nbd)] to give
[Rh{cod)pyva][htacac] or [Rh{nbd)py:][hfacac] respectively (ref. 289). \ariable
temperature n..r. studies of the compounds [356] and [357] reveal the existence of

R R
“\ /S\ /" ”\ /s\ /CO
Rh /Rh Rh Rh ~
I~ s -~ ~Ss~ co
R R
[356} [3537]
il
( = cyclo-octa-tetraene, cyclo-octa-1,5-diene

R = Me, Et, Pri, Bu', Ph

both an alkene rotation and an inversion of non-planar Rh:S, rings, the non-planarit)
of a Rh»S» ring being established by an X-ray study of [Rhz(COY2(n-SPh)2(CeHe)].
Confirmation of the high temperature alkene rotation process has been achieved by a
study of compound [358] which also exhibits co-ordinated alkenic proton changes
analogous to that of [Rha(SBut)a2(Cellg)2}. Only a rotation of the alkenes of [358]

can explain this observation (ref. 290).

: Me
( {cHz]3 Mo o
N A5 I d
( Rh Rh ) ( = cod
”/ ™~ S N “ " o} Me
M
[558] ®  (tonD) [359]

Treatment of [RhC1(C:H,)2]2 with TOND [359] gives the stable diene compound
[RhC1(TOND)]>. Reaction of this binuclear compound with (S)-a-methylbenzene-
methaneamine (S-Am} gives a mixture of the diastereoisomeric compounds

[RhC1(TOND) (S-Am)] which can be separated by fractional crystallisa'tion. The
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emmtiomners of {RhCIIONIN | can be obtained by treatment of the diasteorcoisomcrs
[RAECLAIOND) i S-ua)} | with HOL. Optically active TOND can then be obtained by
reaction of {RhCTLIOND) |- with cvanide ion (ref. 291). Resolution of a chiral
alkene by complexation chromatograpinv on an optically active rhodiwn( ) covplex has
been achieved by using @ high-resolution capillary colrm loaded with optically

active [360]. Using this column chiral 3-methyleovelopentene (361 can be resclved

Me H | H_ Me
: ~.
1
oc : ]

~ 7 :
PL '
oc ~ ;

R—(1) : S-(1)

[300] {561

quantitatively into itx antipodes (refs. 292, 295). Rhodium(I)} complexes or

optically active trans-cyclo-octene, [Rh(acac}l-], [Rh(PhCOCHCOPh)L-] and

[RhoCl-Le], (L= (+)p-trans-C.ll;.] have been prepared and absorption and CD spectra
have been measured {(ref. 2943,

The cyclo-octa-1,5-diene compounds {RhCl(cod}]: react with NaO:CR, (R=Me, Ph) or
Ag0.CR, (R=Me, Ph, CF;) to give the dimers [Rh(0:CR){cod)]-. Attempts to obtain
cationic compounds [Rh(cod):]1{02CR] give the dimers [Rh(0.CRY(cod)]. (ref. 203).
Passage of carbon monoxide gas through anhydrous solutions of [RhX{cod)j-, (X=Br,
solvent = hexane, chloroform; X=1I, solvent =benzene; X=0-QMe, 0-CPh, 0:CCF:,
solvent = benzene, chloroform or ethylacetate) gives [RhX(C0):1.. Treatrment of
[Rh(02CR) (cod)}- in a 30:1 methanol-water solvent mixture gives a 709 vield of
[Rh:(CO):15]- Thallium{I) phenoxide cleaves thc chloride bridges in [RhCl{cod)]. to
give [Rh(OPh) (cod)]. which in chloroform solution reacts with carbon monoxide to
give [Rh.(CO):2]}. However, in aqueous methanol [Rh:(C0);:] is formed. The bridged
brome and iodo compounds [RhX(cod)]a, (X=Br, I) do not give [Rhe(CO):5] when
treated with carbon monoxide in aqueous solution (ref. 296). Some trinuclear
imidazole complexes [362], [363], and [364] have been reported in a patent. The
compound [362] is reported to be formed by the addition of imidazole to a mixture of
[RhC1l(cod)]= and butyl lithium and the compounds [363] and {364] can be similarly
prepared (ref. 297).

A number of papers have been published during the vear concerning cationic com-
plexes of the type [Rh(diene)(donor ligand).] . Complexes containing tertiary
phosphine ligands are highly effective asymmetric hydrogenation catalyvsts but the
highest optical yields have been achieved with cationic rhodium catalysts containing
chiral chelating diphosphine ligands. 1In the light of these observations the basic
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RN
(/\ N /\) "
Rh Rh ( = cod:
L ,. Oy
N }:J \/_\.\ = N N or N N
\ / N A Vg
Rh
\/ \/ [362] [363]
e
N Oy
N A ' CHz
Rh Rh J] = |
-~ \ / \\” CHj
N N
N N) TN /ﬁ
\Eﬁ/ N N = xQ\b//g

co-ordination chemistry and catalvtic properties of [Rh(nbd){Ph.PCH-CH2PPh>)]™ have
been examined. In methanol, this cation rapidly reacts with dihydrogen according

to the equation:

[Rh(nbd) (diphos)|T ~ 2H; —— [Rh(diphos)]* + CsH;,
[365]

This reaction should be contrasted to the corresponding reaction of
[Rh(nbd) (PPh3}.]" with dihydrogen:

[Rh(nbd) (PPha)2]* + 3H, —_— [RhHZ(PPhg)g(solvent)3]+ + CyHi12

A single crystal X-ray structure determination shows that the cation [365], isolated

as its tetrafluoroborate salt, to have the structure [365]. In methanol

@F"VV

h-——P

thP hy [BF.]2
h <§§>

[365]
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[Rho {diphosi [ [BE.]: dissociates into mononucleur [Rhidiphesy|™ and treatiient of th
cation with methoaide gives [366)1 vhich has also been the subject of o single

cryvstal N-ray study.  the cation [Rhidiphos)]” forms 1:1 adducts with o varicty of

p_m,k
/

P———Rh”///’/— \\
;)
- ile __J

[366]

P
( = diphos

P

alkenes and arenes. ‘lhe binding constants of avenes are significantly hivher than
those of simple alkenes, thus styvrene co-ordinates to the rhodium via its phenvl

ring. Treatment of [365] with HBF ., HPF., or HCIO. gives the cation [367]. ‘the

TN
Rh (S = solvent, P P = diphos)

cation [Rh(diphos).]” catalyvses the hvdrogenation of alkenes according to the Scheme

56. The inability of [Rh(diphos)]+ to oxidatively add dihyvdrogen is considered to

fast
[Rh(diphos)]? + c=C — {Rh(diphos)(c=C)]™

.. Scheme 56
. _ + r.d.s P =yt _ oo
[Rh(diphos) (c=C)]* + H, ———» Rh{(diphos)? + H-\I.—\I.—H

be related to the instability of the resulting dihydride which would have. hyvdrogen
ligands trans to phosphorus ligands (ref. 298). Species similar to [Rh(diphos)]™
have also been detected in rhodium(I) compounds containing the diphosphines 1,3-
bis(diphenylphosphino)propane (dppp) and isopropylidene-2,3-dihydroxy-1,4-
bis(diphenylphosphino)butane (diop), Scheme 57. The species [Rh(dppp) (Me.CO),]BF.
may well be similar to [365]. Results with diop appear to be similar to those of
(dppp) (ref. 299). The crystal structure and absolute configuration of

[Rh(cod) (2S,35-2,3-PhaPCHMeCHMePPh, ) JC10. have been determined by an X-ray study



[RhCI(CoH. )2 ]

0.5 dppp
Ho
? <—  dpppRhC1;Rh(C-HL)> [Rh(02) (dppp) 2 |C1
0.5 dppp IOz
Ha ~dppp
no reaction [R.hCl(dppp)[1 or 2 —— [Rh(dppp):]C1
C1 [HCI
H- ’
no reaction =— [Rh(dppp) (Me2CO) > |BF,/? cis—-[RRHC1 (dppp)2]C1
H» Ha
[Rh(nbd) (dppp) | BF,, ¢is-[RhHa(dppp)2]Cl
Scheme 57

(ref. 500). .
In addition to the above studies with chelating diphosphines a variety of other

ncutral and cationic rhodium(I) and iridiw(l) compounds have been preparcd and have
been shown to be hyvdrogenation catalyvsts. These include [RhX(cod)]:, (X=UGCOPh,
SPh), [Rh{S,CNEt;)(cod)], [RhCl(cod)L], (L =PBu®;, PPri;, PCv., 2-picoline,
imidacole), [Rh{OCOPh) (cod) (PPh:}|, [Rhi{cod) (PBu®;).]PI's, [Rh(cod) (imidazole).]PFs,
[Rhicod) (PPh:) (imidazole) 1PFs, [Rh(cod) (pyv)L]PFs, (L =PPh;, PPri;, PCyv;) (ref. 301).
The compounds [Rh{N—N)(diene)]X (N—N=2,27-dipyvridyvl, 1,10-phenanthroline, methy1l
substituted phenanthrolines; dicne =hexa-1,5-diene; X=Cl, PFg, BPh.) are good
catalysts for the hydrogenation of ketones in an alkaline medium at room temperature
and atmospheric pressure. In the presence of an excess of the chelating nitrogen
donor ligand they selectively catalyvse the reduction of C=0 in the presence of C=C
bonds (ref. 302). In the presence of strong alkali the complexes [RhC1(cod) (PPhs)]
and [Rh:H-Cl:(cod) (PPh;).] readily promote the hydrogenation of acetone. However,

a better homogeneous system can be obtained by treating the rhodium complexes with

a stoichiometric amount of NaBH. in toluene and methanol and this system will reduce
an aromatic ketone such as benzophenone. The hydrogenation of acetone has been
interpreted in terms of the mechanism shown in Scheme 58 (ref. 303). The complexes
[M(cod)L,]C10., (M=Rh, Ir; L =tertiary phosphine), in co-ordinating solvents such
as acetone, ethanol, or tetrahvdrofuran are known to be active hydrogenation

catalysts for alkenes, the iridium complexes being less active. It has now been
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Me—C—Me + OH == H30 + Me—C—CH>"~

H
~ ~ OH Ha H_| _on
Rh -0~ —= mn” = “Rrn
I o
JrMe—C=Ch
- OH
? ~ OH CHz I
Me —(l,‘—?:le + Rh/\ = g Rh—H
H He// \\o’// H

Scheme 58

found, however, that the use of non-co-ordinating solvents enhances the catalyvtic

activity of these complexes. Thus in dichloromethane the complexes [[r(cod)L:]Pl;

and [Ir(cod)L(py)]PFs, (L =tertiary phosphine) became very active homogeneous
hydrogenation catalysts for alkenes, reducing even tri- and tetra-substituted

alkenes. However, when the alkene has been consumed, or in some cases partly con-

sumed the catalyst is irreversibly deactivated and when the catalysts are
[Ir(cod)}L]PF; the compounds [368], (L =PPh;, PMePh,) can be isolated. The compound

[368]

(368; L =PPh;) has been the subject of a single crvstal X-rayv study but due to
disorder in the crystal only atom positions of iridium, phosphorus and those carbons

directly bonded to phosphorus could be located. A triple metal-metal bond has been

previously assigned to this complex but it has now been suggested that the short
iridium-iridium bond (2.52 R) found for this compound results from the geometrical
requirement of the IrHsIr bridged system and that a three 3 centre, 2-electron
bridge bonding system with no additional iridium-iridium bond is a better descriptior



of the I[rH:Ir unit. Treatment of (368; L[ =PPh:) with hvdrochloric acid gives

[369]. The catalyst system from [Irtcod)L:[Ple gives the hyvdride compounds

Ir—P PFg (P = PPh3)

[IrilzLz] upon addition of triethylamine while that from [Irfcod)L(pyv) JPF: gives
[IrHsl-] in the presence of L and triethylamine (ref. 504). Displacement of the
labile acectone ligand from [Rh(dicne) (PPha) (acetone)}]X, (diene =cod, nbd; X =PFsg,
SbF¢) by dialkyl or alkyl arvl sulphoxides gives the cations [Rh(diene) (PPhs:)-
(sulphoxide) ™, (sulphoxide =dimethy1l sulphoxide, tetramethyvlene sulphoxide,
di-n-propyl sulphoxide, (S,S;5,R)-(+)-2-methylbutyl methyl sulphoxide, methy1l phenyl
sulphoxide, (R)-(-)-methyl-p-tolyl sulphoxide and (R)-t-butyl p-tolyl sulphoxide).
Diaryl sulphoxide co-ordinate in solution but no solid compounds can be isolated.
The sulphoxide compounds are all O-bonded and the infrared frequency shift of v(S0O)
upon O-co-ordination is roughly proportional to the strength of the metal-oxygen
bond (ref. 305).

The voltammetric bechaviour of cationic complexes of the type [M(diene)(N-N)]+,
(M=Rh, Ir; N-N=2,27-dipvridvl; 1,10-phenanthroline; diene =cyclo-octa-1,5-diene,
norbornadiene} and [Rh(N-N}:L], (L =fumaronitrile, acrvlonitrile) have been studied
in methyvl cvanide. The reducticn of these d® complexes proceeds in two one-electron
steps, leading to d'° anionic species according to Scheme 59. The d? species are

1 e e -1
M = M = M
a® a2 qre

Scheme 59

stable intermediates, the w-acceptor ligands stabilising the zerovalent metal. In
contrast d® complexes with weaker m-acceptor ligands e.g. [M{PhoPCH>CH.FPh;}21",
[MX{CO)Lz], (M =Rh, Tr; X=C1, Br, T; L =tertiary phosphine) are reduced in a
single two-electron step. All the complexes, with the exception of [Rh(N-N)(cod)]”
undergo oxidation at the mercury electrode, the main ﬁroducts of the electro-oxida-
tion being compounds which contain mercury-metal bonds, (Scheme 60) (ref. 300).

When an alkene or an alkyme add to a bis-chelated rhodium complex the metal centre
is converted to a chiral species (Scheme 61). In addition, a pair of diastereomeric

complexes is formed when a chiral chelate such as 2CsHL,NCH =N-(S) -CHMePh is used.
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Hg — Hg2™ + 2e

= -+ -2 F
Hg?* -« n[Me-N)L]? (n=2)

[Hg{M(N-N) (L}, ]

I

3or2 with [Rh(bipy) 2 (CHCN=CHCN) |~
X = 1; L = nbd, cod

X = 2; L = fumaronitrile, acrylonitrile

Scheme 60

back

Scheme 61

Complexes of this ligand type, e.g. [Rh{2-CsH.NCH=NR),]C10,, (R=(S)-CiMePh, CH.Ph,
Bu%), have been prepared and their adducts with fumaronitrile, maleic anhydride and
dimethyl fumarate have been prepared. A stereoselectivity is observed in the
formation of the maleic anhydride adduct of [Rh(2-CsH.NCH=N-(S)-CtDePh)2]C10,. One
of the diastereomers of the maleic anhvdride and dimethyl fumarate adducts have been
isolated by fractional crystallisation. The rates of epimerisation of these adducts
have been determined and the interconversions appear to occur via an Syl mechanism.
This is in contrast to the alkene complexes of platinum(II) whose interconversion
have been reported to take place via an Sy2 mechanism. The slower rate of epimerisa-
tion of the maleic anhydride adduct as compared to the rate found for the dimethyl
fumarate adduct is considered to be a consequence of a stronger rhodium-alkene bond
in the maleic anhydride adduct (ref. 307). Cationic cyclo-octa-1,5-diene and
dicarbonyl compounds of rhodium(I) and iridium(I) containing Schiff bases of
pyridine-2-aldehyde have also been reported and some reactions of these compounds
are illustrated in Scheme 62. The 1,10-phenanthroline and 2,2”-dipyridyl dicarbonyl
complexes, [Rh(N-V)(CO)z]+, analogous to [370] have been reported to form tricarbonyl
compounds [Rh(N-N) (CO) 11" on the basis of the appearance of an extra carbonyl band
in the infrared spectrum of the dicarbonyl compounds. However, it has now been found
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[RR(N-N") (cod) | T

cod cod
co
. co L
[RR(N-N")(CO)2] ;E:: [RR(N-N")(COYS]* =  [R-N"L]*
()
[370] co
-
[RhI (N-N") (CO) |
[RhI (N-N") (CO)L] [RRI Me (N-N7) (CO) |
L O o
N-N = H L = fumaronitrile; S = solvent
CH
7

Scheme 62

that this band, which also appears in the infrared spectrum of [370], is due to a
reaction of the dicarbonyl with the NaCl infrared cell to give [RhC1(CO)(N-N)] (ref
5308). In the solid state the compounds [IrX(cod)(phen)], (X =SCN, I), are pentaco-

ordinate. The substitution reaction of these compounds with ethylenediamine (en)

MeOH +
[IrX(cod) (phen)] ~en [Ir(cod)en] + phen + X

has been shown to proceed via a dissociative mechanism but the reaction between
[Ir(cod){phen)]* and ethvlencdiamine shows the involvement of either a four- or
five-co-ordinate intermediate [Ir(cod)(phen)en}™ (ref. 309).

A high yield (90-95%) preparation of [IrCl{cod}]: has been described. This
method is a two-step synthesis from HzIrCle and cyclo-octa-1,5-diene in refluxing
isopropanol to give [ITHCl:(cod)]. followed by removal of co-ordinated HC1l with
aqueous sodium acetate. In non-polar solvents, a wide variety of ligands L cleave
the halide bridge of [IrCi(cod}]. to give the compounds [IrCl(cod)L]. The 'H and
3C n.m.r. spectra of a number of compounds.[IrCl(cod)L] have been interpreted in

terms of a trans-influence series Cl~ < svm-collidine < 2-picoline <PCy3 < PPri;
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© PEtas ~AsPhs - PMe:Ph PMePh:.  PPh- PPh:tOMe) PCIPh,  PtOPh): - PCH_Ph. the com-
pourid [1rCl{cod)AsPha] is known to dissociate AsPhs rapidly and reversibly on the ‘1

n.m.r. time scale and the exchange reactions of a range or complexes [[rCcod)! |

have been examined. ‘The results of these studies are swmarised in Scheme 630 2\

L¢o | {rrcins] - coa
L

c1 Z() _ [IrCl(cod)La]
e,

(cod)Ir

L Lw -
Z{“) _  no reaction
-L
2 . f1rCl(cod) |

L¢.y = PC1l2Ph, P(OPh);, PC1lPh>, P(OlMe)Phs
L(") = PPhs3, P!ePh;, PMezPh, PEts;
L(my = PPrig , PCyi, 2-picoline, svm-collidine

L(~) = AsPhj, pyridine

Scheme 603
number of cationic complexes of the type [Ir{cod)Lp|PFe (n=2; L =MMePh:, Pltbhs,
P(Me)Pha, PPhs; n=3; L =P(OMc)};, P(OLt)s, PMe-Ph) have been prepared by the
addition of L to [IrCl{cod)}>. From further studies it appears that phosphorus
ligands having a cone angle below 130° give a colourless [Ir(codll;]” cation, c.g.
P(QMe) s, 118°; P(OEt):, 109°; PMe,Ph, 127°; and above 130° a red [Ir(codii.]?
cation, e.g. PBuR;, 130°; PMcPh,, 136°; PPhs, 115°. Very bulky ligands do not
appear to form [Ir(cod)L.}™ cations and only the compounds [IrCl(cod}L} are isolated
e.g. PPri;, 160°; PCyi, 179°. An equimolar mixture of [Ir{cod) (PPh:):]PFs and
[Ir(cod) (pv)2]PFs in solution at room temperature rapidly gives [Ir{cod) (PPhi)(py)]-
PF: and a number of similar complexes can also be obtained (ref. 310). Kinetic
studies on the oxidative-addition recaction of HC1 in methanol to [IrCl(cod) (PEtPh)]
to give [IrCl.H(cod) (PEtPh.)] reveal that this reactlon occurs via initial nuclco-
philic attack of chloride at the iridium centre to give the intermediate
[IrCl, (cod) (PEtPh.)]~ followed by attack of HY. This is an unusual and interesting
result since it has generally been found that In oxidative addition reactions of
this tvpe electrophilic attack at the metal occurs first (rvef. 311).

Kinetic studies on the addition of ethylenc to [RhC1l(PPh:).]- reveal that the
reaction proceeds in two successive steps (Scheme 64) (ref. 312). Kinetic studies
on the hydrogenation of cyclohexene catalysed by [RhCI1(PPhi)3] have also been
reported. There is an equilibrium constant of 3.4 x10™* between [RhH,C1{PPh3)}s} and
[RhH;C1 (PPh;) (cyclohexene)]. The rate determining step involves the migratory
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[RuC1P;|; + CzHy ~—~ [(C2H,){RRC1P;};]
+ 2CoHy

2[RhC1(C2H.)P2]
Scheme 61

insertion of the co-ordinated cyclohexene into the rhodium-hydrogen hond (ref. 313)

Studies on the co-ordinating properties of the ligands [371] and [372] reveal

1]
]

EPh, [371] spp, E

_c=cC [372} spas, E As

that both spp and spas promote {ive-co-ordination for rhodium(I) and iridium(1) far
more readily than their more flexible aliphatic counterparts 3-butenyldiphenylphos-
phine (mbp) and 4-pentenyldiphenyiphosphine (mpp). Thus although [RhC1(mbp).] is
five-co-ordinate in the solid state and is four-co-ordinate in solution any four-
co-ordinate compound of [RhC1(spp)z], which might be involved in the fluxional
behaviour of the spp compound, is not observed. Similarly, although the double
bonds of [RhCl(mbp)2]| are saturated by dihydrogen this is not observed with
[RhCL(spp)2]. The five-co-ordinate rhodium(I) and iridium(I) compounds of spp and
spas can be obtained by reactions of the ligands with [MC1(CsHyu)2}a2, (M = Rh, Ir)
and the resulting compounds are considered to have the structures [373] and [374].

E E
= [5371] or [372 M = Rh; [5373]
! et en Cl-——L"/X& >

M= Ir; [374]

Cationic complexes [ML(spp)21" and [:\IL(Spas)g]+ can be obtained by the action of
AgBF., NH.PFg, or NaBPh. on [373] or [371] in the presence of the ligand L, (M=Rh,
L =CO, PFs, C.Hy, PPhi, PMePh.; M=Ir, L=CO, PFs, PMePh,, pyridine). These
cationic derivatives have similar Five-co-ordinate geometries to [373] but the 'H
and 3P n.m.r. spectra show that many of the complexes contain two isomers, a

symmetric isomer having equivalent vinyl groups, and an unswimetrical isomer having
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incquivalent vinvl groups.  lhere are, in fuact, three conceivable isovers for these

compounds due to the ditfferent pessihice mututrl orientations of the vinyl grouns, i.o,

head-to-head [373], tail-to-tail [376], and head-te-tail [377]. lhe isoners can

N N N
oC // oC // GC /,
L LD L

15375] [370] {3771

interconvert it one of the double bonds dissociates from the co-ordination sphere
and the observation that the rhodiwm(l} isomers interconvert more rupldly on the
n.m.r. tine scale than the iridiwn isomers is in line with the general tendency or
these d® metals to increasce their co-eordination number from four to five, i.c.
Ir{I}>»Rh([). The cthvlene complexes [Rh(C-H,)(sppr>]" and [Rh(CaiL ) (spasiz]”
undergo rapid intermolecular exchange with tree ethylene at room temperature.
Treatment of [RhCl{spp).] with \eBF. or NaBPh. gives the planar cation [Rh(spp)o|~
which contains varving amounts of ¢is- and trans-isomers, depending on the =olvent.
Attempts to obtain the corresponding plunar iridium cation [Ir{spp):|* have only
met with limited success since this species has a very high atffinity for water and

other ligands. The aquo adduct is formed as a mixturce of twe isomers considered to

have the structures [378] and [379]. Ammonia forms similar adducts (ref. 314). In
QOH>» T
\ N\
/
V—ir" H20 —1Ir
™ | >
P P,/
[375] [579]

contrast to the reaction of [371] with [RhC1(Cst1.)2]2, which gives the [ive-co-
ordinate compound (373; E=P), the reaction of the phosphine spp [371] with
hydrated rhodium(III) chloride in refluxing 2-methoxymethanol leads to a coupling
reaction of the ligand, via a mechanism analogous to the rhodium(IIT) chloride
catalysed dimerization of ethylene to but-l-cne, to give the planar chlororhodium([)
compound [380]. The corresponding bromo compound [381] can be similarly prepared
starting from rhodium(III) bromide. Trcatment of the compound [380] with sodium
cyanide in aqueous 2Z-methoxyethanol liberates the bidentate phosphine ligand, 1-bdpb
and reaction of this ligand with [IrCl(cod)]. gives the air-sensitive complex [382].



Me

i
CH

e

e HC =c
l H
~ ) P
phE_J\*‘ Pha
X

[380]; X=cCl, M=Rh
[3811; X=Br, M=Rh
[382]; Xx=cC1, M=1Ir
{383]; Xx=c0, M=Rh*

The n.m.r. spectra of [380], [381], and [382] show the presence of two isomers in
solution. The isowmers of [380] interconvert rapidly on the n.m.r. time scale in
solution above 122°C (:G* = 20.5 kcal mol™%). The process 1s slower for the
corresponding iridium complex even at 122°C (AG#:-ZO.S kcal mol™ ') and the process
is considered to berassociated with a conformational change of the ligand leading
to net rotation of the co-ordinated double bond from a position in which it is
perpendicular with the MP2Cl co-ordination plune into an orientation approximately
parallel with the MP2Cl co-ordination plane. The rhodiwn and iridium compounds
[3801 and [381} react with carbon monoxide to give five-co-ordinate adducts [384]

and {385] and an cthylene adduct [386] can be obtained from the iridium compound

[382}. <lhesc five-co-ordinate adducts also exhibit temperature-dependent n.m.r.
)t
[//"rphz //’“'Tth
L L
— -~
J—M . |
g\| N i
PPh, >l\pph2
% e " Me
[5384a] [384b], M=Rh, L=¢CO, L =C1
[385a] [385b], M=1r, L=CO, L” =C1
[386a] [386b], M=Ir, L=CaHy;, L =Cl

spectra which are caused by Intermolecular exchange of carbon monoxide or ethyvlene
between the isomers [384a]-{[384b], [385a]-{385b}, or [386a]-[386b}. The five-co-
ordinate carbonyl compounds [384] and [385] react with hydrogen chloride to give
the chelate 2-butyl compounds [387] and [388] respectively, the addition being
reversible in the case of rhodium. In the absence of other ligands [RhCl(1-bdpb)]
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[389]

[380] adds hydrogen chloride slowly to give @ 1:1 mixture of the chlorine bridued
dimer [389] and the compound [RhC1;(1-bdpb)]. However, the presence of triphenyl-
phosphine in this reaction promotes protonation of the double bond the product being
exclusively [389]. In the absence of auxiliary ligands the four-co-ordinate
iridium(I) compound [382] undergoes irreversible oxidative-addition at the iridium
atom with chlorine and hydrogen chloride and reversible oxidative-addition with
dihydrogen to give the chelate alkene complexes of iridium(IIT), [ITrCli(1-bdpb)],
[ITHC1, (1-bdpb)] and [IrH,Cl1(1-bdpb)} respectively. Each isomer of [382] gives rise
to one corresponding isomer in the case of [IrCl:(1-bdpb)] and to two corresponding
isomers in the cases of the iridium hydride compounds. The octahedral rhodium(I1I)
compound [RhCli(1-bdpb)] loses hydrcgen chloride irreversibly in solution to give
the n?-allyl compound [390]. Five-co-ordinate dicarbonyl cations [M(CO).(1-bdpb)]™
can be isolated as tetrafluoroborate salts but analogous ethylene compounds cannot
be obtained. Imn reactions with iridium, the tertiary C-H bond of co-ordinated
1-bdpb oxidatively adds to the metal atom to give the n®-allyl hvdrido-ethylene
compound [391] and a minor by-product [392]. The cation [391] contains ethylene ¢is
to hydride and its stability and reluctance to undergo migratory insertion is

probably a consequence of the high stability of octahedral iridium(III) (ref. 315).
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//’ Pha
/
P \\\01
Ph, C1
[390]
Me
HC;:=:C Ph,P
I’ l HC
cu\\\ b CH> +’/,,.CH
+ ”—
ir — CH \//C
p— \ H 2 l H,C
Pha CH,=CH, Ph.P
[391]
[{392]

The tetraphenylborate salts of the square planar rhodium(I) cations

[Ri(spp)=1*
and [Rh(spas).]™

absorb onc mole of dihydrogen per mole of complex forming the n®-
tetraphenylborate complexes [393] and [391] The cyclopentadienyvl compound [395]

Rh
CHa CH
Pth/// \\\\" /// \\\\ 2
CH

[393], E
[394], E

|
vl

[395]

]
kg
7]

has also been prepared.

A proposed mechanism for the formation of [393] is outlined
in Scheme 65.

The report that hydrogenation of [Rh(spp):]BPh. affords
[Rh(n®-CsHsBPhs3) (0-C2HsCsHuPPhy) 2] has not been confirmed (ref. 316) However, the

complexes [RhC1(CO) [PPh,{(CH:)n(H=CH>1}12] and [RhCl(CO){Pth(CH2CH2CHSCHMe)}2] add

»
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Scheme 65

hyvdrogen in methanol solution saturating the double bonds to give

[RhCI(CO) [PPh2{ (X }pse1Me}l-], (n=0-3). Carbon monoxide inhibits the recaction and
the reuction does not proceed in non-protic solvents. The rate of reaction depends
mainly on steric fuctors and follows the order [RhC1(CO){PPha(CH:CH2(H=CHz}2] >
[RhC1 (CO) {PPh: (CH:CH:CHg(][‘IC)}z] ~ [RhCI(CO) {PPh2 (CH2CHLCH2CH=CH2 ) 121 >
[RhC1(CO) fPPhs (Cli2CH=CH2 ) }2 | > [RhC1{CO) {PPh2 (CH=CH;) }2] (ref. 3I7).

Metal allhyne compounds
The reactions of the dihaloalkynes XC=CX, (X=Cl, Br, I) with dicobaltoctacarbony1
Treatment of the iodo compound

afford the alkyne cobalt compounds [Coz(C2X2)(CO):=].
with the donor ligands L, (L =PBu®;, SbEts, PPh:, AsEti) gives the monosubstituted
compounds [C02£C212)(CO)sL] while recaction of [Co2(C212)(C0)s] with cither [Co2(C0O):]
or NafCo(C0).] gives [Co:(CO)sC]2 (ref. 318). The I and '3C n.m.r. spectra of the
alkyne complexes [Coz(RC2R”)(CO)s] exhibit downfield shifts of the ligand resonances
upon complexation but upfield shifts are observed for the alkyme carbons when one
carbonyl ligand is replaced by a tertiary-phosphine or -arsinc ligand. Variable
temperature *3C n.m.r. spectral studies revcal that the carbonvls are rapidly inter-
changing (ref. 319). The Raman spectra of cobalt carbonyl alkyne compounds

[Coz (C2R2) (CO)¢] have becn interpreted (ref. 320).

The enhanced stability of carbonium ions adjacent to organotransition metal
moieties has been demonstrated in a number of systems. Stable carbonium ion salts
of the type [596] have now been isolated by treatment of the corresponding alcohol
complexes with HF.SbFs or HBF..Et,0 at -45°C. Extensive charge delocalisation onto
the Co2(CO)s group present in the cations occurs since there is an increase in v(CO0)
values and the 'H n.m.r. spectra of the cations exhibit very small downfield shifts
relative to the alcshol precursors. The pKgr, values for the cations are essentially
the same regardless of the other substituents at the carbonium ion centre and are
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- 1,2 HZ — T 12 o—
H—C =C—C(OH)R'R —_— H—C=C—CR"R- Z

(0C) 5C0—Co (CO) 3 (0C) 3Co—Co (CO) 5

(Z =BF., SbFg)
[396]

approximately equal to that of the triphenvimethyl carbonium ion (ref. 321).

One or two carbonyl ligands cun be readily displaced {rom compounds of the type
[Co: (alkymie) (CO)s} by a range of ligands. However, further displacement of carbon
monoxide is only usually achieved by ligands which have good w-acceptor properties.
Thus phosphites or trifluorophosphine can replace a raximum of four carbonyl
croups. Studies on the reaction of the ligands Ph2PCH2PPh: (dpm) and PhaAsCHzASPhz
(dam) with {Coa(PhC=CPh) (C0OYs] have resulted in the isolation of both 1:1 and 1:2

complexes, [Coa (PhC=CPh) (CO).(1.-L)] and [Coa (PhCz=Cl’h) (CO)2(L-L):z}, (L-I. dpm or

dam}. The crystal structures of [397] and [398] have been reported (ref. 322).
Ph Ph Ph Ph
~c=c” ~c=c”

A
oc / co \
Sco—co”” 0C — Co —Co ~—CO
oc” ~~co AN
AUS
PhoP PPh> AS_Je
Ho (As As = dam)
397 —ao
(597 [398]

The reactions of various alkvnes with [CoCp(CQ).] are known to give a large
number of products depending on the reaction conditions and on the alkyne
derivatives involved. Detailed studies on the photochemical and thermal reaction
sequences, through which alkynes are transformed by [CoCp(CO).] into cyclobutadiene
and cyclopentadienone complexes and hexasubstituted benzenes, have been carried out
and the results are summarised in Scheme 66. A primary intermediate identified by
its i.r. spectrum in low-temperature photochemical reactions of [399] with
diphenyl alkynes RC=CR is the mixed mononuclear species [404]. At room temperature
this species is converted by excess alkyme into [407]. The important binuclear
intermediate [405] has been isolated in this studv and in the presence of excess
alkyne this compound is converted thermally either to the cyclobutadiene complex
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CpCo(CO) 2 CpCola(CO)
[399] {101}
hv | —-CO . Na/Hg
o
(l:l
/N
CpCo (CO) CpCo —- CoCp
\_/
[400] C
il
[0]
+[399] hv [102]
-[399‘]\‘ o /
I
o]

CpCo — CoCp

[o] [o]
(o] (o]

RC=CR [105] MeC=CMe

Ph,Ca

Ph Ph Ph
C\\ Ne = C/ ﬁp
/ CPh /// Me” CON Me
CpCo CpCo—CoCp CpCo /
Nco \\c’/ Me Me
(o]
406
[404] [ I
[405} 1
RC=CR PhC=CPh MeC=CMc¢
R
9 R R
CpCo CcpCo @Ph R R
R R Ph R
Ph
[407} {4081} f409]

Scheme 66
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[-108] or to the cyclopentadienone complex [107], depending on the partial pressure

of ciarbon monoxide in the reaction system.
for the cyclotrimerisation of excess but-2-ine.

is a true catalvst for aikyne cyvclotrimerisation (vef.

The cormpound [405] also forms a catalys
The fluxional metallacycle [106]

325). Thermal reactions of

hex-3-yne with [CoCp(CO):] at 100-130°C give the p-benzoquinone complex [110] and

the cyclopentadicnone complex [411].

(o]
Et Et
CpCo
Et Et
o}
{410}

The thermal reactions of hex-3-yne with

Et Et
CpCo

Et Et

(411}

[RWCp(CO) -] give a rhodium cyvclopentadienone complex analogous to [411] and a

binuclear complex [412] (ref. 321).

The characterisation of the complex [412] is

[112]

strongly supported by an X-ray determination of the structure of the closely

related complex [CpaRh-(Me,CoMe) (CF3C-CF3)CO] (ref. 325).

The structures of two

compounds [413] and [414], isolated from the reactions of [RhCp(CO)2] with the

Ph Ph

[413]

appropriate alkvne, have been determined by X-ray structural studies.
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The differ-
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ences ob=erved in the positioning ef the bridging carbonyl lgand in these two
compounds 1s o consequence of the differing —-donor and <-acceptor interaction of
the alkvne ligand with Rh® in competition with the relative s-acceptor ability of
the carbonvl as a triply bridging licand in its interaction with Rh™ (ref. 326).

The crystal structure of [115], i=olated from the reaction of hexafluorchut-2-yne

with [RhCp(CO):], has also been reported tref. 327). An iridium compound [116]
F1C CF,
/
\C:=C
CP\R/ \ _~co Cp__ _~co
SRR ————Rn7_ Ir Ir\\
OC Cp QC Cp
[+15] [416]

which is related to [H15] has been-isolated in low yield during a study of the
reaction of [IrCp{CO):] with photo-2-pyrone in benzene solution. Subsecquent
studies have shown that [416] can also be isolated in low yield from the photolysis
of [TrCp(CO)-] in benzene. A\ mechanism for the formation of [416], which involves

an initial oxidative-addition of benzene to iridium, is outlined in Scheme 67 (ref.

hv-CO CgHjz Cp Ph
IrCp(CO)2 <——=  IrCp(CO) =—= ~i.
+CO ~CgHg OC/ \H
IrCp(CO)
. H [o{0]
' Cp\ ~
[116] -— ’/,Ir Ir
oC H “cp
Scheme 67

328). The reaction of [417] with [CoCp(CO):] gives mainly the substituted cyclo-
butadiene complex [418] together with lesser amounts of a cyclotrimerisation
product, triphenyltri-2-thienylbenzene and three isomeric cyclopentadienone cobalt
complexes. Attempts to determine the position of the groups in the cyclobutadiene
ring of [418] by an X-ray study have not been successful since there is disorder of
these groups in the cryvstalline lattice. The compound is probably a mixture of
[418a]l and [418b]. A minor by-product [419] has also beea isolated from the reactic
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(1) °
T T
Co Clo
R Ph R Ph
Ph R R Ph
[118a] [118b]

|
T L)

Ph

B ¢
Ph l R

Co

[119] Cp

and has been identified by X-ray studies (ref. 329). Some ferrocene substituted
cvclopentadienone- and cyclobutadiene-cobalt complexes have been isolated by the
reaction of mono- (phenylethynyl)ferrocenes with [CoCp(PPhi) (RC=CR”)] [420] or
[CoCp(PPh3)2], and the results of these studies are swmmarised in Scheme 68.
Reactions of bis-(phenylethynyl)ferrocenes with [420] give ferrocene derivatives .
[421] bridged with o-phenylene groups (Scheme 69} (ref. 330).

A new synthesis of substituted bencocyclobutenes, indans, tetralins and anthra-
quinones has been described which utilises the catalytic ability of [CoCp(CO):2] to
co-oligomerise o,w-diynes with substituted monoalkenes. Using this cobalt compounc
a steroid synthesis and a catalyvtic onesstep synthesis of annelated pyridines have
been developed and the various reactions are outlined in Scheme 70. Quinoid
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FcCZCPh + CoCp(PPhs) (RCZCR )
(Fc = CpsFe) [420a; R=R’ =Pn]
[120b; R=Ph, R® =CO:Me]
[420¢; R=R’ =C0:Me]
Cp (R’)
Cl R (R)
O ,
R
+ CP\CO oS
7
R Ph Pth/ )
h(Fc)
Q) I
(Ph)
R Fe
[421a; R =R’ =Ph] [122a or a’; R =COsMe, R =Ph]|
[421b; R =Ph, R’ =COaMe] [422b or b”"; R=Ph, R® =COaMe]
[421c; R =COzMe, R’ =Ph] [122¢c or ¢/; R =R’ =COpMe]
[422c] [122c”]
PhCZCX PhCZCX
Ph X Ph X X X X X
T @ : Fc @x FCDX Fc@ Ph
X X X Ph Ph  Ph Ph X
I XC=CX
[422a”] [422a]
X = CO,Me
FcC=CPh + [coCp(PPh3) 2]
Cp Cp
| ]
Co + Co
Ph , Fe Fe , Ph
Fc Ph Fc Ph

Scheme 68
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R
\ c
/ e C/Rl ANcg”

CpCo =] , -~ CpCo,

Ph

Ph

[421]

Scheme 69
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(122 + X —_—

Scheme 70

derivatives have also been obtained using [RhC1{PPhs)3} (Scheme 70) (refs. 331, 332,
333, 334)- These novel syntheses have prompted a study of the reactions of the
diynes MeC=C(CHz) nC=QMe, n=2-1) with [CoCp(CO):]. A Q-bcn:oquinone complex
[CoCpiCeHy5(CO)22] and three isomers of the cyclopentadienone complex
[CoCp{(Cell1g)2C0:] are formed in the reaction of octa-2,6-diyvne with [CoCp(CO):].
The corresponding reactions with nona-2,7-diyne and deca-2,8-diyne give complexes
[CoCp{ (Call;2)CO}] and [CoCpf(CygH:.)CO}] in which a bicyclic cyclopentadicnone has
been formed by intramolecular condensation of the diyne (ref. 335).
Cyclocotrimer&sntion reactions of two alkynes and onc alkenc are observed in
reactions of alkynes with bis-alkene complexes of rhodium(I). Thus hexafluorobut-

2-yvne reacts with [423] to give the substituted cyclohexadiene compound [424].

Ha Fa CF:
CH> o C/R Ha \ C/ ~
== = CF

CH"\ / | . CF3C=CCF 3 3 / \
CH, \ C\ * FaC Rh\ /CH

Il == \ CF3 \ ==C-Lp

CH» R F3C 0=—cC
=C~—_jg
(R = CMej)
[423] [424]

However, the reactions of the related compounds [425] with excess hexafluorocbut-2-yne
give the hexakistrifluoromethylbenzene compounds [+426] (ref. 336). Cyclokexadiene
compounds [427], [128] and [129] have also been shown to result from the reactions
of ButC=CH with [Rh(n®-indeny1)(C2Hy)2], Bu®C=CH with [Rh(n®-indenyl) (CH,=CHCN).],
and hexafluorobut-2-yne with [Rh(n®-indenyl) (isoprene)]. The structure of [429] has
been determined by an X-ray study. The formation of these cyclohexadiene complexes
would appear to proceed via a mechanism in which the incorporated alkene remains
co-ordinated to the metal throughout the reaction (Scheme 71) (ref. 337).

Treatment of the hydrides [MH(CO) (PPh;)3;] with stoichiometric amounts of di-

phenylacetylene afford the alkenyl compouﬁds [430] which have a trans-arrangement of
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In the presence of an excess of diphenyl-

phenyl groups about the double bond.
Alk-1-wvnes

acetylene the compounds [-431] and [432] can be isolated (ref. 338).
RC2H, (R =Ph, CO-Me, H, Pr, Bu or CH.CH-OH) react rapidly and irreversibly with
[IrC1(PPh3);] to give six-co-ordinate acetylide complexes of iridium(III) having the
configuration [433]. However, the first isolated product in the reaction of PhC=CH
with [IrCl(PMePh»):] has the configuration [431] which rapidly isomerises to con-

P p!l
c1 l P 2 ,
\Ir/ p\Ir/C1
H/l ~c.R H/l T~c,Phn
P p!
(P = PPh3j) (P! =PMePh>)
[433] [454]

figuration [433]. It seems likely that the thermodynamically more stable isomers
[453] result from the initial formation of compounds with configuration [434].

Since in both the compounds [433] and [434] the hydride and acetylide ligands are
mutually cis, the oxidation addition of alk-l1-ynes to [IrClLi] complexes proceeds in
a cis, concerted manner probably via an intermediate w-complex analogous to the
complex [IrCl(PhC2Ph)(PPhs:)}2] which can be isolated from the reaction of diphenyl-

acetylene with [IrC1(PPh3)s]. The reaction of [IrCi(PPhi)3] with MeO,CC=CCO Me
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iives the iridiacyclopentadiene complen [ IrCHMeO CC-C0:Me) - (PPhz )], Carbonylation

e

of the acetviides [IrHCH{C,RY(PPh~y o] give [HCHC R)(CO)(PPhs): |, which can be
isolated only when R=1, Ph or (O-Me: when R=Pr, Bu, or CH-CH-OH, the complexes
immediately decompose to trans- | IrCIHCO) (PPhs) -] and the alkyne (ref. 339). ‘the
alkwme compounds [4353] have heen prepared by the reactions of RCER with
[RHCIIPCY;) -], (ref. 287y, and addition of McO-CC7(COAe to [Rh(2-C<l NCHENR) - €10,

(R=H, Et, or Ph)

[455]

o

(R= (8)-CHMePh, CH2Ph, But) vields two diastereomeric complexes (ref. 307).

The integrated molar absorption cocfficicents of the (ZC stretching vibration of
alkynes co-ordinated to rhodium(l) have been measurcd. The order of decreasing
acceptor and increasing donor interaction strength is: hexafluorobut-2-yne -
diphenyvlacetyvlene -+ hex-3-yne. It is also found that rhodium{Ij is a better bhack-
bonding metal with PCy: than with the less basic PPhi as a lieand. Iridium(l) is
also a better backbonding metal than rhodium(I) (ref. 310). The Raman and i.r.

spectra of the compounds [136] have been recorded (ref. 35i1).

f. R Co(CN) 5

N e
Kg Cc=CcC
L(NC) 5Co/ \n

n H,0 (R=H, COyMe, CO3Et)

[136]

Metal allvl compounds

Although n?-allyl-n®-cyclopentadienylchlororhodium complexes [RhCI(n®-C3H.R)-
(n°-CsR5)] have been well characterised, the related salts [Rh(n?-CiH.R) (n3-CsR3)L]*-
X" have only received brief attention in the literature. Treatment of the complexes
[RhC1(n3-C3HuR) (n®-CsRE)1 (R=1-Me, R =H, Me; R=2-Me, R”=H) with AgBF, in
acetone followed by addition of a stoichiometric amount of a donor ligand L affords
the cationic complexes [Rh(n®-C:HuR)(n°-CsR5)L]BF, (L=py, PPhi, AsPh;) which have
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been studied by M and '3C n.m.r. spectral measurements (ref. 342). Some related

iridiwm compounds [IrCl(~?-methally1)Cp] and [IrCl(n’-methally1)Cp] have been
obtained by recaction of [Irl-Cp]: with [HeCl{mecthallyvl)] to give
[TvHgl-Cl{~?-methally1)Cp] followed by reduction with sodium thiosulphate (ref.
313).

It is known that the addition of allvl halides to trans-[IrC1(CO)(PMezPh)z2] in
henzene affords the cis compounds [1537] and kinetic and product studies are consist-
ent with the idea of alkene co-ordination to the iridium atom in the rate-detcrmining
step (Scheme 72) leading to [138] followed by attack of the displaced halide to give

L _co H
\\\I r - _ X ~ C/\|/H
a” \"1, Ha H
H2?§CH —:— X
“\/CO X : _co
1 R H -

L ——IrZ—-CHy—---X -—

01/ l Cl/ \L
L

HaC
.cO
+ X L—Ir—x
o |
L
[438] [4371

(L = PMezPh)

Scheme 72

the cis-adduct. The tetrafluoroborate salt of [438] has been isolated and its
structure has been determined by an X-ray study. Treatment of this salt with
bromide ion gives the c¢is-compound [437] and suggests that [438] can be an inter-
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mediate in the oxidative-addition reaction fref. 30},

The reaction of trans-divinvi-cvclopropane with [RhiCEF-COCHCOCE - ) (Co 1) ]
results in opening of the cyvclopropanc ring and cenversion of a bis{viml) to a
bis(allyl} hyvdrocarbon which is co-ordinated to rhodiwn.  ‘the single crystal X-rayv

structure determination of this product [d38a} has been reported (rer. 3150,

co - C

F3C *;”/ CF3
H

[138a]

Extended CNDO/studies on [Co(~3-Cslls) (CO):]| have been reported (ref. 310}, and
electronic, far-infrared and n.m.r. spectra of the allylic rhodium(ITI) compounds

- 1-

[RhX; (allv1}] (X =C1, Br) have been studied (ref. 317).

AMetal carbocyvclic and carbaborane comnounds

A review on cyclobutadienemetal complexes contains information on the cobalt

triad (ref. 318). The dicobalt compound [Co.(C.H.)}(CO)s] [139] is an intermediate

%

|
OC /C(!:O\ Co

(CO) .

[139]

in the synthesis of [Co(C.Hi)Cpl. The structure of [439] has now becen determined
by a single crystal X-ray study. In order to decrease repulsion between the cyclo-
butadiene ring and the bulky Co(CO). group, the four-membered ring is tilted and as
a consequence the Co-cyclobutadiene interaction is not symmetrical (ref. 349).
Photolysis of [CoCp(CO)z] [440] in toluene or petrolcum spirit at -78°C generatcs
the monocarbonyl species [441]. At room temperature this monocarbonyl can associate
with excess [CoCp(C0)2] to give [Co2Cp2(CO)s] or dimerize to [Co.Cp2(CO)2] [442].
The dimer [442] is stable as a solid, but in solution it is slowly converted to the



477

insoluble trimer [Co-Cp-{C0}:] (Scheme 73). The dimer [442] is cleaved b\ phosphines
to give [CoCp(COV{PR:)] vhite dienes cause unsymmetrical cleavage to give

[CoCprdienc)] and [Colp(CCY-} (ref. 3507. Reduction of [CoCp(CO)-] with sodium-

[CoCp(CO) -] fcorzcp(coy|
44
[ ; Ol l Na/Hg
hv (o]
[CoCp (CO) | —_ CpCo=—=—=—CoCpn
[
o)
\\\<j440} ///ﬁ\\\ ///fZCO) [442]
=[440]
CpCo CaCp
C C
o] o]
Scheme 73

amalgam in tetrahyvdrofuran at room temperature under anhyvdrous and air-free
conditions gives Na[Co(CO).] and the pyrophoric binuclear paramagnetic complex
Na[Co=Cp2(COY2}. Infrared studies indicate that this complex is contacted ion-paired
in tetrahyvdrofuran, hut exists as dissociated ions or possibly solvent-separated
pairs in tetrahvdrofuran containing 18-crown-6. An air stable salt of this paramag-

netic binuclear anion [443] can be obtained with the cation (PhiP).N" and an X-Tay
[ 0

CpCo =—=———==CoCp
P oLt
C/
li

| o a

[413]

diffraction study of this salt reveals an unusually short Co-Co bond consistent

with the presence of a partial double metal-metal bond. Oxidation of [443] with
anhvdrous FeCls gives the dimer [Co2Cp2(CO)2] (442; Scheme 73) which presumably
contains a complete Co-Co double bond. Reduction of [CoCp(CO) (PPhj)] occurs more

slowly than [CoCp(C0O).] to give a dark oligomeric cobalt complex which gives
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Na[€o{CO). | and [4453] upon carbonyvlation (ref. 3531). The first-step in the
reduction of {Colm il | ix probably the formution of lt-electron corplex

[CoCp(Co): |7 The gas-phase negative ion chemistry of [CoCp(CO):- | leads to the
formation of this anion, [CoCp(CO): |7, and [Colpi(O3} . The manion [CoCp((0)]~
reacts with [ColpitOix] to give the diner (Co Cp-{C0)=]" [J43]. Phosphorus tri-
fluoride displaces carbon monoxide from [CoCpiCd)] . It is also apparent {rom these
studies that PU: is a stronger w-acceptor than CO toward [CoUp|”™ in the wvas phase.

itrogen monoxide reacts with hoth [CoCpiCO}]™ and [Colp(0):-]~ to give the very

Vi

stable anion [CoCp(NO1]™ which is isoclectronic with [NiCp(NQ) ). w-Acids weaker
than CO (CoF.

+, HUN, ethylenc oxide, MeCON, N, N\Mes and PMe-:) have not been obs=erved
to react with [CoCp(COY] . Fluoride anion, produced by the dissociative attachment
of electrons to NFj;, reacts with [Co(p(CO)2] to give a carbonyl tluoride anion,

(Scheme 713, Analogous reactions to those outlined in Scheme 1 occur in a mixture

68%
————

|CoCp (F) (COY |~ ~ CO

F™ « [CoCp(CO) 2] —
32¢
‘——— [CoCp(F) | + 2co0

Scheme 71

of [CoCp(CO}=] and CD3;ONO (Scheme T5). The anions (N7, NO-~, €17, and 1 are not

A -
— 8% [CoCp(CO) (0CD3)]™ + CO

o
CD30” - [Con(CO)zl——“—j&L——>[Con(OCD3)J_ + 2C0

8% [cocp(coy 2 coCD3) ]~

Scheme 75

observed to react with [CoCp(CO).] in the gas phase (ref. 352). The reaction of
arsenic trifluoride with a benzene solution of [Co(p(CO):] produces the complex
[444] which has been characterised by a single crystal X-ray study. The complex
contains a tetrahedral like arsenic atom co-ordinated to four cobalt atoms and is
structurally analogous to [{Fe2(CO)g}z(p.-Sn)}. The boron atom in the BF.” anion of
[444] apparently originates from the pyrex glass of the reaction vessel (ref. 353).
Although [RhCp(C:H.)2] does not react with carbon monoxide, the n®-indenyl analog
reacts instantly at room temperature to give [Rh(n®-CsHy)(CO)2] in quantitative

yield. This enhanced reactivity of the n”-indenyl compound is explicable in terms



(0C)CpCo CoCp (CO)

\As BF.

(0C)CpCo / CoCp(CO)

[-34]

of the "slippage" of the indenyl ligand 1n%-Cslly - n*-Cell-) thereby creating a vacant
co-ordination site at the rhodiumf(I). In refluxing heptane [Rh(n>-Csllz) {(CO) 2] is

comverted selectively in high vield Into the dark-green trimer [115]. Prolonged

L L
Oxcpo---Rh-o_ =0 /Rh\
t )
i : Butxc cxBut
LRh\—_—_‘ ’,RhL [.1_1(_)]
\C’/
H . .
(¢} in solution
L = ns—indenyl c
[415] B
A
1]
C
Bulnc /// \\\ _L
P Rh .
L \Cx'Bu
[447]

photolysis of [Rh(Cp(CO):| is known to produce two isomers of [Rh;Cp:(CO)s} in low
vield. Ethyvlene is rapidly displaced from [Rh(n®-indeny1)(C:H.)2] by two mole
equivalents of Bu®NC to give [d46] which in solution is slowly converted to the
dinuclear complex [447].  Excess Bu™C gives [Rh(n'-CsH3){(ButNC).]. Ethyvlene can also
be readily displaced at room temperature by methylenecyclopropane, acrvlonitrile and
1,3-dLlenes such as isoprene, cyclohexadiene, or cyclohepta-1,3,5-triene (ref. 337).
The 'H and '3°C n.m.r. spectra of the monosubstituted n®-cyclopentadienylrhodium
complexes [Rh(n®-CsH.X)L:] (L=ethyvlene, CO; L»=1,3-, 1,4-, or 1,5-diene; X=>Me,
OVle:, (0sMe, CO.Et, CO.Pri, CHO, COCO:Et, or CN) exhibit a temperature dependence of
the cyclopentadienyl ring protons when X is an electron-withdrawing substituent and
the neutral ligand is ethvlene or a non-conjugated diene. In contrast, the n.m.r.
behaviour of the conjugated diene complexes are normal. The temperature-dependent
spectra observed tor the non-conjugated dienes are attributed to restricted rotation
of the cyclopentadienyl ring. A single crystal X-ray structure determination of
[Rh(nsjcsﬂuCO:Me)(l,S-Cod)] suggests that the preferred rotamer in solution may be
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one in which the C- ring is bonded to the - -ullysl as indicated in [RS8} and that

>~ Rh

[148]

this locilised bonding structure accownts for the temperaturce-dependent n.nr.
spectra.  The occurrence of the localised bonding structure in those complexes
where the ncutral ligands are isolated double bonds and a delocalised structure in
the case of the conjugated dienes can be explained in terns of the different
syimetries of the w-acceptor orbitals of the neutral ligvands with respect to the
Cell X moiety (ref. 351).

The reaction of diphenyiphosphine with [RhUpiCO)2] in refluxing heptanc in the
presence of air produces the dioxygen compound [Rh(PPh:)(0:){PHPh:):]. Iowever, in
the absence of dioxyvegen the compound [Rh(PPh2)(PHPh:)]: is formed which does not
take up dioxygen or carbon monoxide. .\n attempt to prepare the compound
[Rh(PPh:) (PHPh;) ]: by the reaction of [RhCI1(CO):j. with PHPh., however, gives trans-
[RhC1(CO) (PHPhz)-]. Halogens and methyl iodide react with the dioxygen compound

according to the equations:

[Rh(PPh2) (02) (PHPh2) :] + X2 —= [RhX(02) (PHPh3) 3] + PXPh,
[Rh(PPh3) (02) (PHPh3z) 3] + MeI —= [RhI(O,)(PHPh2)3] + PMePh,

The dioxygen compounds are stable to air (ref. 355).
The reaction of [RhC1(CPh:).(C0)], with sodium cyclopentadienide gives [449]

which has been the subject of a single crystal X-ray study (ref. 356). The compound

[0}
i
C

/2

c
CpRh—" "™~ PBhCp

<=

Pha

[449]

[ITCp(carvone)] can be obtained by the reaction of [IrCl(cyclo-octene):}. with
carvone and thallium cyclopentadienide (ref. 357) and [IrCp(butadiene)] [450] can be
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obtained from [IrClibutadicne’-] and thallium cyclopentadienide. Protonation of

N H™
CpIr/ _—
74
[150]
[450} with trifluorcacetic acid gives the antimethallyl cation [451]. Initial

protonation at the metal is postulated (ref. 338). Studies on the protonation of
the c¢yclo-octa-1,5-diene complexes [MCplcod)], (M=Co, Rh, or Ir) reveal that these
neutral dienc complexes arce also susceptible to electrophilic attack. On protonatior
no stable l6-clectron cobalt cations arce observed but rhodium and iridium provide a
balunce of stubility: [MCp(ni-envl)] = [MCp(n"-diene)i]” < MCp(n®-dieny1)}*. The
lb-electron ni-envl cations are more favoured by rhodium, and the 18-electron
dienehydrido-cations more so by iridium. The observation that the iron(0) compounds
[Fe{CO):(diene)] and cobalt(I) compounds [CoCp(dicne)] arec susceptible to electro-
philic attack 1s a consequence of the electren donor ability of the cyclopentadienyl
ligand while carbonyl groups have both donor and acceptor properties. Thus the
clectron density available to the dicnemetal fragment may be similar in both the
tricarbonvliron and cyvclopentadienvicobalt triads (ref. 359). Treatment of
{IrCl({cod)}» with the clectrophilic allkyme, hexatluorobut-2-yne, is known ta give

the enyl complex [452] which has been the subject of an X-ray study (ref. 360).

HC —= CcH
///’/’ l \
HoC CH; ——CH>

HC CH 1 c1
V/\ -~ ~

Ir
HC l \Cl/
c
< N\
F:C \('J—H
CF3
[452]

The compound [CoCp(PMe;).] contains an extraordinarily nucleophilic metal centre.
Thus it reacts with both methyl iodide and ethyl iodide to give [CoMeCp(PMes}o]I
and [CoEtCp(PMe3)2]I respectively. In contrast reactions of [CoCp(PMe;).] with
alkyvl brom‘ides which carry at least two methyl or ethyl groups on the Cy atom leads
to an alkyl-substituted cyclopentadienyl ring cationic hydridocobalt complex. The
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mechanism of the reaction is outlined In Scheme 7o, On ousing cquirnolar amounts of

H
Cp R f-ip R

I =

- + _~
Co /CO\ CO+
(Pez)z (Pesds ° (PMe1)
[155]
©-
Co
(PMe3)a
[4541
@ ! ) v
154 . 4553 |
I l l u? [ ] CO+
Co™ (P‘é )\H
N Me3) 2
(P‘Ie/) n
ez )2

R = Prl, Bul, CMe.Et

Scheme 76

[4553] and RX product ratios [CoH(n®*-CsH-R) (1).\1¢93)2]+ : [CoHI{Cp) (PMes)2]1T = 70 : 30
(R=Pri) and 50 : 50 (R=But) uare observed. The reaction of [453] with Mes;SiCl gives
a4 paramagnetic product but Me3;SiOSO0.CF; gives the cation [CoH(n5-CsH,SiMes) (PMe3) 2] ™.
Treatment of the cationic hydrido complexes [CoH(ns-CSH..R)(PZ\leg)z]+ with sodium

hydride gives the neutral compounds {Co(n®-CsH,R)(PMes).]. The mild reaction con-

ditions observed for the ring substitution of [453] differ markedly from those which
are necessary for electrophilic substitution of [FeCpz] or [MnCp(CO):] (ref. 361).
Using the method outlined in Scheme 77 disubstituted cyclopentadienylcobalt complexes
N.m.r. studies on [457] and [160] indicate the presence of
The rotamers of [457] and [460] obtained in the

The pronounced Lewis basic

can also be obtained.
rigid rotamers even at 100°C.
synthesis are [461] and [462] respectively (ref. 362).
character of the cobalt atom in [CoCp(PMe3).] is further demonstrated by its
reactions with ZnCl,/Pies, [CuCl{PMe;)2]., SnCl., SnClR3, (R=Me, Ph) and HgCl.
which lead to Lewis acid-base adducts containing Co-Zn, Co-Cu, Co-Sn and Co-Hg
metal-metal bonds (ref. 363). The metal atom of the phosphite compounds
[MCp{P(OR)3}2], (M=Co, R=Me, Et; M=Rh, R=Me, Et, Ph, o-tolyl) also exhibit
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rRlBr
_— PFg
NH,PF;
Co Co\
L> Lo H
R=pPrt [155; R=R‘=pr‘1]
R= Bul [156; R=pPril, R’ = Buf]
[157; r==r!=But]
/ NaH
R R’
[458; R=Rl_=pr§j
(L= Pilei) [459; Rr=pri, r!=But|
Co [460; R=R!=Bu%]
T
42
Scheme 77

Lewis buasc propertics reacting with HY and Me™ to give [MH(Cp)iP(OR)3}:]* and
[MMe(Cp) {P(OR) 1}2]7 respectively (ref. 364).

The compound [RhCp(CO):] with RISSRE or [RW(SR')(C0O)-]. with CsHsR?, in
refluxing toluene afford a mixture of two isomers of [Rh(SR})(n®-CsHuR2}], (R!=Ph
or CsHeMe-p, R®=H or Me). For R'=Cell.Me-p and R*=H, the hexane-soluble isomer
has the antl structure [463], while the hexane-insoluble isomer has the structure

L
@ Co (L= PMej)
H L L
[461] [162]

[464]. The structure of (463; R=Ph) has been confirmed by an X-ray study.
Although both [463] and [464] are static, the-isomerisation of [464] to [463] may be
followed by visible and 'H n.m.r. spectroscopy. This conversion can only involve
cleavage of one of the Rh-S-Rh bridges, rotation about the terminal Rh-S bond, and
regeneration of the Rh2S» ring. The conversion of [464} to [463] can also be
studied electrochemically. The complex [163] reacts rapidly at room temperature
with di-p-tolyl disulphide and NOPF¢ as oxidising agent to give [465], and with
[(CeH4Br-p) 3NISbClg to give [466]. Electrochemical and chemical studies indicate
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R
:S\ . . .
S —~=um R---~- S—=om R
\ >
\ N
cpRi ——Rhgg cpRH Rhcp
[163] [161]

P LI T _ar |
> >4
CpRh”~ “RnCp CpRh \Rth
\s/ Cl/

- B ora6s1 - [406]

that the formation of [165] or [466] from [403] involves an initial one-electron
oxidation followed by insertion of RS- or Cl- into the metal-metal bond of the
radical cation [Rh(SR!)(n3-C:<H.R2}],” specics (rel. 365).

The results of X-ray structural analvses of the compounds [467], [468), and [169]

Me

cp’\ 01\ Cc1 Me

Rh/ Rh/ Cp” = Me

c1/ \Cl/ \Cp' P Me
[467}

Cp c1 C1 cp? JH_ C1
\Ir/ N \1 i
Cl/ \Cl/ \Cp’ c1/ \Cl/ \Cp’
[168] [469]

have been published. The metal-metal distances in [467] cmd [368]1 vary signific-
antly with values of 3.769(1) A for Ir-—Ir and 3.719(1) \ for Rh----Rh but there is
no significant difference between the Ir—Ir [2.903(1) f\], distance of [469] and the
Rh—Rh, [2.906(1) .f{], distance of the corresponding rhodium compound. The resuits
suggest that the Ir(p-H)Ir and Rh(p-H)Rh systems are held together by closed two-
electron three-centre bonds in which there is substantial direct metal-metal bonding
(refs. 566, 367). )
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Treatment of [MIl-in7-C=Me-)}2 with AgPFs in acetonitrile, dimethylsulphoxide,
or pyridine vields the dicationic salts [M(n®-CsMes)La][PF:]2, (M=Rh or Ir, L =2MeCN,
Mc:S9, pyridine). Similar reactions occur in acetone, dichloromethane or methanol
but attempts to isolate these materials have not been successful. Studies on the
dimethyvlsulphoxide compounds indicate that dimethyvlsulphoxide is alwayvs O-bonded to
rhodiurt but that it is S-bonded in solution and both O- and S-bonded in the solid
to iridium. Presumably CeMesRh(ITi) is a harder centre than CsMesIr(III). A range
ol arene compounds [M{n>-CsMes)(n®-arene) ] [PFs]-, (M=Rh, arcne =henzcne, toluenc,
n-xyvlene, nesityvlene, fluorene, or indole; M= [r, arene = toluene, m-Xyviene,
naphthalene, phenanthrene, indene, indele, or fluorene) can be obtained by addition
of the arene to the acetone complex [M{n°-Csies)(acetone) ;] [PFs]2- The naphthalene-

and the phenanthrene-iridiwa complexes are very labile but do not exhibit

iluxional behaviour. The phenanthrene complex has the structure [470]. Bonding to
@ [PFG]Z
Ir c)
[470]

a2 teminal rather than to the central ring is probably due to the bond-delocalisation
cnergy being lowest for an end ring; i.e. less resonance energy is lost if this 1s
taken out or conjugation and complexed. The reaction of [Rh(n®-CsMes} (Mez:C0)3][PFs]2
with indene gives the n°-indenvl complex [Rh(n’-CsMes) (CsH»)][PFs] which is
protonated to give the n®-indene complex. Similar reversible protonation-denrotona-
tion reactions occur for the iridium complexes:

[Ir(Csdes) (n®-CeHg)]?+ = [Ir(CsMes)(n°-CeHs)]* + HT

The iridium (but not the rhodium) indole complex [471] also undergoes reversible

Ir \ [PFS]Z

|
@@j el + 1

¥

[471]
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deprotonation. From exchange studies with CE-0Q:D on [Ir(n®-CsMes)in -Caellz) |7 it
appears that protonation-deprotonation is rapid and that the rate-determining step

in the overall reaction is the movement ot the metal from the five- to the six-

membered ring and vice versa. Exchange reactions indicate an increasing stability
- - : 3 5 e -6 - 3

of arcne ligand in the order: n’—nnphthulcnc- n®-phenanthrene < n"-benzene - n”-

alkvlbenzenes < n®-indole < n°-indenyl > n®-indene, n°-indolyvl (rer. 368). Treatment

of the acetone complexes [M(ns-Cs)bs)(Mo;CO)gl[PF;]:, {M=Rh or Ir) with phenol

gives the hydrogen bonded dimeric phenol complexes |1721. These are casily
Cp”~ M
o
? [PFs] s cp” =
o
Cp™——M
| [172] _
Na,CO03/H,0
o OH
HPFg
Cd — Cd
— 1 PF
Cp at PFg - cp r [PFe]2
[473]

deprotonated to give the n°-oxocyclohexadienyl complexes [473] (ref. 369). When the
complex [474] is heated in acetone partial solvolysis of the hexafluorophosphate
anion occurs to give (475; M=Rh). This is the first definitive example of the
partial hvdrolysis of PFs~ to PO.F. . The iridium acetone complex [474] on standing
in acetone gives (475; M=1Ir) in solution but the product isolated from the
solution as the tetraphenylborate salt is [476]. Treatment of (474; M= Ir) with
mesityl oxide gives [477] which in the presence of acid gives [476]. The complex
[477] is probably an intermediate in the formation of [476] and the formation of
[477] may be an example of a metal-catalysed aldol condensation (ref. 370). The
co-ordination of ligands to [M(CsMes)]?™ is subject to strong steric.restraints and
only one or two molecules of the bulkier phosphines and phosphites can co-ordinate.
Thus [Rh(n>-CsMes) (MeCN) 3] [PFs]2 and triphenylphosphine give [Rh(n°-CsMes) (MeCN),-
(PPh3)][PFsls and triphenylphosphite gives orthometallated products [178]. Treat-
ment of [M(nS-Csbbs)(hb2C0)3][PPG]Z with the phosphorus donor ligands L (L= P(OMe):,
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F3

0—P—0
F2

Me,C
[3MCp” (Me2C0) 1| [PFe ]2 _MeaCO Cp’—M—0—P—0—N—Cp” | PF;
[474]
0—P—0
= Fa .

[475]

OH
H
cp—1r —— H Ccp'—-1r "
H Me
[477]
{170} Ccp’ =
L
[MCp” (Me,CO) 2] [PFs], ——iOM)3 . | cp” w1 | (prela
S
Ccp’ =
il
{r = pcopn) s} Cp’ M-—P(OPh), | PFg + HPFg
(8]
[478]

P(OEt)a, or PMeaPh) gives [M(n®-CsMes)L3]{PFsl2. Trimethylphosphite reacts further
with [Ir(n3-CsMes) (MeaCO):]1([PFsl2 to give [479], Scheme 78 (ref. 371). The reaction
of tetracyanoethylene with [Rh(n®-CsMes) (S-S)C1] in methanol followed by addition of
NaBPh, gives the triphenylcyanoborate complexes [480], (S-S=S;PMe., S:PPh,,
S.0\Me;), (ref. 372).

Treatment of a dichloromethane solution of [RhCI(cyclohexa-1,3-diene).] or
[IrCl(cvclohexa-1,3-diene).] with a molar equivalent of AgBF. in the presence of
excess cyclohexa-1,3-diene gives the benzene complexes [481]. The reactions
involve a disproporticnation of co-ordinated cyclohexa-1,3-diene to benzene and

cyclohexene. Reactions of {481] with 1,3,5-trimethylbenzene result in displacement
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A) /\
PO eprie L b oster st

AO/‘\ _

Me' F

{MCp” (Me2CO) 5| [PFs ]2

[IrH(Cp’)L:] IPPS} ——— e Cnp IrL. + (Me0) »PF

[L = P(OMe) -}
[479]

scheme 78

D

[RRCp“(S-S)CL} LaC™ cp” ri—"5
NaBPh
abPhe NCBPh3

(Cp’ = CsMes) [480]

3 BF.,

(A= Rh, Ir)
[481]

of benzene and the formation of the corresponding arcne cations. In contrast, Me(N
pyridine, PMes, or PMe,Ph displace benzene to form the cations [M.;(cyclohexa-1,53-
diene)]*. When the rhodium(I) and iridium(I) chloro-complexes of cyclohepta-1,3-
diene and cvclo-octa-1,3,5-triene are treated with AgBF./(,Cl. the cations
M(n>-CsH7) (n°-CsHa) 1™ and [M(n®-CeHio) (n*-CeH1o)1”, are formed, the latter complex
being a hydrogenation catalyst for alkenes. If the reaction of AgBF: with the
cyclohepta-1,3-diene chloro-complexes is conducted in the presence of dimethyl-
sulphoxide, pyridine or triethyIphosphine the cations [MLj(cyclohepta-1,3-diene)}™
are produced. The cations [ML:(cyclohexa-1,3-diene)]” and [ML;(cyclohepta-1,3-
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diene)]” exhibit dyvnamic behaviour in solution {(ref. 373). The cvclopentadienone

complexes [182] undergo a reversible one-electron reduction but only the cobalt

complexes give anions stable ecnough to allow e.s.r. studies (ref. 371).

R M= Co, Rh, R=Ph, C¢Fs

Thermolysis of the compounds CoCp[P(OR)a]2, (R=Me, Et) or trcatment of cobalto-

cene with HP(0) (OR):z, Scheme 79, gives the "'supersandwiches' [483], and the formati

o o
[CoCp.] % [cocp{P(OR) 3}2] 130 ¢ [Co:Cp3{P(0) (OR)21}¢]
90 - 130°C J
+HP (0) (OR) 2
Scheme 7@
Cp
|
Co
(r0):p~ | “S“P(OR),
(RO)P (OR)
o co
O\C' _—9 HBF,, CL
(o) ——————
o/l o ®oy.p=" | SBR[ -
5 (RO)P (OR) BF,
0
(RO)P (OR) l
0 0
(RO) 2P l P (OR) 2 ~ _—
B .
e i '
F

Cp
[484]
[483]
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of these compounds hias been reviewed (ref. 373).  lreatwent of [183] with {luoro-
boric acid in propionic anhydride gives [484] the structure of which has heen con-
firmed by a single crystal X-ray study (ref. 376). ‘the nickel compound [485] has
been shown to react with cobalt{ll} chloride to give [486], (rer. 3773, while the
cohalt compound [487| reacts with lanthanum(1l1) and curopiumt I} compounds to give
[188] (ref. 378).

_ _
o Ft=° P—0
CpNi NH. CpNi/ Co
P =0 \g-_.o
(([)1) 2 (R 2 2
[185] [486]
Cp Cp
Cl C'
(o] o
(RO) ZP/ l \P(OR) 2 (RO) 21”/ l \P (ORY 7 ~
ﬁ(RO)P(OR)" (RO)P (OR)
0\\ (') ’/0 o
g O\Lln /0
0/ \O
[487] l
o
|
(RO)P(OR)
(RO) 2P l P(OR) 2

[488]

A kinetic equation for the (first order) decomposition of cobaltocene at -450-500°
C and 45-280 mm mercury pressure has been developed. The decomposition of 1 mol. of
cobaltocene gives 0.53 H, 0.32 CH., 0.43 cyclopentadiene, 0.20 cyclopentenc, 0.05
CeHs, 0.04 cyclopentane, 0.02 methylcyclopentene, 0.003 PhMe, 0.03 CpH, and 0.06
mol. of unidentified products (ref. 379). Values of the thermodynamic functions and

crystallographic parameters of cobaltocene in the temperature range 77 to 300 K have
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been determined. ‘Therce are no phase transitions in this range for this ordered

metallocene in contrast to the disordered metallocenes MCpz, (M =Fe, Ni, Cr) (ref.
380).

Treatment of [Co(NH:)s]Cl: with the organo sodiuwm compounds (CHa)pCsHg_pNat
followed by oxidation leads to a series of sym-polymethvicobalticenium bromides and
hexafluorophosphates of the general formula [(Men(CsHs—n)2Co]lX, {X =PFg, Br;

Mep = G, 1,3-(CHs)=, 1,2,1-(CH3)s, (CH:).} (ref. 381). A comparison of the *3C
n.m.r. spectra of substituted cobalticenium ions and ferrocene show a similarity in
the effect of alkyl substitution (ref. 382). The cobalticenium bridged polymers
[489] have been prepared but their thermal stability and solubility arc inferior to

those of phenylene-bridged bibenzimidazoles (ref. 383).

(\ ‘ ‘ Xlr@cz@ "

X=NH, R=Cl or PFg
X=S, R=Cl or PFg

[489]

Treatment of a (Cslls)Cla-substituted polyvstyrene-divinylbenzene (18%) copolymer
[490] with [Co2(CC}s] zivcs cobalt cyclopentadienyl dicarbonyl attached to a cross-
linked polystyrene [491]. Photolysis of [191] fomms unsaturated cobalt centres whic
interact with aromatic rings of the polymer support to form species of the type

[492] (ref. 384).
—CHg—-CgHs —CHZ—“CSHL.CO(CO)Z

[490] [151]

(n=1 or 2) —'Cﬁz'—CsHuCO(Csﬂs- ‘n

[492]

Microcalorimetric measurements at elevated temperatures of the heats of thermal
decomposition and of iodination of arcne metal carbonyls have given values for the
standard enthalpies of formation of the crystalline compounds at 25°C:

[Cox (CeHe) (COY o]l = -(1313 =13); Cox(CeHiMes) (CO)s = -(1444 £13); Cou(Cedez)(CO)s =
-(1555*17) K J mol™'. From these and other data, the bond-enthalpy contributions
of the various ligand-metal bonds, D(L-M), in the gaseous metal complexes have been
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determined: (0L 1-Co = 2700 40 Me:H-1-Co = 2850 (0:Meq1-Co = 310 K F mol™ " (vef.
3853,

The triple-decker sandwich conpownds vhich have heen previously repeorted in the
literature arce constructed with two cyciopentadienyt retal fragrents brideed by
homocyelic CeHe or heterocyelic C:Bs, (aB:S and C.B ligands.  \ triple-decker

sandwich with three heterocyelic ligands, [H83] however, has now been obtained fron

[Co-(CO) el and [491] (ref. 386). The reaction of the difunctional bLewis acid 1,5-
Et Et
~Nc=c¢”7 c—c”
/ \ / A
Me—B /B—-xe B /B—
s Ns
[191] Co
~ e
Cc—CcC
/ \
Ng””
Co
~ -
c—C
/ \
\s/
(193]

diborolene [495] with a mixture of [CoCp(CQ):] and [FeCp(CQ)-]}. gives a triple

v
decker sandwich [496] which contains two different metal atoms (ref. 387).

Et Et ce
7c=c\/ i Fe
Et—B B—Et ,B; O B: _
N/ Y

C
H/ \Me Co
Cop
195 -
(4951 [196]

Derivatives of borabenzenes are known to form sandwich complexes with certain
transition metals. A novel 1-4n-1-borato-1,3-butadiene type structure [497] has now
been obtained from the reaction of [498] with LiQMe: and [RhCl(cod)]2 (ref. 388).

An important development in inorganic chemistry has been the realisation of a
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R
“h BPh
—— \/
[198] Rh
[ -
Y, / (4971

close structural and electronic relationship between the polyhedral boranes and
other types of cage corpounds such as the metal clusters. A series of cobalta-
borane cage compounds, which exhibit a variety of structures, compositions and
stercochenically novel features, have been obtained from the reuction of

Na*Bstls T, CoCl: and Na“Cp~. The major products of this reaction are [2-CpCoB.lis]
(an analogue of Bstls and [CoUp(cyclohexa-1,3-dieng}. Pyrolysis of [2-CpCoB.He]
aives [1-CpCoBR.ils}. The other structurally characterised products arc 5-CpCoBsH:a
(an analogue of Biglh.), [1,2-CpzCozB.lis] and its 3- and +-cyclopentyl derivatives,
[1,2,3-Cp-CosBslsz], [Cp:Co3Bdl], [Cp.Co.B.H.l, [1(2,3)-1,3-CaHu-1,7,2,3-Cp2Co2Cz-
Balls] (refs. 389, 390, 391). Using the metal atom technique a number of cobalta-
borane clusters containing 3- and 4-boron can also be obtained, but in addition a
series of new complexes, many of which contain 5-boron fragments can bhe prepared.
Thus the reaction of cobalt atoms with pentaborane-{9} and cyclopentadiene give a
variety of new metallohorane clusters including [Cp:Co:BsHs| and [cyclopentyl-
BstnCo-Cpsl (ref. 392). The crystal structure of [(pCo(2,3-Me,C2B.Ho)], one of the
products from the recaction of Xu+}b3C;BLH5_, CoCl,; and Xa+Cp', has been reported
{ref. 393). Treatrment of Fell-(2,3-Me-C-B.H.) with cobalt(II) chloride and cyvclo-
pentadicne in cthanolic potassiwn hydroxide produces a mixture of cobaltaferra-
carboranes, cebaltacarboranes, iron(lII1) ferracarborancs, and a B-diethoxy deriva-
tive of the tetracarbon system Me, C.Bellsg. The new products isolated are
[o-EtO(Cp)re(ITI)Me2C2B Hs ), [CpFe(III)MeaCaBiHu], 0-EtO(Cp)CoMenC=BsHs]), (a
distorted icosahedron related to Me.C.Bslls with CoCp replacing an apex Bl group),
[CpCo(Me2CoB:Ha)Fel: (MeCoBLHy ) |, [1,2,4,5-[CpCo(Me2CaB:t)FellCp]), [(o-Et0):Me. Cy-
Bstlg], and the known [1,7,2,3-Cp2CoaMe-CaBsHs] (ref. 391).

\arious B- and C-substituted derivatives of [CpCoCaBeH;:] have been described
(refs. 395, 396, 397). Infrared data indicate [CpCoCzBsH;:i] forms hvdrogen bonds
with dimethyl sulphoxide not only with the carborane CH groups but also with the
cvclopentadienyvl CH groups. The energy of both types of (H bond is 1.5 kcal.
mol™ Y (ref. 398).

Treatment of the two enantiomers of [499) with [RhC1(PPhs)3;] in ethanol gives
the two enantiomers of [500] (ref. 399) and it is apparent that deuterium exchange
at terminal boron-hydrogen bonds, catalysed by low-valent metal complexeS, proceeds

References p. 495
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- PhC —CH
PhC—CH + PhaP
MesNH Rh BaHe
BqH;i g /
Ph;P g
[-100] [500]

via oxidative-addition of boron-hydrogen bonds to catalvtic species {rer. 1003, th
first supported metallocarhorune hydrogenation catalyst [3,3-(Ph:P)--3-H-d{poly-
styryvimethyl)-3,1,2-RhCoBally 5| has been obtained by the recaction of 9-(polvstyryvl-
methyv1)-7,8-CaBqHi1) ™ with [RhCI(PPh2) 3] (ref. 101).

The solvent extraction bchaviour and eclectrochemical properties of
[Co(1,2-CaBstli1)2]™ have been described (refs. 402, 103) and ESCA investigations of

various cobaltocarboranes have been reported (ref. 104).
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