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dimethylglyoxime monoanion 
dipicolinic acid 
1,2-bis(diphenylphosphino)ethane 
1,3-bis(diphenylphosphino)propane 
electron spin resonance 
electron spectroscopy for chemical analysis 
ethyl 
infrared 
methyl 
nuclear magnetic resonance 
cysteinate methylester 
phthalocyanine 
pentane-2,4-dionate 
phenyl 
1 , 1 0-phenanthroline 
polymeric diphenylbenzylphosphine 
pyrazolyl 
N,N’-ethylenebis(salicylideniminate) 
semi-o-benzoquinonediimine 
self-consistent field-Xa-scattered wave 
semi-diiminosuccinonitrile 
1,3,6,8,10,13,6,19-octaazabicyclo[6.6.6]icosane 
tris(trimethylsilylmethyl)phosphine 
1,4,7-triazacyclononane 
tris(2,4,6-trimethoxyphenyl)phosphine 
tetramesitylporphyrin(dianion) 
tetraphenylporphyrin(dianion) 
2,2’,2”-triaminotriethylamine 
1,4,7-trithiacyclononane 
X-ray photoelectron spectroscopy 

Coordination compounds of d7 platinum metal ions have so far attracted less 
attention than those of d5, d6 metal ions of ruthenium and osmium, and d6, d* metal 
ions of rhodium, iridium, palladium and platinum. There is a marked contrast in the 
behaviour of coordination compounds of d’ metal ions between iron, cobalt and 
nickel on one hand and those of the platinum metals on the other. d7 Platinum 
metal species are generally found in dinuclear systems. Dimerization is obtained 
either by direct metal-metal interaction or by metal-ligand-ligand-metal inter- 
action. Assuming that metal-metal interaction requires location of the unpaired 
electron on the metal centre and that metal-ligand-ligand-metal interaction requires 
location of the unpaired electron on the ligand, then localization of the unpaired 
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electron either on the metal or on the ligand precludes stable monomeric d’ platinum 
metal complexes. Spectroscopic studies of monomeric d’ complexes reveal delocaliza- 
tion of the unpaired electron between the metal and the ligand. This hypothesis 
explains the stability of a number of monomeric d’ platinum metal complexes. 

Mononuclear d’ platinum metal complexes have received only limited coverage 
[l-17] in books and periodicals on inorganic and organometallic chemistry; they 
are discussed here in much greater detail. The literature has been divided into four 
categories which are presented in the following sections. Section B describes the 
general preparative routes and structures of mononuclear compounds. Section C 
presents the reactivity of these complexes. Sections D and E provide the magnetic 
and spectroscopic data available on mononuclear d’ complexes of platinum metals. 
Emphasis is primarily in the areas of magnetic susceptibility measurements, electron 
spin resonance (ESR) spectroscopy, vibrational spectroscopy, electronic absorption 
spectroscopy and X-ray photoelectron spectroscopy (XPS). Catalytic applications of 
these complexes are discussed in section F. 

B. PREPARATION AND STRUCTURE 

(i) Ruthenium(l) complexes 

Very few monomeric complexes of ruthenium(I) are known. There are a number 
of early reports, without real evidence to support the claims, of the existence of RuCl 
[ 18-211, RuBr and RuI [19] as solution species. Gamma-ray irradiation of 
K4[Ru(CN)J *3H,O single crystals at 77 K or X-ray irradiation at room temperature 
is reported to produce low spin ruthenium(I) species [Ru(CN),(NC)15- and 
[Ru(CN),(NC),]‘- [22]. Symon and Wilkinson [23] suggested that the cyanide 
ligand is merely tilted off axis, rather than rotated. Other ruthenium(I) species 
including [Ru(CN),(H,O)]~-, [Ru(CN),X]‘- and [Ru(CN),XJ- (X=Cl or Br) 
have been detected upon y-irradiation of K4 [Ru(CN),] * 3Hz0 in alkali metal halide 
host lattices [23]. 

The bipyridine complex [Ru(bipy),]+ is generated by controlled potential 
reduction of [Ru(bipy),]* + at -1.42 V [24-271. The absorption spectrum of 
[Ru(bipy),]+ is consistent with the formation of charged localized ruthenium(II)- 
bipyridine radical species and it is better formulated as [Ru”(bipy),(bipy)-I+. 

The nitrosyl complexes can be reduced chemically or electrochemically to 
give one-electron reduction products. The oxidation state assignment for transition 
metal nitrosyl complexes depends on the formalism used regarding the NO ligand. 
Nitric oxide could lose or gain one electron in its bonding interaction with transition 
metal ions to give the complexes of NO+ or NO- respectively. The NO ligand is 
assigned as NO+ for the complexes discussed in this article. The black complex 
[Ru(O)Cl(bipy),]I is prepared by the reaction of [Ru(NO)Cl(bipy),](PF6), with 
mBu,]I. The reduction of [Ru(NO)(bipy)2(CH,CN)]3+ electrochemically yields 
[Ru(NO)(bipy),(CH,CN)]*+. These reduced ruthenium(I) nitrosyl complexes are 
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stable in deaerated acetonitrile, acetone or water solutions, but they react slowly 
with oxygen in solution [28, 291. Nitrosyl chloride reacts with hydrated ruthenium 
trichloride in the presence of excess PPh, to give [Ru(NO)Cl,(PPh,)],, NH,[Ru- 
(N0)Cl.J and NH&l. The complex [Ru(NO)Cl,(PPh,)],, on refluxing with excess 
PPh, in dichloromethane, yields (Ru(NO)Cl,(PPh,),] [30]. The formation of 
[Ru(NO) Clz(PPh,),] as a minor side product in the preparation of [Ru- 
(NO)Cl,(PPh,),] has also been reported [31]. Reaction of NOCl with RuCl,.3H,O 
in the presence of excess AsPh, affords a greenish-yellow complex [Ru- 
(NO)Cl,(AsPh,),] and NH&l [32]. On decreasing the amount of L (L=PPh,, 
AsPh,), the above reactions result in the formation of the complexes [Ru(NO)Cl,L,]. 
The possible structure of [Ru(NO)Cl,(PPh,)], would be square pyramidal chloro- 
bridged [30]. Complexes of the type [Ru(NO)I,L,] have been prepared by reaction 
of [Ru(NO)I,], with L (L = py, 1/2bipy, AsMePh,) [33]. These complexes are essen- 
tially diamagnetic and are, therefore, tentatively formulated as the metal-metal 
bonded dimer [Ru(NO)I,L,],.’ The ruthenium(I) species [RuCl(dppp)z) has been 
prepared by the electroreduction of [RuCl(dppp),](PF,). [Ru(NO)(dppp),](PF,) also 
undergoes two-electron reversible reductions [34,35]. A report of [RuClL,] (L= 
PPh,, AsPh,) and [RuBr(PPh,),] is erroneous [36]; the complexes are hydridoru- 
thenium(I1) species [37]. 

(ii) Osmium(l) complexes 

Only four complexes of osmium(I) have been reported so far. Electron bombard- 
ment of [OS(CN),]~- in a KC1 matrix at 77 K results in the formation of 
[Os(CN),14-, detected by ESR spectroscopy [38]. The bright yellow osmium(I) 
hexamine complex [Os(NH&JBr has been synthesized by the reduction of 
[Os(NH&]Br, with potassium in liquid ammonia [39]. The reaction of nitrosyl 
halides NOX (X = Cl or Br) with OsCl,(PPh,), in the presence of triphenylphosphine 
in dichloromethane affords osmium(I) nitrosyl complexes [Os(NO)ClX(PPh,),] (X = 
Cl or Br) [40]. IR studies confirm the presence of a linear nitrosyl group in these 
complexes. Combining the rules which have been suggested by Ibers et al. [41] and 
Hoffmann et al. [42] for pentacoordinated nitrosyl complexes, with the empirical 
rules of stereochemistry, the geometry about the osmium atom can be best described 
as distorted trigonal bipyramid with axial phosphine ligands and two chloro ligands 
and the NO group occupying the equatorial plane (the molecule (I) has CZV symmetry 
[43]. These pentacoordinated linear {OsNO}’ complexes can be regarded as com- 
plexes between OS(I) and NO+. 

(I) 
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(iii) Rhodium(I1) complexes 

There are a number of reports of compounds believed to contain Rh(II), namely 
RhO [44], Na,[Rh(SO,),]*2H,O [45,46], “3RhCl,~2tren~HCl*6H,O” [47], RhC& 
[48,49], RhS [SO] and [RhCl(bipy)]X*2H,O (X=N03, ClOJ [Sl], but the signifi- 
cance of the oxidation state of the rhodium is uncertain. 

A number of rhodium(I1) complexes with sulphur donor ligands have been 
reported. Reaction of Rh,(O&CH&, with sodium maleneonitriledithiolate in the 
presence of (n-Bu,N)OH in methanol gives a red solution and a green salt containing 
the anion [Rh{S,C,(CN),}]‘- [52]. The reactions of Rh2(02CCH& with amino 
acids containing free Sh groups (L = I-cystein, I-cystein methyl ester and l-penicill- 
amine) yield monomeric square planar rhodium(I1) complexes [RhL2]. The absence 
of the v(S-H) band at about 2500 cm- ‘, present in the free ligands, indicates the 
formation of S-M bonds in all these complexes [53]. The [Rh(ttcn)2]3+ (ttcn = 1,4,7- 
trithiacyclononane) cation shows two reversible one-electron reductions at -0.64 
and - 1.0 eV vs. Fc’/Fc+ in acetonitrile assigned to the Rh”‘/Rh” and Rh”‘/Rh’ redox 
complexes, respectively. Electrochemical reduction of [Rh(ttcn),]j+ at -0.75 V [54] 
and at -0.8 V [55] affords the reduced product [Rh(ttcn),]‘+. Electrochemical 
reduction of [Rh(ttcn)2]3+ . m CH3N02 at a glassy carbon electrode at -0.5 V also 
gives the straw-coloured complex [Rh(ttcn)2]2+ [56]. One-electron reduction of 
[(triphos)Rh(X,CO)](BPh,) (triphos = MeC(CH,PPh,),, X = S or Se) and [(tri- 
phos)Rh(S,CNPh)](BPh,), gives the stable, square pyramidal rhodium(I1) complexes 
[(triphos)Rh(X,CO)] (II) and [(triphos)Rh(S,CNPh)], respectively [57,58]. 

The rhodium(I1) species [(triphos)Rh(dbc)] (III) (dbc = 3,5-di-tert-butylcatecholate) 
has been generated by the electrochemical reduction of [(triphos)Rh(dbc)] + in aceto- 
nitrile at - 1.0 V [59]. 

Reaction of the rhodium nitrosyl complex [Rh(NO)Cl,(PPh,),] with 
Na(S,CNR,)-xH,O (R = Et or Me) in benzene under reflux yields the square planar 
complexes [Rh(S,CNR,)]. Similar reactions, on stirring the reaction mixture for 6 h 
without refluxing, give square pyramidal complexes [Rh(S,CNR,)(PPh,)] (IV) 
[60]. [Rh(S,CNR,)] is also prepared by the reaction of Rh(NO)C13 with 
Na(S2CNR2)*xH20 in ethanol [61]. Another square pyramidal rhodium(I1) complex 
is reported to be [(np,)Rh(a-C=CPh)](BPh,) (np, = N[CH2CH2PPh2],) (V) [62]. 
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(lx!) (PI 
Bennett et al. reported the first example of a halogenophosphine rhodium(I1) 

complex in 1966 [63]: 

RhCl,*3H,O+P(oC,H,Me),(excess) s [RhClz{P(o-CgH4Me)3}2] 

A trans, square planar structure was proposed for this blue-green complex by 
comparison of the far-infrared spectra with isomorphous Pd(I1) and Pt(I1) complexes. 
A mauve modification of the blue-green complex can be obtained either by performing 
the original reaction at 0°C or by evaporating in vacua the dichloromethane solution 
of the blue-green complex. The purple complex is not isomorphous with the blue- 
green complex. If these preparations are carried out at high temperatures, o-metalla- 
tion occurs [64]. The red-brown complex [RhCl,(PCy,),] and the green complex 
[RhBr,(PCy,),] are similarly prepared by the reduction of RhX3*3H20 (X=Cl or 
Br) with PCy, [65]. The reaction of halogens with RhX(PCy,), (X=Cl, Br, I) yields 
the Rh(I1) complexes [RhXY(PCy,),] (X = Cl, Y = Cl, Br, I; X= Y =F Br) [66]. These 
complexes are assigned a square planar, trans structure (VI) 

Rh 

I 
CL 

0 
-P 33 

0 
on the basis of the high v(Rh-X). Carbon monoxide reacts with [RhClz(PCy,),] in 
the solid state to give a white Rh(I1) carbonyl complex [Rh(CO)Cl,(PCy,),] which 
was claimed as the first example of a paramagnetic Rh(I1) carbonyl complex. This 
complex rapidly decays to give [Rh(CO)Cl(PCy,),] and [Rh(CO)Cl,(PCy,),] [67]. 
Similarly the reactions of. hydrated rhodium trichloride with bulky phosphines 
PBu;R (R= Me, Et, Pr”) in ethanol at room temperature give the rhodium(I1) 
complexes, trans-[RhC12(PBu:R),] [68,69]. The complex [RhHCI,{PBu:- 
(C=CPh)},] slowly decomposes in chloroform solution to give an orange, insoluble 
paramagnetic complex [RhClz {PBu: (CSPh)},] which appears to be binuclear [70]. 
Demethylation of the phosphine PBu:(o-C,H,OMe) was observed in the reaction 
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of PBu:(o-C,H,OMe) with hydrated rhodium trichloride. The product of the reac- 
tion is aquas-[Rh(PBu~(o-C~H~O)~~] (VII) [71]. 

f3Zit) (¶) 

The green complex trans-[RhClz{PBu\(R)}z] has been prepared by the reaction of 
RhC& l 3Hz0 and PBu:(R) (R=-CH,(2-Me-5-OMeC,H,)) at room temperature. 
The trans structure was proposed on the basis of spectral studies [72]. Reaction 
of hydrated rhodium trichloride with the keto phosphine PBui(CH,COPH) in 
the presence of sodium methoxide affords the rhodium(I1) complex trans- 

[Rh~PBu~(C~COPh)~~] (VHI). In the absence of sodium methoxide, the same reac- 
tion yields a rhodium(II1) complex containing the phosphenolate [73]. The reaction 
of dppe with the $-2-methallyl complex [RhCl,($-C,H,Me)] in ethanol in an 
equimolar ratio results in the formation of the grey-green complex [RhCl,(dppe)], 
which is stable in air [74]. The carbethoxy tertiary phosphines 
PBu$(CH,CH,CO,Et) and PBu’,(ChzCh,CH,CO,Et) react with RhCl,*3H,O to 
form four-coordinated rhodium(I1) complexes in which the phosphorus atoms are 
only binding sites [75]. Hydrated rhodium(I1) formate and acetate react with tri- 
phenylphosphine to give orange mononuclear rhodium(I1) complexes [76]. Traces 
of a paramagnetic species believed to be an Rh(I1) species are formed in addition to 
[RhCl(PPh,),] when PPh3 reacts with RhCl,*3H,O in ethanol [77]. Recently, Ogle 
et al. [78] have suc~ssfully isolated the parama~etic species [RhCl~~PPh~)~]. 
Reaction of two equivalents of triphenylphosphine with Rh,(CO)&& in chloroform 
gives [(cod)RhCl(PPhJ. Recrystallization of [(cod)RhCl(PPh,)] in dichloromethane 
affords yellow crystals of [RhCl,(PPh&J. The ‘H NMR spectrum of 
[RhCl~(PPh~)~] in C,D, exhibits multiplet signals at 7.011 (3H) and 7.955 (2H) due 
solely to the phenyl proton. The molecule has a square planar environment for 
rhodium which consists of two phosphorus atoms in a trans arrangement. The Rh-P 
and Rh-Cl bond lengths are 2.323(2) A and 2.428 A, respectively [78]. 

Reaction of an ethanolic solution of RhCl, -3Hz0 with NO gives Rh(NO)Cl, 
in solution. The ESR spectrum of this solution consists of a broadened singlet at g= 
2.17. Triphenylphosphine reacts with this solution to give a paramagnetic complex’ 
[Rh~O)Cl~(PPh~)~], contaminated with Rh~O~l~(PPh~)~ [79]. A diamagnetic 
complex [RhCI, {Sb(o-C6H4Me)3}] is prepared by the reaction of RhCl, *3H,O with 
Sb(o-C,H,Me)z. Its diamagnetism and the non-equivalence of the methyl protons in 
the ‘H NMR spectrum suggest a planar dimeric structure [SO]. Reaction of tris(2,4,6- 
t~methoxyphenyl~phosphine (tmpp) with [Rh2(CH3CN)10] [BF& in methanol or 
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acetonitrile results in the formation of a purple complex [Rh(tmpp)z] [BF,],. X-ray 
crystal structure determination showed the rhodium to be hexacoordinate. It has a 
distorted octahedral structure (IX) with four weak Rh-0 bonds (Rh-0 distances; 
a=2.398(5) A, b=2.201(6) A) and two strong Rh-P bonds (Rh-P bond distance, 
2.216(2) A). 

(lx) 

Each tmpp ligand is coordinated to the Rh atom via one phosphorus atom and two 
ortho-methoxy substituents. The very long Rh-0 bonds, 2.398(5) A, are evidently a 
consequence of Jahn-Teller distortion [Sl]. Reaction of rhodium trichloride with 
siphos (siphos = t~s(t~methylsilylmethyl)phosphine~ affords a chloro-bridged dimer 
[Rh~(siphos)~~l~]. In contrast, the reaction of rhodium tribromide with siphos gives 
a monomeric Rh(I1) complex, [RhBr,(siphos),] [82]. [RhCl(PPh,),] reacts with 
o-phenylenediamine or diaminomaleonitrile in CH&N in the presence of air to 
give air-stable, green complexes [RhCl(L)(PPh,), (L = semi-o-benzoquinonediimine, 
s-bqdi; semi-diiminosuccinonitrile, s-disn). The X-ray crystal structure of [RhCl- 
(s-bqdi)(PPh~)~J has been determined. The rhodium atom is linked to two phos- 
phorus atoms of triphenylphosphine, one chlorine atom and two nitrogen atoms of 
the semi-o-benzoquinonediimine and has a geometry between a square pyramid and 
a trigonal bipyramid (X) [83]. 

(Xf 

Organometallic compounds [Rh($-CBMe&] [AIX,], (X = Cl, Br) are prepared 
by the reduction of rhodium trichloride [84,85]: 

3RhC1, + 5AlX, + Al+ 6~~Me~~3~Rh(~6-C~Me~)~] [AlX.& 
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The stable, red complexes [Rh($-C6Me,&] [PtCl,] and [Rh($-&Me&] [PF,], 
can be isolated from [Rh($-&Me&] [AlX& [84]. Rhodocene [Rh(q’-C5H5)] 
has been synthesized, but it is unstable [86,87]. Cyclopentadienyl complexes 
[(q5-C5H5)Rh(q2-C2HJ2]+ [HH] and the one-electron reduction product of 
[(q5-C5H5)Rh{S2C2(CFa)2}2] [89] have also been prepared. The complex ion 
[{hydrotris(l-pyrazolyl)borato}(~5-pentamethylcyclopentadienyl)rhodium(II)] is 
prepared by the reaction of [(q’-C,Me,)RhCl,], with hydrotris(l-pyrazolyl)borate 
ions and isolated as the PF; salt [90,91]. The X-ray crystal structure of 

C(?“-C5Me5)Rh(HB(pz)~)l(PF,) consists of discrete cationic rhodium complexes and 

PF; anions. Ally1 and propadienyl-rhodium(II1) complexes react with polyhalogeno- 
methanes to give rhodium(I1) species as reactive intermediates [92]: 

Ccl3 - + [Rh(CO)Br,(CH,CH = CHR)(PMe,Ph),] 

+[Rh(CO)Br,(PMe,Ph),] + CCl,CHRCH = CH2 

[Rh(CO)Br2(PMe2Ph),] + CBrCl,+ [Rh(CO)Br,(PMe,Ph),] + Ccl3 * 

Synthesis and organometallic reactions of the monomeric rhodium(I1) porphy- 
rin complexes [Rh(por)] (por = dianion of porphyrin macrocycle) have been extens- 
ively investigated c93-1053. Reaction of [Rh(CO),Cl], with H2TPP in acetic acid 
results in the formation of [Rh(TPP)] (XI) [93]. 

(XI) 

[Rh(TPP)] may be also generated by the electrochemical reduction of 
[(TPP)Rh(L),]+Cl-, where L is dimethylamine (1001. This rhodium(I1) radical reacts 
with another rhodium(I1) radical to form a dimer. [Rh(TMP)] (H,TMP= tetra- 
methylporphyrinate) is generated by photolysis of a solution of [(TMP)Rh(CH,)] 
[104]. Ultraviolet irradiation of [Rh(pc)X] (pc = phthalocyanine; X = Cl, Br, I) yields 
a rhodium(I1) complex [Rh(pc)] (XII) through the formation of a rhodium(II1) 
intermediate [106(a)]. Surface-bound [Rh(II)Pc] is also obtained by the electrochemi- 



10 K.K. Pandey/Coord. Chem. Rev. 121 (1992) 1-42 

cal reduction of surface-bound [ClRh(III)Pc] [106(b)]. The complex [Rh(sep)]‘+ 
(sep = 1,3,6,8,10,13,16,19-octaazabicyclo~6.6.6Ji~osane) is prepared by the electro- 
chemical reduction or by pulse radiolysis of [Rh(sep)13+ [107]. The complex 
[RhCl,(py),&l undergoes reversible one-electron reduction in acetonitrile, aceto- 
nitrile-pyridine and pyridine to afford [RhCl, (p~)~ J [ 1081. 

monomeric rhodium(I1) species have been postulated as transient intermediates 
in several studies using photolyti~ or radiolytic methods [ 109- ll4]. Flash photolysis 
of ~~~~s/cis-t~s( l,l,l-t~~uoro~ntane-2,4-dionate~rhodium(II1) in alcoholic solvents 
produces a short-lived Rh(I1) species which decays to a longer-lived intermediate 
[115,116-j: 

0 

I 

‘\ O-Y 
ROH 

( 

OLRh/O -KY_* 

( 

o\Rh/o I ROH* 

0’ ‘0 

O\R/O I 

0’ ‘0 
I 

_J 
1 

( 
0’ ‘0 

J 
I 

) 

0 0 ROH 

The pulse radiolytic reduction of [RhCl(NH~)~]2+, [Rh(H20)(NH~)~J3’ and 

tRhRr, W &] ’ by the hydrated electron yields a transient inte~ediate 
[Rh{NH&J2” species fl173: 

[RhCl(NH&J2+ +e;+[RhCl(NHs)s] ’ 

[RhCl(NH,),]+ +H,0-+[Rh(NH,),J2+ i-Cl- +NHf +H,O 

CRWWL12 + exchanges ammonia for water: 

[Rh(NH&J2 + +H,O+[Rh(HzO)(NH,),]” -I- NH, 

CRhtH20)(NH~)~lz+ + Hz-,CRh(R,0),(Nf-I,),12f +N% 

~Rh(NH~)~~’ + acts as a chain carrier in a photoinitiated thermal reaction that 
activates O2 by coordination [118]. The formation of the ~ntaamine rhodium(I1) 

DW~H,M2 + intermediate has been proposed in the photolysis of acidic aqueous 
solutions of [Rh(N3)(NH&j2 [119]. The reaction of [Rh(bipy),]C& with radiation- 
generated radicals in aqueous solution results in the formation of [Rh(bipy),]Cl, 
which slowly loses bipy at room temperature to give [Rh(bipy),]C$ [120]: 

[Rh(bipy)J3 + -t e&,+ [Rh(bipy)J’ + 

[Rh~bipy)31z + 3 [Rh(bipy)~12 + + bipy 

The photoindu~d reactions of ~Ru~ipy)s12’ with [Rh~bipy~~~3 f produce 

~Rh(bipy)~~ . 2+ The other known bipy~dine rhodium(I1) intermediate radicals are 
six-coordinate [Rh(H~O)~(bipy)2]2’ and five-coordinate [Rh(H~O)(bipy)*12+ 

L-121-123). Hydrogen gas is produced from the reduction of Hz0 through the 
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proposed intermediate [Rh(bipy)J” in the electron transfer reaction of 
[Ru(bipy),]‘+ with [Rh(bipy)J3+ in aqueous solution [124,125]. Flash photolysis 
of [Rh(dmgH),(PPh,)], (dmgH is the monoanion of 2,3-butanedione dioxide or 
dimethylglyoxime) or ally1 rhodoxime [(i-C,H,)Rh(dmgH),(PPh,)] produces 
[Rh(dmgH)z(PPh3)] by homolytic cleavage of the Rh-Rh and Rh-C bonds, respec- 
tively [126,127]. Other known rhodium(I1) species are [RhHs14-, [RhC1,J4-, 
[RhBr,14-, [RhO,J1’- and [Rh(CN),C1J4-. The short lifetimes of these species 
have been extended by trapping them within a crystal lattice [128-1351. 

(iv) lridium(l1) complexes 

The first mononuclear iridium(I1) nitrosyl complex [Ir(NO)Br,(PPh,),] was 
prepared by Malatesta et al. [136]: 

[Ir(NO),(PPh,),] +2Br,+[Ir(NO)Br,(PPh,),] + . . . 

The iridium(I1) complexes [Ir(NO)X,(PPh,),] (X = Cl, Br) are also synthesized by 
the oxidation of iridium nitrosyl complexes with nitrosyl halides [137]: 

[Ir(NO)Br,(PPh,),] +NOBr+[Ir(NO)Br,(PPh,),] + . . . 

[Ir(NO),X(PPh,),] +NOX+[Ir(NO)X3(PPh3),] + . . . 

[Ir(NO)Cl,(PPh,),] is isostructural with [Ru(NO)Cl,(PPh,),] [138], which shows 
a linear Ru-N-O angle. It is therefore possible to assign the (XIII) structure to 
{IrNO}7 complexes. 

R 

x\ /““’ 
/I’\ 

Ph3P X 

X 

In air, a benzene solution of the iridium(I) complex 
[Ir(CO){PBu~(C,H40)}{PBu~(C,H40H)}] becomes blood-red and gives a deep red 
iridium(I1) complex trans-[Ir{PBu:(C,H,O)},] together with a few percent of the 
purple iridium(II1) complex [IrH{PBu;(C,H,O)},] and carbon dioxide. The crystals 
of [Ir{PBu&H,O)},] belong to space group P,/c with a = 8.111, b = 11.926, c = 
15.669 A, p= 108.52”; Z=2, D,= 1.53 and DC= 1.54gcmm3 [139]. Similarly, the 
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oxidation of [IrfiIPBu:(CCIKJ(UMe)O)f,] yields the red iridium~II~ complex 
[Ir~PBu~(C~H~(OMe~O)~~J (XIV). 

~~~~~~~ /O,~;O\~R 

_________ 
t 

Rc\~/i \,/ 

2 CNC,H4Me 

(XEI (XE) 

X-ray crystal structure analysis of these complexes reveals Cr symmetry and planarity. 
The reaction of tIrH3(AsPh3)Z(CNCsH4Me-pl] with carboxylic acids results in the 
fo~ation of iridium(I1) complexes ~Ir~AsPh~)(~NC~H~Me-~)(O~~R)*] (XV) (R= 
Me, +ZlC6HJ, p-MeOC,H+, 2,4,6-Me&&I, and RCOz = pentane-2,4-dio~ate (pd)). 
A tetragonally distorted octahedral geometry was proposed for these complexes. The 
distortion increases with the ability of the planar ligands to delocalize the electron 
density of the iridium and thus, complex [Ir(AsPh~~(CNC~H~Me-~~~O~~Me~~] is 
least distorted [140], Ally1 and propad~enyl-iridium(III~ complexes react with poly- 
halogenomethanes to give iridium(I1~ species as reactive intermediates [92J: 

-+[Ir(CO)Cl,(PMe,Ph),J + CCl$HRCH=CH, 

Complexes trLans-rfr(R)(CO)(PPh,),] (R = H, CH,, CH,CN, C,H,) are oxidized in 
1,2-dichloroethane containing PPh3 in two one-electron steps, the first involving 
addition of PPh, prior to reversible electron transfer. One-electron electrolysis pro- 
duces the stable ir~d~um{II~ species ~Ir(R)~CO~~PPh~~~J * [141]. The complex ion 
~Ir(CO)I~(COC~H~~]- may be isolated as an isoquinoline salt during the carbony- 
lation of ethanol using hydrated iridium trichforide as catalyst precursor with HI as 
a promotor Cl 42-J. Several diamagnetic carbonyl halide complexes [Ir(CO)X, (ptoIui- 
dine),] (X = Cl, Br), [AsPh,] [Ir(CO)X,] (X = Br, I) and [AsPh,] [lr(CO)I,], which 
must be regarded as iridium(I1) complexes, have been reported [I4331451. It has 
been suggested that some type of metal-metal interaction is involved in these 
complexes. 

[Ir($-C5H5)& the only ~yclopentadienyl iridium complex so far analyzed, is 
dimeric under ordinary conditions and may be kept as a monomeric complex only 
under special conditions [86,X7]: 

[Ir($-C&I,),]Cl +Na+~Irfr5-C,H&] +NaCl 

The reaction of quadridentate Schiff bases ~,~‘~ethyle~ebis~salicylidene- 
imine)(Hsalene) and ~,~‘-ethylenebis(a~tylacetoneimine)(acacen) with [IrH, 
(AsPh,),(CNC,H,Me-p)] result in the formation of iridium(I1) complexes 
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[Ir(AsPh~~(salene)(CNC~H~Me-~~1 
respectively [I 461. 

and 

The synthesis of IrBr, and Id, have been reported [14?]. The existence of 
these halides as iridium(I1) species is doubtful. The electron irradiation of [IrC&J3- 
in an NaCl host lattice generates the iridium(H) species [IrC&J4- [148]. Similar 
paramagnetic species [IrC&J4- and [IrBrs14- have been identified as products in 
the light-indu~d d~omposition of I~~~I~~o~d AgCl and AgBr single crystals [ 1491. 
Electron irradiation of [Ir(CN),]3- in a KC1 lattice produces a paramagnetic Ir(I1) 
species [Ir(CN)J 3 - [ 1 SO]. 

Several palladium(II1) and platinum(II1) complexes, which have been claimed, 
in the past, to contain the trivalent metals, are found to be either binuclear with 
metal-metal bonds coutainiug M(H) and M(IV) (M = Pd or Pt) oxidation states or 
mononuclear containing the M(I1) oxidation state with the unpaired electron on the 
ligand [ I5 I - 1641. Examples of the first type of compounds are MX3 (X = F, Cl, Br) 
and M(amine)Br~, species consisting of two metals, one divalent and one tetravalent. 
The second type of compounds includes (XVI)-(XX) in which the unpaired electron 
resides in the rc orbitals of the organic systems, the metals being present as M(I1). 
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(a) Palladium(Il1) complexes 
Very few examples of monomeric palladium(II1) complexes have been reported 

in the literature [165-1701. Reaction of NaF with Pd2F6 at 6OO”C/70 bar results in 
the formation of Na[PdF,]. The ESR spectrum of Na[PdF,] at 8 K indicates the 
presence of palladium(II1) with the unpaired electron in the 4dZ2 orbital [166]. 
The syntheses of K2Li[PdFs] and K,Na[PdF,] have also been reported [167,168]. 
The crystal structure data for K,Na[PdF,] indicate a tetragonal structure [168]. 

Microcycles such as L = tacn or ttcn (tacn = 1,4,7-triazacyclononane, (XXI); 
ttcn = 1,4,7-trithiacyclononane, (XXII) stabilize palladium(II1). 

(XXT) (Em) 

The complexes [PdLz](PF,), are prepared by the oxidation of [PdLz](PF,), 
[54,169-1711. The complex [Pd(ttcn),](PF,), is less stable than the complex 
[Pd(tacn),](PF&. The [Pd(tacn),13+ complex has a tetragonal distorted octahedral 
structure with Pd-N1 = 2.180(9) A, Pd-N4 = 2.119(9) A and Pd-N, = 2.11 l(9) A, 
which is consistent with a Jahn-Teller distorted d7 complex. The X-ray crystal 
structure of [Pd(ttcn),13+ is related to that of [Pd(tacn),13+, with Pd-S1 =2.5448(15) 
A, Pd-S, =2.3358(15) 8, and Pd-S7 =2.3692(15) A (XXIII). Greater tetragonal 
distortion has been observed in the structure of @i(tacn),13+ than in [Pd(tacn),13+, 
which may be due to the smaller size of Ni(II1) [172,173]. The complex 
[Pd(ttcn),](PF,), shows a greater elongation of the axial bonds than 
[Pd(ttcn),](PF,),. The mean differences between the axial and equatorial bond 
lengths in [Pd(ttcn),](PF& and [Pd(ttcn),](PF,), are 0.631 A and 0.182 A, respec- 
tively. Decreasing the electron density on the 4d,2 orbital of palladium on oxidising 
from Pd(I1) to Pd(III), reduces the interaction of the Pd 4dZ2 electron with the axial 
thia-donor Sr, and as a result, S, is brought in towards the palladium(II1) centre. 
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Muraveiskaya et al. [ 1743 have reported the preparation of [Pt(NH,),(SCN),I] 
by the reaction of ci~-[Pt~H~)~~SCN)~~ with iodine: 

Uson and co-workers [ 17% 1781 reported the first, well”chara~te~z~ complex 
[NBu,] [Pt(C,Cl,),], which is prepared by the oxidation of the platinum(I1) complex 
[NBu~]~[Pt(~~Cl~)~] with stoichio~et~c amo~ts of Cl, or Br,: 

iNBu& l3VG~~,LI + f ,‘=z --+CNB~,l DW,CMJ f NBG 
The complex [NBu~J~~(~~~l~)~] can also be prepared in low yield by using IZ or 
TICI, as an oxidising agent: 

[NBu,],[Pt(C,Cl,),] +$TlC13 -+ENBu,] [Pt(C,Cl,),J c &TlCl + [NBu,] [TlCl~] 

The X-ray crystal structure of [Pt(C,Cl,),] - shows a square planar geometry with 
Pt-C =2.094(S) A, C-C = 1.388(12) A and C-Cl = 1.729 A. The closest Pt-Pt dis- 
tance is 9.7 A, su~esting no evidence for the presence of Pt-Pt interaction {177]. 

AgC104 reacts with bis(diphenylglyoxime)platinum(IV) diiodide in benzene 
to give red-brown platinum(II1) complexes [Pt(dpg)~](Cl~~~ and [Pt(dpg),] 
(ClO& 1.5C6H,. Both complexes are highly hygroscopic and change their colour to 
black-green in a humid atmosphere. The complex [Pt(dpg),](ClO,) has a tetragonai 
structure which consists of stacks of [Pt(dpg),]+ cations with ~~distant Pt-Pt 
separations of 3.259(4) A [ 1791. The complex [Pt(diamsar)13 f (diamsar = l,8-diamino- 
3,6,10,13,16,19-hexaazabicyclo[6.6.6]icosane) has an octahedral structure and is pre- 
pared by the y-radiolysis of [~diarn~r)14~ at 77 K [ 1 SO]. El~tr~hemical oxidation 
of [Pt(ttcn&j” at 0.5 V affords a stable platinum(II1) complex [Pt(ttcn&‘J3’ [181]. 
The d7 species [Pt(ttcn)J3 ’ and [Pd(ttct&J3 I- are more stable than the corresponding 
[Rh(ttcn$J2+. This might be expected in view of the greater formal charge in the 
platinum(II1) and palladium(II1) species, Reaction of [PtC1J2- with an equimolar 
mount of creatinine (Great) results in the formation of (neutral, anionic and cationic) 
blue to green parama~etic species. A green complex [AsPh4][PtCl~(cr~t~] was 
isolated at pH 2.4 and an X-ray crystal structure has been determined. In the complex 
ion [PtCl,(creat)]-, the plating atom is bound with three chloride ions and one 
creatinine ligand coordinated through the endogenic nitrogen (XXIV) [182]. 
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Several short-lived platinum(II1) species are generated by electrochemical, pho- 
tolytic, thermal non-complementary and radiolytic reactions of Pt(I1) and Pt(IV) 
compounds [183-2011. Pulse radiolysis or flash photolysis of [PtC1,12- produces 
three species, [PtCl,13-, [PtC1,12- and [PtCl,] -, Relativistic multiple scattering 
Xa molecular orbital calculations have been performed for these platinum(II1) species 
and it was concluded that [PtCl,] - is the more stable species. Photolysis of [PtXJ2 - 
(X= Cl, Br, SCN) in a system containing [Ru(bipy),]‘+ yields [PtX,]- [202,203]. 
Photolysis of [PtC1,]2- and [PtCl,(OH)2]2- in aqueous solution yields Pt(II1) 
complexes [PtCl,(H,O),]- and [PtCl,(OH)(H,O)]*- (XXV), respectively. 

(XXK) 

The acid dissociation constant of [PtCl,(H,O),]- is 3.5 [204]. The formation of the 
intermediate Pt(II1) species [PtCl,]2- during the pulse laser photolysis of a 
[PtC1J2--methanol system has been reported [205]. Transient [PtC1,]2- is a 
relatively long-lived species, which has a square pyramidal structure with elongated 
Pt-Cl bonds [206]. Multiple scattering XQ! molecular orbital calculations have been 
performed for a number of Pt(II1) complex ions containing aquo and chloro ligands: 
[PtCl,(OH)12-, [PtCl,(OH)(H20)]Z- and cis- and truns-[PtCl,(OH)2]2- [207]. 
The peak positions for the intense charge transfer transitions occurring in the near 
UV-visible regions have been calculated for [PtC14(0H)]2-, [PtCl~(OH)(H20)]2-, 
cis- and trans-[PtC1,(OH)Z]2-, [PtC1J3-, [PtCl,]2- and [PtCI,]- [207] and com- 
pared with the experimentally observed absorption spectra [208]. Reaction of 
[PtC1J2- with the hydroxyl radical in water results in a Pt(II1) intermediate 
[PtCl,(OH)(H20)]2- which reacts with hydroxide ion in basic media to form 
[PtC1,(OH)2]3- and [PtCl,(OH),]-: 

[PtCl,]‘- + -OH (radical) H20 ’ [PtC1,(OH)(H,0)12- 

[PtCl,(OH)(H,O)]* -- + OH - +PtCI,(OH)Z]3 - + Hz0 

[PtC1,(OH)2]3- -+[PtCl,(OH),]- +2Cl- 

Reaction of the tert-butyl alcohol radical (generated by the reaction of the OH 
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radical with tert-butyl alcohol) with [PtC&J2- yields [PtCI,(OH),]-: 

*OH-t-(CH~)&OH+H,Of l CH,C(CH&OH 

[PtC1J2 - -t *CH,(CH&COH 

+[PtCl,(OH),]- +3Cl- +2H+ +ClCH~(CH~)~~OH 

Reaction of [PtCl,]Z- with a hydrogen atom (at pH 2.2-2.7 in an argon-saturated 
media, the hydrated electron reacts rapidly with a proton to give a hydrogen atom) 
in aqueous solution gives [PtCl,(OH),]- [208]: 

H+ [PtC1,-J2 - +2H,0+[PtClz(OH)z] - +4Cl- + 3H + 

Grivin et al. [209] have studied the pulse laser photolysis of the [PtC1612-- 
creatinine-methanol system and demonstrated the formation of an intermediate 
[PtCl,(creat)12-. In the photoreduction of the [PtCl,]‘- complex in methanol, using 
laser flash photolysis, electron transfer from the solvent molecules to the excited 
complex has been reported [210]: 

[PtCl,-JZ- --% [PtC1J2-* CH30H) [PtCl,-J3- +R+H” 

[PtC@- +[PtC1,]2- +c1- 

C. REACTIVITY 

The reactions of mononuclear d7 complexes of platinum metals can be divided 
into two groups: (a) reaction at the metal centre and (b) reaction at the ligand. 
Reaction of rRu(NO~(~H~C~(bipy)~]2’ with O2 gives [Ru(N02)(~H~CN) 
(bipy),]‘+ by the oxidation of the coordinated NO group [29]. The osmium nitrosyl 
complex [Os(NO)Cl(PPh,),], on refluxing with triphenylphosphine in benzene for 
30 h, affords the green osmium(O) complex [Os(NO)Cl(PPh~)~] [40]. 

The reaction of O2 with [Rh(bipy)J2+ is an electron transfer reaction [120]: 

[Rh(bipy)~12’ +O~~[Rh(bipy~~13~ +O; 

The formation of an oxygen adduct in the reaction of O2 with [RhCl(NH,),]2f 
has been proposed [117]. At pH>ll, [Rh(bipy~3]z’ is susceptible to coordination 
by OH-: 

[Rh(bipy),12+ -+ 20H- z$ [Rh(bipy)2(OH)2] + bipy 

On heating the blue-green or purple complex [RhC12(P(o-C6H4Me)&J, o-metalla- 
tion occurs [64]. The reaction of [RhCl~~P(o-C~H~Me)~~~] with sodium borohyd~de 
in the presence of excess P(o-C6H,CH,), in ethanol results in the formation of a 
greenish-brown diamagnetic complex [RhH(BH,)(P(o-C,H,Me),)] [211]. The rho- 
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dium(I1) radical [Rh(dmgH)z(PPh,)] undergoes rapid dimerization reforming the 
parent dimer. Reaction of [Rh(dmgH),(PPh,)] with the alkyl halide RX affords the 
rhodinm(II1) complex by halogen atom abstraction [126,127]: 

[Rh(dmgH),(PPh,)] + RX~[RhX(dmgH)~(PPh~] + R* 

Cobait(II1) complexes of the type CoX(dmgH),(PPh,) and [CoX(NH&J2’ where 
X is a halogen or pseudohalogen, oxidize [Rh(dmgH),(PPh,)] [212,213]: 

Rh(dmgH)~(PPh~)l+ CCoX(dmgH)~(PPh~}l 

~~RhX(dmgH)~(pPh~)l -t [Co{dmgH~~(PPh~)~ 

CfWmHMPPh3)l -t LICoWH3M2 + -+[RhX(dmgH),(PPh,)] + [Co(NH,)$ 

Carbon monoxide reacts with the rhodium(I1) complex [Rh(tmpp)J [BF,] to 
afford the rhodiurn~~1~~ complex [Rh(tmpp),] [BF& and the rhodium~1) complex 
[Rh(CO),(tmpp),J[BF,]. The Rh(1) dicarbonyl complex, upon purging with an inert 
gas, loses one CO ligand to give [Rh(CO)~tmpp)~][BF~] which also loses CO in a 
second redox reaction to reproduce the original [Rh(tmpp),][BF,], [214]: 

YWWwM WY2 f 2CO-,EWtmwM EBh13 + [Rh(CO)~(tmpp~~l CBFJ 

CWCO)2 W-m&l EBLI inert gas + [Rh(~O~~tmpp~~] [BF,J + CO 

Wftmmhl CBF& + i3h(W(tmiwM l3W+CWtwpM CBE& I- CO 

[Rh(TPP)] reacts with CH,Cl, to give the rhodium-carbon o-bonded species 
[(TPP~Rh(CH~Cl)] [X00]. Reaction of Rh(TPP) with alkyl halides (RX) in solution 
results in the formation of [(TPP)Rh(R)] and X-. If [Rh(TPP)] attacks at the R-X 
bond, then, either loss of X* and formation of [(TPP)Rh(R~] or loss of X- and 
formation of [(TPP)Rh(R)] Jr will occur [102]: 

[(TPP)Rh] + RX-+[(TPP)Rh(R)] +X. 

[(TPP)Rh] + RX-+[(TPP)Rh(R)] + 3-X - 

[(TPP)Rh~R~] + + S~[(TPP)Rh(R~] + S+ 

x*+$+x-+s+ 

where S is an electron source other than the electrode. The reversible reaction of 
[(TMP)Rh] with carbon monoxide gives [(TMP)Rh(C*O)] which dimerizes by C-C 
bond formation [ 1043: 

[(TMP)Rh] + CO ;rt: [(TMP)Rh-C*O] 

2[(TMP~Rh-C*O] e [(TMP)Rh~(O~C(O)Rh(TMP)] 

[{TMP)Rh] reacts reversibly with methane in benzene to yield [(TMP)Rh-CH,] 
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and [(TMP)Rh-H] [ 1051: 

2[(TMP)Rh] + CH4 - - [(TMP)Rh-CH,] + [(TMP)Rh-H] 

Trans-[Ir{PBu:C6H3(OMe)O},] absorbs oxygen reversibly to give a purple product. 
The complexes [Ir{PBu\C,H,O},] and [Ir{PBu~C,H3(OMe)O}z] react with carbon 
monoxide to form carbonyl complexes [Ir(CO){PBu\C,H,O},] and [Ir(CO){PBu: 
C,H,(OMe)O},], respectively. Reaction of [Ir(PBu\C,H,O),] with H2 yields the 
hydrido-complex [ 1391: 

2[Ir(PBu;C,H,O),] + Hz +[IrH(PBu;C,H,O),] 

Reaction of nitric oxide with [NBu,][Pt(C,Cl,),] affords [NBu,] 
[Pt(NO)(C,Cl,),]. The anion [Pt(C,Cl,),]- is a distorted square pyramid with a 
linear Pt-N-O unit [ 1781. 

D. MAGNETIC PROPERTIES 

(i) Magnetic measurements 

The magnetic data obtained from the d’ platinum metal complexes are listed 
in Table 1. The heavier elements tend to give low spin complexes [215]. As expected, 
the values of magnetic moment are consistent with a spin of l/2 system and are 
characteristic of low spin d’ configuration. 

(ii) Electron spin resonance spectroscopy 

There have been excellent review articles on transition metal ESR studies 
by McGarvey [216], Koenig [217], Kokoszka and Gorden [218], Fujiwara and 
Nagashima [219], Kuska and Rogers [220,221], Goodman and Raynor [222] and 
Abragan and Bleaney [223]. Mononuclear d’ complexes of platinum metals exhibit. 
a low spin configuration. The presence of a single unpaired electron in these com- 
pounds makes them attractive for study using ESR spectroscopy. 

The octahedral complexes possess a (t2,)6(e,)’ configuration and should be 
Jahn-Teller distorted. Axially distorted complexes possess an unpaired electron either 
in the d,, orbital (ground state, ‘Ai3 or in the dX2_+ orbital (ground state, ‘B,,). In 
low symmetry molecules (due to Jahn-Teller distortion as well as inherent low 
symmetry of molecules with mixed ligands), the energy levels are either singly degener- 
ate (symmetry A or B) or doubly degenerate (E). 

The formation of a molecular orbital between the metal orbital containing the 
unpaired electron and the atomic orbitals on the ligand nuclei results in the transfer 
of some of the unpaired electron density from the metal to the ligands. The available 
ESR data for mononuclear d’ platinum metal complexes (Table 2) suggest that g 
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TABLE 1 

Magnetic properties of Ru(I), OS(I), Rh(II), Ir(II), Pd(II1) and Pt(II1) complexes 

Complex Magnetic moment, u 
(B.M.) 

Ref. 

L-WNWIzPPhd,l 
CRWW~, WPh,Ll 
CWNH3MBr 
CWNWI,W’hd,l 
[Os(NO)ClB~PPh~)~] 

CRh~s*C~~CN~*~~l’- 
WWWI 
[Rh(o-MeCys),] 
[Rh(penicillamine),] 
Truns-[RhBr,(siphos)J 

CW%CNMe2M 
CRh~S~CNEt~~~l 
CRh(SzCNMe~)~tPPh3)1 
CWSzCNWz WWI 
Cis-[RhCl,{P(o-C,H,Me),},] 
Trans-[RhCl,{P(o-C,H,Me),),] 

ERhCbO’Cy&l 
CRhBr~(PCy~)~l 
drugs-[Rh~l~(PBu~Me)*] 
Z-runs-[RhClz(PBu;Et)J 
Trans-[RhCl,(PBu’,Pr”)z] 

CWtmwMCBF& 
EWTWI 
CRh(~6-C~Me~)~l WJ& 
[lr(NO)Cl~(PPh~)~l 
f?rW.Wr3fPPM21 
CWWGfLOhI 
CIrlPBu’,(C,H3(OMe)O)},l 
[Ir(AsPh,)(CNC,H,Me-p)(O,CR),] 

R=Me 
R = I.‘-C&H, 
R =p-MeOC6H4 
R = 2,4,6-Me&H3 

RCOl = pd 

CC9H,NIClr(CO),13(COC~H,I 
~Ir(AsPh~)(salene)~CNC~~~Me-~)] 
[Ir(AsPh~)(acacen)(CNC~H~Me-~)] 

(NBu~)CPt~~~Cl~)~l 

1.60 30 
1.62 32 
1.50 38 
1.52 40 
1.46 40 
1.91 52 
1.85 53 
1.91 53 
1.87 53 
1.50 82 
2.08 60 
2.12 60 
2.10 60 
2.02 60 
2.00 63 
2.30 63 
2.24 65 
2.24 65 
1.15 68,69 
0.92 68, 69 
0.53 68, 69 
1.80 81 
1.20 93 
1.32 84,85 
1.30 137 
1.31 136 
1.76 139 
1.76 139 

1.66 
I .67 
1.74 
1.67 
1.65 
1.33 
1.76 
1.97 
2.57 at 260 K 
2.42 at 80 K 

140 
140 
140 
140 
140 
142 
146 
146 
177 
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shifts depend on the degree of covalency of the complex, (i.e. the amount of unpaired 
electron density on the ligands) and will decrease with increasing covalency. 

All the six platinum metals possess nuclear spin (Table 3). The magnitude of 
hyperfine coupling depends mainly on (a) mixing of other metal orbitals with the 
metal orbital containing the unpaired electron, (b) the nature of the metal ligand 
bonds and (c) the influence of charge on the metal. Increasing covalency expands the 
d orbital and lowers the effective charge on the metal with a resultant increase in 
hyperflne coupling. However, admixture of a small amount of s-character to the 
orbital containing the unpaired electron reduces the unpaired electron density on 
the ligand nuclei and hence decreases hyperfine coupling. A superhyperfine coupling 
may sometimes be observed when there are ligands or other atoms in the molecule 
whose nuclei have magnetic moments. For a free ion, the hyperfine interactions 
increase as the charge on the metal increases, since the electrons are more tightly 
held. The dependence of (r-3) on the nuclear charge for d7 ions (Ru+, Rh2+, Pd3+) 
[224,225-J is presented in Fig. 1. 

The ESR spectra of Ru(1) species obtained by y-irradiation of [Ru(CN),14- 
have been interpreted in terms of the species [Ru(CN), (NC)]” - at room temperature 
and [Ru(CN),(NC),]~- at liquid nitrogen temperature [22]. The formation of the 
Ru-NC linkage is supported by the observations of nitrogen superhyperfine splitting. 
The ESR spectra for the species, produced by y-irradiation of [Ru(CN)J4- in various 
lattices, exhibit the form of g tensor as gll =2.0023 and g,>2.0023, suggesting a 
4dz2 configuration [23]. [Ru(bipy),] + gives a single signal at g = 2.00 [24,25] which 
is similar to that in Na(bipy) where g,, = 2.0023 and g, = 2.0046. This suggests that 
the electron is almost entirely delocalized on the bipyridine ring system. The spectra 
of [Ru(NO)Cl,L,] (L=PPh,, AsPh,) (Fig. 2) are very broad with g,,x2.10. The 
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TABLE 3 

Natural abundance and nuclear spin of platinum metal nuclei 

Isotope Natural abundance Spin I in multiples of h/2n: 

“Ru 
“‘Ru 
“‘Rh 
“‘Pd 
‘s’os 
‘sgos 
“lIr 
lg31r 
‘g5Pt 

12.81 512 
16.98 512 

100 l/2 

22.23 512 
1.64 l/2 

16.10 312 
38.50 312 
61.50 312 
33.7 l/2 

4006 

Fig. 2. ESR spectra of (a) [Ru(NO)CI,(PPh,)],, (b) [Ru(NO)CI,(PPh,),] and (c) [Ru(NO)Cl,(AsPh,),] 
at 295 K. 

results indicate a ground state of 4dzZ with the structure of the complexes being 
square pyramidal [30,32]. 

The ESR measurements of [Os(CN)J4- and [Ir(CN),13- have shown these 
to be of C4” symmetry with the unpaired electron in the 5dz2 orbital [38,150]. For 
[OS(CN),]~- and [Ir(CN),13- with the 5d’ configuration, the osmium(I) species is 
less covalent than the Ir(I1). For a linear {MNO}’ pentacoordinate system, the 
unpaired electron could be either in (r NO-dzZ in the case of tetragonal pyramidal 
geometry (g,, = 2.0) or in d,2_y2 in the case of distorted trigonal bipyramidal geometry 
(g, > 2.0). The values of the g tensors for [Os(NO)ClX(PPh&] (X = Cl, Br) (Fig. 3) 
suggest a distorted trigonal bipyramidal structure. 

ESR studies of mononuclear Rh(I1) systems were reviewed by Felthouse in 
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Fig. 3. ESR spectrum of [Os(NO)ClBr(PPh,),] at 295 K. 

1982 [SJ. Rh(I1) exhibits two types of ESR spectra as seen in Table 3. Complexes 
exhibiting the first type have axial spectra with small anisotropy and the second type 
possess completely anisotropic g values. The ground state responsible for the type I 
ESR spectra can be described as 4d,2 (with g, >gll = 2.00), whereas for type II spectra, 
the ground state is 4d,,. 

The ESR spectrum of the [Rh(ttcn),]‘+ complex ion exhibits g = 2.046 without 
resolved lo3Rh hyperfine splitting. Frozen solutions yield rhombic spectra. The 
complex [(triphos)Rh(S,CO)] shows a single broad ESR signal (298 K) at (g) = 
2.062 (AH= 120 G), indicative of a strong exchange interaction between nearest 
neighbours. A well-resolved spectrum is obtained in CH&l, glass at 100 K. The 
large hyperfine splittings are due to a strong interaction with the apical phosphorus. 
Similar ESR spectra have been obtained for [(triphos)Rh(Se,CO)], [(tri- 
phos)Rh(S&NPh)] and [(triphos)Rh(Dbc)] at freezing and room temperature 
[58,59]. The ESR powder spectra of the complexes [Rh(S,CNR,),] and 
[Rh(S,CNR,),(PPh,)] (R= Me, Et) show three g values near 2.0 (Fig. 4) [60]. The 
ESR spectra of trans-[RhCl,{P(o-CgH4Me),},] and [RhXY(PCy,),] exhibit large 
anisotropies with gy x 4 and g,, g, x1-1.6 [63,65,66]. The vibrations of the surround- 
ing ligands cause mixing between 4d,~ and 4d,,. The spectrum of [RhCl,(py),] shows 
an eight-line pattern signal for gll with A,, =24 x 10e4 cm-’ due to coupling to one 
Rh (I = l/2) and two Cl atoms (I = 3/2) [108]. ESR signals are detected in the species 
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Fig. 4. ESR spectra of (a) [Rh(S,CNEt,),(PPh,)] and (b) [Rh(S,CNEt,),] at 295 K. 

thought to be [($-C5Hs)Rh(q2-&H,),]+ [88] and also from the one-electron reduc- 
tion product of [($-C5H,)Rh{S2C2(CF3)2] [89]. In [Rh($-CSHs)2], the unpaired 
electron occupies the AzU (4d,2) orbital [87]. 

A number of ESR spectra of Rh(I1) ions doped in various diamagnetic hosts 
have been reported. [Rh(CN),C12]4- in a KC1 host shows tetragonal distortion 
having a 4d,2 ground state. The large value of the lo3Rh hyperIme splitting for 
[Rh(CN)4C12]4- suggests a large amount of spin density at the rhodium nucleus 
[134]. The spectrum of [RhH614- in LiH crystals from 77 to 300 K shows two g 
values. Superhyperfine interactions with the octahedrally coordinated H- ions have 
been observed [128]. The g values indicate a ‘B, (4dx2_,,2) ground state. A dynamic 
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Jahn-Teller distortion occurs in [RhX,14-/AgX (X =Cl or Br) at temperatures 
> 200 K. At 35 K, the Rh(I1) ions are covalently bonded to six halide ions, interacting 
with two axially opposed ligands more effectively than with those in the equatorial 
positions. At 200 K, the unpaired electron occupies a wavefunction which is an equal 
amount of $(d+_,,~) and tj(dzz) [130,131]. The ESR spectrum of [Rho,] lo- in an 
MgO host shows a single isotropic g value from 12-77 K but at 4.2 K, the spectrum 
consists of two g values [108,111]. For [RhXs14- (X=H, Cl, Br) and [RhOs]lo-, 
the total electron density transferred from the Rh(I1) ion increases as H- (0.11) <Cl- 
(0.19)~ Br- (0.23)<0’- (0.33). The total covalency in the Rh-H bonds is rather 
small compared to halide and oxide complexes. 

At room temperature, the spectrum of [Ir(NO)Br,(PPh&J has a broad unre- 
solved resonance. At 4.2 K, the spectrum is well-resolved with three g values [226] 
whose trend is diagnostic of an electronic state similar to that observed in trapped 
NO centres [227]. Series of complexes [I401 [Ir(AsPh3)(CNCsH4Me-p)(O,CR),], 
where R = Me, p-ClCsH4, p-MeOC6H4 and 2,4,6-Me&H3 and RCOz = pentane- 
2,4-dionate, give interesting ESR spectra with “As superhyperfine splitting. The g 
value patterns fg,, >gl > 2.0) suggest that the unpaired electron is in a 5dx2 -,,* orbital. 
The magnitude of the tetragonal distortion decreases from [Ir(AsPh~)(CNC~H~ 
Me-p)(pd)] to [Ir(AsPh,)(CNC,H,Me-p)(O,CMe),] which gives an isotropic reson- 
ance. A small metal hyperfine coupling is detected for [Ir(t,i5-&H&J [87]. 

The ESR spectra of [Ir(R)(CO)(PPh&J+ (R=H, CH,, CH,CN, C,H,) are 
insensitive to the nature of R and consist of a doublet at room temperature and a 
triplet of doublets at 120 I(. The unpaired electron on iridium in these complexes 
seems to couple with non-axial phosphorus. The iridium hyperfine splitting becomes 
smaller as the ligand becomes more covalent [141]. The complexes [Ir- 
(AsPh,)(L)(CNC,H,Me-p)] (L=salen and acacen) exhibit broad resonance. The 
spectrum of the salen complex is ‘too broad to be resolved, whereas at low temper- 
ature, the spectrum of the acacen complex is resolved into two g values [146] which 
are similar to those for the isoelectronic cobalt complex [228]. 

Similar to Ru(1) and Rh(I1) ions, several reports have appeared on the ESR 
spectra of Ir(I1) ions doped into diamagnetic hosts [149,150,229,230]. The ESR data 
for [Ir.X,14- (X=Cl, Br) in AgX hosts are consistent with an unpaired electron in 
a 5dz2 orbital interact~g with two equivalent halogen atoms and iridium nuclei. The 
g values for the Ir(I1) complexes, produced by ~-irradiation of Ir(II1) complexes, 
decrease with the ligand as Cl>py>NOz >phen [230]. 

The ESR spectrum of [Pd(tacn)# ’ in aqueous solution gives a broad isotropic 

signal @iso =2.08 at room temperature and giso =2.077 at 77 K). Increasing the ionic 
strength and decreasing the pH of the solution yields a resolved ESR spectrum for 
[(Pd(~cn)~13 + with gll = 2.007 (A ,, = 26.2 G) and g, = 2.115 [ 17 I]. i4N Superhyper- 
fine couplings to two nitrogen donors are observed with A,, =27 G. Similar i4N 
superhyperfine splitting to two nitrogen donors has been observed for Ni(II1) macro- 
cyclic complexes [23 11. The complexesTM(ttcn),](PF& (M = Pd, Pt) show resolved 
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ESR spectra at 77 K. The isotropic signal near g= 2.00 for [Pt(&H,,Ns)] suggests 
an octahedral environment of the macrocyclic ligand around the Pt(II1) ion [lSl]. 

E. SPECTROSCOPIC STUDIES 

(i) Infrared studies 

Infrared spectroscopy provides the most convenient method for characteriza- 
tion of the ligand binding modes from which the molecular structure of a complex 
can be deduced. The important infrared frequencies for various complexes are 
presented in Table 4. 

The corrected NO stretching frequencies for the nitrosyl complexes [Ru- 
(NO)Cl,L,] (L = PPh3, AsPh,), [Os(NO)ClX(PPh,),], [Rh~O~l~(PPh~)~] and [Ir- 
(NO)X,(PPh,),] (X=Cl, Br) (Table 4) lie above 1610 cm-“. This is evidence for the 
presence of a linear nitrosyl group and the complexes can be regarded as complexes 
between metals and NO+ [138]. However, the complexes [Ru(NO)Cl(bipy),]I and 
[Ru~O~(CH~CN)(bipy)~12’ exhibit corrected nitrosyl stretching frequencies below 
1610 cm- ‘. The presence of an unpaired electron on the nitrosyl group has been 
proposed for these complexes. 

The binding sites of the amino acids to rhodium in the complexes [RhL2] (L= 
Cys, o-MeCys, penicillamine) are deduced from their infrared spectra. The absence 
of SH stretching frequencies at about 2500 cm - ‘, present in the free ligands, suggests 
the formation of M-S bonds in these complexes. 

The identification of metal-halide stretching vibrations has assisted in the 
assignment of coordination geometries for the halophosphine complexes. The bands 
in the range 355-300 cm-’ are assigned to v(M-Cl) (Cl tram to Cl) and thus a trans 
stereochemistry is suggested for [RhC12(PR,),]. The far-IR spectrum of trans- 
~RhCl~(PPh~)~] shows bands at 406,423,444 and 454 cm-’ due to v(Rh-P) [78]. 

In the infrared spectra of complexes [Ir(AsPh~)(CNC~H~Me-~)~O~CR)~], 
which have been prepared from [IrH,(AsPh,),(CNCsH,Me-p)], the bands due to 
v(Ir-H) disappear and the bands due to v(CN) shift to a higher frequency of 
2135 cm-’ [140]. The CN stretching bands in [Ir(AsPhJ)(salene)(CNCBH,Me-p)] 
and ~Ir(AsPh~)(aca~n)(CNC~H~Me-~)] are insensitive to the reduction from Ir(II1) 
to Ir(I1) [146]. The vibrational spectra of these complexes are consistent with the 
carboxylate ligand as bidentate. 

(ii) Electronic absorption studies 

All the known mononuclear d’ complexes of platinum metals exhibit a low 
spin configuration. The ground term for low spin d’ is 2E, and should be Jahn- 
Teller distorted. Axially distorted complexes possess an unpaired electron either in 
the dZ2 orbital (ground state, ‘A13 or in the d,+2 orbital (ground state, 2B1,) [232]. 
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TABLE 4 
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Important IR frequencies (cm-‘) for Ru(I), OS(I), Rh(I1) and Ir(I1) complexes 

Complex v(N0) v(C0) v(M-X) v(NH) v(CO0) Ref. 

CRWWLPW,l 
CR4NWL(AsPW,l 
CWNWl@ipyLlI 
CRu(NO)(CH,CN)(bipy),12+ 
CWNWW’Ph,M 
[Os(NO)ClBr(PPh,),] 
CWNWLPW,l 
CWNWMPPh3Ll 
CN-WWPPh3M 
CWCH3)(W(PPh3M 
CIr(CH,CN)(Co)(PPh,),1 
CIr(C,H,)(CO)(PPh,),l 
CW’34,l 
[Rh(o-MeCys),] 

1868 
1860 
1611 
1655 
1845 
1842 
1660 
1732 

340 

325 
320 

1990 
2008 
2015 
2010 

30 
32 
28,29 
28,29 
40 
40 
79 

137 
141 
141 
141 
141 

1710 53 
1730 53 

[Rh(penicillamine),] 
[RhCl(s-bqdi)(PPh,),] 

1705 53 
83 

[RhCl(s-disn)(PPh,),] 

3100 
3230 
3215 
3200 
3335 
3290 
3260 
3340 
3325 
3230 

83 

Trans-[RhCl,{P(o-CsHqMe),},] 351 63 
CRhCLU’Cyd,l 354, 343 65 
CRhWPCyd21 288,270 65 
CRh’JBdPCy,Ll 335,271 66 
CRhCW’CydJ 325 66 
CWWCLWy&l 2000 300 67 
Trans-[RhCl,(PBu:Me),] 352, 348 68, 69 
Trans-[RhC12(PBu;Et),] 360, 334 68, 69 
[RhCl,{PBu:(C=CPh},] 295 70 
CRhClz k-bell 262 74 
CRhGVPhd,l 310 78 

There is a close similarity between the electronic spectra of low spin six- 
coordinate d’ complexes and those of low spin five-coordinate square pyramidal and 
low spin four-coordinate square planar complexes. The ground state in a low spin 
trigonal bipyramidal d’ complex will be 2e’ and is subject to Jahn-Teller distortion. 
For trigonal bipyramidal complexes, the lower energy transition will be a transition 
from a component of e’ to a;. Since much less work has been done (Table 5), some 
of the important features for these complexes are discussed briefly. 

The electronic spectra of [Ru(~O)C12L,] (L=PPh, or AsPh,) show four 
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TABLE 5 
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Electronic spectroscopic data for monomeric d7 platinum metal complexes 

Complex Ref. 

EWN%MPPh,M 
CRu(NO)Cl2(AsPh3)21 
tRu(NO)Cl(bipy)21(PF6) 
CRuWivpM 
CWbWhlf 
CWNWMPPh,M 
[Os(NO)ClBr(PPh,),] 

CRh~S2C~(CN)2~212- 
CWCysM 
[Rh(o-MeCys),] 
[Rh(penicillamine),] 
[Rh(ttcn)J” 

CWWNMe2f21 
CWS&NEt,M 
CRh(S2CNMe2)2(PPh~)l 
CWWNWAPPhdl 
Truns-[RhCl,(PBu$Me),] 
Trans-[RhC12(PBuiPr”),] 

W@mw121 lW412 

[RhCl(s-~di)(PPh~)2] 

CWT-WI 
CRhClz (dw41 
CWbiwM2 ’ 
[Rh(CN),C12]4- 

CWJWr3Wh3M 
EW-WJI Crr(CO)~I~~COC~H~)l 
[Pd(ttcn)2]3’ 
[Pd(tacn)2]3’ 
[Pt(ttcn)J3+ 

CPtCW,0hl- 
[PtC14(OH)(H20)]2- 
[PtClJ- 
[Pta,]3- 
[PtCI,(OH)]‘- 
[Ptcl,] - 
Trans-[PtC12(OH)2]- 
Cis-[PtCl,(OH),] - 
[PtCl,(OH)] - 

425,335, 330,282 
420,335,300,275 
350(5400), 310 sh, 293(26~0) 
530 
495-510 
805(5.56), 750( 16.5), 675(43.5) 
810(13.58), 770(23.8), 682(52.3) 
1282(30), 633(~) 
575 
575 
575 
268(22 300) 
430(2320), 3 12(44 080), 28 l(29 190) 
43q2060), 3 14(45 090), 280(26 370) 
430( 1930), 3Oq3 1430), 280(32 860) 
42q1830), 3 15(36 360), 280(20 860) 
559( 125), 446(48 1) 
583(147), 484(110) 
540(2050), 329(13 405) 298( 15 280) 
285 (17518) 
650(5 170), 500(20 IO), 390(3690) 
601,568,531,418 
405( 1700), 267( 19 900) 
485( 1000) 
575 
885 
326(924(I) 
47q5350), 341616 lOO), 23q81~} 
387(590), 314(1240), 196(11200) 
401(3500) 
410 
450 
53q26~), 370(5265) 
260 
450 
620,410 
408 
415 
414,395 

30 
32 
28,29 
34, 35 
24, 25 
40 
40 
52 
53 
53 
53 
55 
60 
60 
60 
60 
68,69 
68, 69 
81 

83 
93 
74 

120 
134 
136 
142 
54 

171 
181 
204 
204 
205,210 
208 
207,208 
203,207 
207,208 
207 
207 

aemaX (mol - ’ dm3 cm- ‘) in parentheses. 
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absorption bonds around 420,330,300 and 280 nm (Fig. 5). The last three bands are 
assigned to charge transfer transitions. The band around 420 nm may be assigned 
to a d-d transition (e,+al,) with the occupied metal orbital having some ligand 
character [30,32]. [Ru(bipy),]+ exhibits a band due to the drc (Ru)+*(bipy) transition 
at 495-510 nm [24,25-J. 

The electronic spectra of [Rh(S,CNR,)] and [Rh(S,CNR,)(PPh,)] (R = Me or 
Et) complexes show intense absorption bands in ‘the vicinity of 315-280 nm (E = 
104 mol- ’ dm3 cm-‘) which have been assigned to 7c--a* transitions. A weak absorp- 
tion band in the region 425 nm, which is stronger for four-coordinated complexes, 
is a transition from the lower filled orbitals e, to the empty bi, antibonding orbital 
[60]. Trans-[RhCl,(PBu~R)z] (R = Me or Pr”) show two maxima in their electronic 
absorption spectra in the visible region which are assigned to d,,, d,,+d,~ and d,+ 
dZZ [68,69]. [Rh{S,C,(CN)},]‘- shows a band around 1282 nm which has been 
assigned to an al,+bl, transition [52]. A band at 505 nm for [Rh(CN)4C12]4- is 

assigned to an e, +a19 transition [ 1343. The rhodium(I1) monomeric complexes 

Wavelength (nm 1 

Fig. 5. Electronic spectra (ca. 10 -4 M solution in benzene) of: -, [Ru(NO)C1,(PPh,),]; 

[Ru(NO)CI,(PPh,),]; - - -, [Ru(NO)Cl,(PPh,)],. 
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[Rh(Cys)J, [Rh(o-MeCys),] and [Rh(penicillamine),] show a weak band around 
575 nm which may be assigned to an e,+a,, transition [53]. The absorption at 
885 cm-’ for [Ir(NO)Br,(PPh,),] can be assigned to a d-d transition with some 
Ir(drr)--n*(NO) character [ 1361. 

Electronic spectra of a number of Pt(II1) complexes containing chloro, aquo 
and hydroxo ligands have been derived from both experimental and theoretical 
considerations [207,208]. From these data, [PtC1,13- should exhibit an intense 
maximum near.260 nm. Absorption bands near 450 and 250 nm have been observed 
for [PtCl,(OH)(H,0)]2-. These bands are assigned to HO+Pt(III) (16a’+18a’) and 
H,O+Pt(III) (lOa’+ 18a’) charge transfer transitions. Cis- and trans-[PtCl,(OH),]- 
are found to exhibit HO+Pt(III) charge transfer transitions, 6b2+3a2 (cis) and 
6b,+4b, at 415 nm [207]. 

(iii) X-ray photoelectron spectral studies 

X-ray photoelectron spectroscopy (also called ESCA) has proven to be a useful 
tool for the determination of the electronic structure of matter [233,234]. For a set 
of complexes in which the ligands are similar, the core electron binding energies for 
the metal can be correlated with the oxidation state. Only a few monomeric Ru(I), 
Rh(I1) and OS(I) complexes have been studied by XPS (Table 6). Binding energies for 
rhodium 3d,,, electrons in rhodium(I1) complexes are in the region of 308.9 to 
309.1 eV [235,236]. Core electron binding energies for Ru 3d,,, electrons and 
OS 4f7,2 electrons in the complexes [M(NO)Cl,(PPh,),] and [M(NO)Cl,(PPh,),] 

TABLE 6 

Metal core binding energies (eV) of the complexes 

Complex Oxidation 
state 

Metal core binding energy 
Ru 3d,,, or Rh 3d,,, or 

0s 4f,,, 

Ref. 

CWNWWimMI 
CWNWLU’PhdJ 
CWNWLPPhd,l 
Trans-[RhC12{P(o-CsH4Me),}2] 

CRh(psrWLlb 
[Rh(dpc)].3H,O’ 
RhCl,*3H20 

+l 
+2 

+1 
+1 
+2 
+2 
+2 
+2 
+3 

281.8” 238 
282.3’ 238 
281.3 237 
280.5 29 

53.3” 238 
53.8” 238 

308.9 235 
309.1 235 
308.8 236 
309.7 235 

*Calculated value. 
bpsp = polymeric diphenylbenzylphosphine. 
‘dpc = 2,6_pyridinedicarboxylate. 
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(M=Ru, OS) were calculated by the method of Feltham and Brant [237,238]. One 
can infer from the experimental values for the rhodium complexes and the calculated 
values for the ruthenium and osmium complexes that metal core binding energies 
for d’ configurations are lower than the metal core binding energies for d* configura- 
tions and hence, the unpaired electron in d’ complexes will be in an orbital largely 
metal in character. 

F. CATALYTIC APPLICATIONS 

So far only the catalytic activities of rhodium(I1) complexes have been reported. 
The existence of rhodium(I1) complexes as intermediates in olefin oxidations has 
been proposed in a number of studies [239-2411. The rhodium(I1) complexes 
[RhClz{P(o-CgH4Me)3}Z] and [RhC12(PCy,),] catalyze the hydrogenation and hy- 
drosilation of various olefins and acetylenes [242]. The formation of equal amounts 
of cis and trans isomers in the hydrosilation of I-hexyne suggests that these rhodi- 
um(I1) complexes are not stereospecific. 
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