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INTRODUCTION 

This review details the coordination chemistry of rhodium reported during 1993 and is 
organized in a similar manner to the corresponding 1992 review [l]. The literature has been 
searched by using both Current Contents and the Cambridge Structural Data Base, and structural 
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figures have been redrawn using coordinates taken from this data base, implemented through the 
ETH, Zirich [2]. In most cases, hydrogen atoms have been omitted for clarity. 

Most organometallic complexes and rhodium carbonyl clusters have been excluded, 
although some complexes containing cyclopentadienyl and carbonyl ligands but which are of 
interest to the coordination chemist are described. The review is not fully comprehensive but does 
provide an overview of rhodium coordination chemistry for 1993. 

A review by Sutton covers the chemistry of diazo compounds, including some of rhodium 

131. 

3.1 RHODIUM(W) 

The caesium salt Csa[RhCl6] has been studied by X-ray photoelectron spectroscopy; 
accompanying results focus on rhodium(II1) compounds (see below) [4]. 

3.2 RHODIUM(III) 

3.2.1 Complexes with hulide ligands 

Studies of Cs3[RhCIQ] by X-ray PES are complemented by an investigation of the barium 
salt of Claus’ blue, The latter was prepared by the reaction of Cl2 with rhodium(II1) chloride in 
aqueous KOW, this produc a deep purple solution to which Ra(OH)2 was added to precipitate the 
blue product. Originally sed to be a rhodium(V1) compound, the present study shows that 

es a rhodium(III) centre and ESR and Raman spectroscopic data confirm the 
up (41. The crystal structure of Ka[RhC&] has been determined [S]. 

three pairs of stereoisomers, of [Rh(N~S),(,~CN)6.n]~~ (n 
by l@Rh a;ld IsN NMR spcctroscopies [6], 

The photochemical isomerization of mep,cis-[RhC13(dmso-Q(dmso-O)] leads to the 
formation of mer,trans-[RhCl~(dms~~~(dmso-O)l, a new linkage isomer of this compound. The 
latter has n characterized by spectroscopic and X-ray diffraction methods. In aprotic solvents, 

t~~-i~rn~r is thermodynamically unstable with respect to the mer,cis-species [7]. 
The reaction of dioxygen with [RhLz]+ where L is ligand (1) leads to the formation of the 

peroxo complex [Rh(O2)Lz]+. The cation has been characterized spectroscopically, and the 
structure has been confirmed by X-ray crystallography [g]. A further peroxo.complex is described 
in section 3.4.2. 

OMe 

(1) 
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Complexes wiuith sulfur or selenium donor ligands 
109 

The reaction of [Rh(SPh)(PMe3)31 (see section 3.4.2) with PhSH results in oxidative 
addition of the S-H bond and the formation of the rhodium(II1) complex cis,nret- 
[RhH(SPh)p(PMe3)3]. This isomer&s in hexane to give the truns,mer-complex which has been 
structurally characterized [9]. The reaction of Pb( S(QF4))2 with the dimer [Cp*2Rh$Jlq] yields 
the ionic compound [Cp*zRhz{ p-S(QF4)) s][Cp*Rh ( S(C@4) 131 the structure of which has been 
confirmed by the results of an X-ray diffraction study. Solution NMR spectroscopic data are 
consistent with the retention of the ionic structure in methanol, but in less p&r solvents an 
equilibrium exists between the ionic species and [Cp*Rh(S(C#4))2]. Contrasting behaviour is 
observed for the iridium analogues (see accompanying review) [lo]. 

The coordination of 2,3-dihydrobenzo[b]thiophene, L, to rhodium(II1) is observed in the 
octahedral complex mer-[RhCl3L3] (2), the crystal structure of which has been determined [ 111. 

CSCJ 
Se 

se Sp 

U 
(3) 

Whilst sulfur macrocyclic chemistry has a rich chemistry, few reports have appeared 

concerning related selenium-containing ligands. Reid et al. point out the advantage of being able to 
use T7Se NMR spectroscopy to aid the characterization of such ligands and their complexes. The 
reaction of RhC13.3HzO with ligand (3) in aqueous ethar.01 under reflux gives the cation 
[RhC12(3)]+, isolated as the tetrafluoroborate salt. This has been characterized by FAB mass 
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spectrometry, UV-VIS and NMR spectroscopies, and X-ray diffraction methods. A doublet is 
observed in the 77Se NMR spectrum - J( 103Rh-77Se) = 30 Hz. Preliminary electrochemical 
studies (in MeCN, with [nBuqN][BFd] as supporting electrolyte) show that [RhCl2(3)]+ undergoes 
an irreversible reduction (Et& = -1.16 V vs. Fc/Pc+) [12]. 

3.2.4 Complexes with nitrogen donor ligands including cyciornetallated 2-phenylpyridine 
li&md.s 

The preparation (by an improved route), properties and structure of the complex mm- 

]Rh(CN)2LZJ[C104] (L = 1,3-diaminopropane) have been described. In the solid state, the cations 
occupy special positions at inversion centres and the RhL-chelate rings are in chair-conformations. 
The perchlorate salt has also been studied by electronic absorption, IR and NMR spectroscopies. 
Stepwise substitutio.1 of the cyan0 ligands occurs in aqueous solution to yield the transs-isomers of 
[Rh(CN)ClL2]+, iRhC!lzL2]+, [Rh(CN)(S03)L$, [Rh(S03)2L& 1131. 

The mer-, symfuc- and unsymfuc-isomers of [Rh(dien)213+ have been prepared and 
separated by using chromatography. Complex characterization by UV-VIS, CD and IR 
spectroscopies are supported by a structural determinations of sym&c-[Rh(dien)z]Br3. In the 
synthesis of [Rh(4)$+, only the mer-isomer appears to be formed, and this has been confirmed 
by the single crystal structure determination of mer- [Rh(4)2]Ci[CiO&. Differences between the 
isomer distributions for cobalt and iridium complexes are discussed; attempts to prepare [Ir(4)#+ 
failed [14]. 

HzN-N-NH2 
H 

(4) 

NH HN 

NH HN 

\ 

N’ 

“‘7!! 

Me 

Y 
Me 

Macrocycle (5) forms the rhodium(l11) complexes trens-[Rh(S)Lz][aO4] in which I-IL is 
succinimide or phthalimide. These ptoducts have been studied by conductiometric and IR and UV- 

ctroscopic methods, and magnetic measurements have been made [!5]. Although the 
compounds [RhMe2~6)~OT~] and [RhMe(6)(OTf)2] have previously been described, new work 

ated their chemistry in aqueous and methanol solutions. The complex 
~RhMe(~)~~T~~~ dissolves in water and forms a dihydrate; deprotonation occurs as the pH is 
altered m pKa1 = 8.6, pKa2 = 10.7. Proton NMR spectra have been recorded for these 

unds. In D20, [RhMe2(6)fOTf)] eliminates MeD and for this process, a pseudo-first order 
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rate constant of k = (3.8tO.08) x 10-s s-1 has been determined. The compound 
[RhMe(6)(0H)(OTf)] has also been isolated. Further transformations in MeOH have been studied 
and the results discussed [la]. When ligand (6) reacts with RhC13.3H20 in ethanol, the 
mononuclear complex [Rh(6)C13] is obtained; related experiments lead to the formation of 
dinuclear species and are described in section 3.5.6 [ 171. 

As part of investigations concerning the asymmetric hydrogen transfer to ketones using 
rhodium(II1) complexes with chiral diaminobiphenyl derivatives as ligands, Lew et al have 
reported the preparation and crystal structure of trm-[RhC$L2]Cl in which L is (S)-6,6-dimethyl- 
2,2’-diaminobiphenyl. The extent of twist around the inter-ring C-C bond in each ligand is evident 
in (7) which shows the structure of the cation [ 181. 

MeOzC COzMe 

(7) (8) 

The 15N-labelled pyridine derivative (8) has been incorporated into the rhodium(II1) 
complexes cis-[Rh(H)2X(PPh3)2(g)] (X = Cl, SC6F5) and lRk(W)(C2Ph)X(PPh3)2(8)] (X = Ci, 
OCN, N3, CzPh) as well as in related rhodium(I) complexes. Multinuclear NMR spectroscopic 
studies included lsN-observed and N shift range of S-l 10.6 to -128.9 (with respect to MeN@) 
lrus been recorded [ IS]. 

A range of complexes of rhodium(ll1) involving bpy and related ligands was reported in 
1993. A two-phase system consisting of aqueous NaHC03 and QCl3H3 with [Cp*Rh(bpy)Cl]Cl 
and /MnIl*(TPP)] functions as a tedox-active phase transfer catalyst and epoxidizeas alkenes under a 
pressure of 02 [2O]. The electrochemical properties of the cations [Cp*Rh(bpy)Cl]+ and 
[Cp*Rh(phen)Cl]+ have been investigated - a two-electron reduction occurs at the rhodium centre 
to give [Cp*RhLCl]- (L = bpy or phen) which is in equilibrium with the chloride-free [Cp*RhL]. 
The position of the equilibrium depends upon whether L is bpy or phen. Further work has been 
carried out with these complexes immobilized on polypyrrolic films 1211. The results of an 
optically detected magnetic resonance spectroscopic study of [Rh(bpy)(ppy)L]+ (HL = 2,2’- 
thienylpyridine) doped into single crystals of (Rh(bpy)(ppy)z][PF6] have been described 1221. The 
complexes [Rh(ppy)zL]X (L = 1,4,5&tetraazaphenanthrene or (9), and X = Cl04 or PF6) have 
been prepared and their electrochemical and absorption and emission spectroscopic characteristics 
investigated and the results discussed. Two reversible reductions centred on ligand L and an 
irreversible oxidation are observed 1231. High-resolution laser spectroscopic studies of the 
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complexes [RhLz(bpy)]+, [RhLz(en)]+ and [ (RhL2)@C1)2] @IL = thienylpyridine) have probed 
their luminescence and excitation spectra at =5 K. Vibrational side bands have been fully resolved 

1241. 

N’ 1 

cx3: 
I 

N 
0 ,’ 

N 

\ 
N' 

I 

N\ WJ r 
(9) 

The 2,2’:6’,2”-terpyridine complex [Rh(tpy)@ has been used as a reduction catalys: for the 
conversion of NAD+ to NADH in a photosensitized reaction system containing [Ru(bpy)@ and 
triethanolamine (as the electron donor). Effective NADH production was observed at pH 7.7 after 
90 min irradiation; the yield is pH dependent [25]. In an independent study by Beley er al., a 
modified electrode which incorporates the [Rh(tpy)2]3+ unit linked by pyrrole groups 
(electropolymerized onto a reticulated vitreous carbon electrode) has been used in the 
electrocatalytic reduction of NAD+. This work has demonstrated the viability of bioreactors with 
the electrochemical regeneration of the NADH cofactor [26]. 

Efficient preparations of the complexes [RhXsL]3+ (L = 9,lSphenanthrenequinone 
t+ (W3)4, (m)z, men, 1,4,7,1O~tetraazacyclododecane, 1,4,7,10-tetrathiacyclododecane) 

I The complexes have en characterized by multinuclear NMR spectroscopy 
studies, and by studies of their photochemical reactivities - the crystal structures 

ure of the compounds ~Rh(NH~~~~]~l~,~H~~, ]RhL’L]]SCN]~,ZH20 (L’ 1,4,7,10- 

odecane) and tRh~&]~r3.2H~~ (t’ I +I,‘?, 10~tetmthiacyclododecatte). The detailed 
way towards an understandin of the contributions of hydm 

da Wuds int~~cti~ns to the sequence=speeific nzcognitisn of DNA ]27]. 
The chloride salt of ~~~~~-[Rh~l~~4]~ (t = pyrazole) hes been structurally characterized; 

each pyrazols ligttnd is bound through the N(2) atom [2&l]. A related complex is rrans-[RhC1&4]+ 
(10) in which L is thiazole; the crystal structure of the perchlorate salt with MeCN solvate has been 
deternutted and each thiazole ligand is cmrdinated through the N-donor atom [ 291. 
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The reaction of [Cp*Rh(MeOH)3][0Tflz with 9-ethylguauine, L, in methanol yields the 
rhodium(III) complex [Cp*RhL(MeOH)2][OTfj~ in which the guanine ligand is coordinated 
through atom N(7). A related complex containing 9-methylhypoxanthine has also been prepared, 

the crystal structure of the cation confirms coordination through the N(7)-donor site and also 
illustrates the presence of significant hydrogen-bonding in the solid state. In solution, there is 1H 
NMR spectroscopic evidence for the formation of cyclic trimers - this is pH dependent and the 

products could not be isolated [30]. In an accompanying paper [31], Smith et al show that cyclic 

timer formation in solutions of [Cp*RhL]s, in which the ligand is the conjugate base of adenosine 
S-monophosphate (HzL), is inhibited by the presence of the P(O)2=0 group. 

Octaethylporpyrinato complexes of rhodium(II1) are represented in the 1993 literature by 
the compounds [Rh(OEP)Cl], [Rh(OEP)(C@Et)] and [Rh(OEP)(CHO)] which are formed when 
the dimer [Rh2(OEP)2] reacts with carbon monoxide and ethanol in CH2C12. Spectroscopic data 
(1H and 13C NMR) have been recorded for [Rh(OEP)(C02Et)] and [Rh(OEP)(C: ‘.)I, and 
[Rh(OEP)(COzEt)] has been further characterized by X-ray crystallography. The Rh-C bond is 
particularly short (1.92A) and the rhodium atom is drawn slightly out of the plane containing the 
four nitrogen donor atoms. The solution behaviours of all the complexes, and in addition of 
[Rh(OEP)H], have been investigated [32]; see also section 3.3. The single crystal structure of the 
phthalocyaninato complex [RhLMe] (H2L = octapentylphthalocyanin) has been determined; out-of- 
plane twisting of just one of the isoindole groups is observed and the cause of the distortion has 
been attributed to the presence of the pentyl substituents. The rhodium(II1) centre is in a square- 
based pyramidal environment (Rh-CMe = 2.03 l(8)& Rh-Naverage = 1.989A) [ 331. 

The syntheses of mono-, bis- and tris-complexes of rhodium(II1) with 2-,acetylpyridine 
hydmzone and 2benzoylpyridine hydrazone have been reported, in addition to preparations of 
mono-complexes containing 2-acetylpyridine dimethylhydrazone and 2-henzoylpyridine 
dimethylhydrazone. The products have been characterized by elemental analysts, conductivity 
measurements, IR, far-18, UV-VIS and 1H NMR spectroscopies. It is proposed that each ligand 
coordinates through the pyridine N and azomethine N-donor atoms. Electronic spectroscopic data 
are consistent with octahedral rhodium(II1) centres 1341. 

The reaction between RhCl3.3HzO and PhN=C(Me)NHPh (HL) in boilin 
presence of Et3N leads to the formation of the air-stable compound [RhL3] (ll), the crystal 
structure of which has been determined. Under similar conditions, 1,3-diphenyltriazene, HL’, reacts 
with rhodium(II1) chloride to yield [RhL’j], the octahedral nature of which has been 
crystallographically confiied; the triazene has a smaller bite-angle than the acetamidinato ligand. 
Dark red crystals of a second compound were found amongst those grown of [RhL’&and these 
have been shown to be the dimeric compound [RhzL’4]. Structural data confirm the presence of 
four triazene ligands in bridging positions with the Rh-Rh bond distance of 2.377(3)A and an 
average Rh-N bond length of 2.05OA [ 351. 

The syntheses and properties of complexes of the type [Rh(dmgH)z(CR’py)l have been 
described, and for a representative compound with R = R ’ = tBu, the structure of the product (12) 
has been confirmed by X-ray diffraction methods. Photochemical cleavage of the Rh-C bond in 
these rhodium(II1) complexes occurs in the presence of efficient radical traps 1361. With the 
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ultimate aim of labelling monoclonal antibodies with radioisotopes for imaging or therapeutic 
applications, Efe et 01. have prepared the complexes [Rh(HL)LC12] in which HL = (13). The 
products have been characterized by IR anE IH NMR spectroscopies and the crystal structure of 
[Rh(HL)LClz] with R = N@ has been elucidated. The chloro ligands are mutually truns and the 
oxime groups are cis to each other. In the IR spectrum, a weak absorption at 1792 cm-1 is 
consistent with the presence of a short 0 oximrH-C)oxhe hydrogen bonded interaction [ 371. 

3.2.5 Co~lexes wirh phosphotur donor ligands 

Me 

* 

Me 
Me I 

*h 
or-i 

(13) * - coordination sila 

In an invesGgation of the reactions of tertiary phosphines of phosphino-rhodium complexes 
with crtecholborane (HBcat) Marder and coworkers have included the reactions of the 

rdinativety saturat complexes [RhH(dppp)z] and [RhH(PMe$s] with HBcat. The products 
are [RhHa(dppp)2]+lBcrrt]- and [RhHz(PMe3)4]+[Bcat]-, respectively, both of which are active 
catalyst precursors for the addition of HBcat to 4vinylanisole. A crystallographic study of 
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[RhHz(PMe3)4][Bcat] has established an octahedral environment for the rhodium(III) centre and a 
cis-arrangement of hydride ligands (although these were not directly located) [38]. 

Although organometallic in nature, the formation and reactivity of 
[RhBrCl(PMe3)3(CH$Me2OH)] is noteworthy because of the end product of the study which 
features a rhodaoxetane metallacycle. The oxidative addition of the C-Br bond in 2-hydroxy-2- 
methylpropane to [Rh(PMe3)$1] gives [RhBrCl(PMe3)3(CH$Me2OH)] (14) which is 
deprotonated by KN(SiMe3)2 to form compound (15). Structural data show that the 4-membered 
metallacyclc in (15) is planar, and the bonding in this complex has been probed at the extended 
Htickel level [39]. 

Br Br 
(14) (IS) 

The reaction of [Cp*zRh2C14] with Ph2PCH$H$iMe2H leads to the formation of the 
mononuclear complex [Cp*RhCl2(Ph2PCH2CH$liMe2H)] in which the ligand is coordinated in a 
monodentate mode through the phosphorus atom; the Si-H bond is sensitive to hydrolysis. Related 
iridium and ruthenium complexes have also been prepared and IR and lH, 1% and 3tP NMR 
spectroscopic data have been reported for the products 1401. 

3.2.6 Complexm with mixed donor l&an& 

The asymmetrical ligand (16) coordinates to rhodium(II1) in the expected hexadentate 
N,N’,8,6’,Q”,8”‘-mode and two geometrical isomers have been separated and isolated. 
Characterization by 1I-I and 1%2 NMR, and UV-VIS specuoscopies show the isomers to have the 
arrangements trans.acetate, cis-pmpanoate and &acetate, cis-propanoate 1411. 

-N-N-COzH 

C02H 

(16) 

The complexes [Cp*RhCl(O&!C(R)=NCHMePh)] (R = H or Me) have been formed 
from the respective ct-carboxylic acids and optically active l-phenylethylamine by a template 
condensation reaction. For R = H, the imino-carbon atom in the rhodium(II1) complex is 
susceptible to nucleophilic: attack by R’C(O)CH$02Et (R’ = Me, Ph) and HzNCH(C02Et)z to 
give the products (17) and (18) respectively. Both compound types have been confirmed by the 
results of X-ray diffraction studies, and spectroscopic data have been recorded. Borohydride 
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reduction of [Cp*RhCl(O$CH=NCHMePh)] followed by treatment with HCl yields an N- 
substituted glycine [42]. 

?e O,P-donor ligand (1) complexes with rhodiua(!) to yield [Rh(1)3]+ to which 
dihydrogen oxidatively adds to give the unstable rhodium(IX1) dihydride [RhH3(1)3]+. The 
oxidative addition of methyl iodide to [Rh(lh]+ has also been investigated, as has the reaction of 
dioxygen (see section 3.2.2) [8]. A series of complexes of type [RhL3] in which HL is a derivative 
of ligand (19) [l-Ph-, I-naphthyl-, l-(4-ClC#4) or l-(2-MeOQHq)] has been reported. The 
compounds have been characterized by elemental analysis, UV-VIS, IR and tH NMR 
spectroscopies, and magnetic susceptibility measurements [43]. 

Several ectaethylporphyrinato complexes of rhodium(III) were described in section 3.2.4, 
and that wok overlaps with further studies that, for convenience, have been detailed under 
tktdium(II). The reactivity of the [Rhft(TMP)]’ radical with carbon monoxide and isocyanides has 

hose of [Rh(OEP)H] and the dimer [Rh3(0EP)3]. One product - 
Mep2,6] (20) - has been crystallographically characterized [44]. The 
) complexes [Rh(TMP)] and [RhL] (H3L = tetrakis(2,4,6-triisopropyl- 

phenyl)porphyrin) are both low spin dr and RPR spectroscopic parameters are consistent with a 

(~~)2(~x~,~~)4(~~~)t ground state. Data on several related S-coordinate complexes with N-, P, or 

s (L) in the apical site show the presence of a low spin 6r configuration with 
the & metal orbital. The d orbital energy separations and ligand 

ter than for corresponding cobalt(R) complexes [45]. 
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3.4 RHODIUM(I) 

3.4.1 Complexes with oxygen donor ligands 

The syntheses, and electrochemical and spectroelectrochemical properties of the oxalate 
complexes [Rh(ox)(CO)&, [Rh(ox)(cod)]- and [Rh2(ox)(cod)2] have been described. The 
mononuclear complexes undergo 2-electron oxidations but each is followed by a chemical reaction 
in which the oxalate ion decomposes to CO2. The dirhodium complex undergoes an 
electrochemical oxidation in two 2-electron steps without oxalate decomposition [46]. 

The crystal structures of several Sdiketonate complexes have been determined. In the 
ferrocenyl-1,Sbutanedionato (L-) complex [Rh(cod)L] (21), the Pdiketonate is in a chelating 
mode and the cyclopentadienyl rings are in a conformation that is partway between being staggemd 
and eclipsed [47]. An almost eclipsed conformetion is observed in the solid state structure of the 
(ferrocenylcarbonyl)ttifluoroacetonato (L-) complex [Rh(CO)(PPha)L] (22) [48]. The [acacl- 
lignnd in the square-planar complex [Rh(acac)(23+)2] is also in a chelating mode 1491. 

Fe 



(23) 

Infrared and solution tH and slP NMR spectroscopies have been used to elucidate the 
structure of [Rh(PPhj)JL] (‘HL = anthranilic acid) and that of the dinuclear product formed when 
[Rh(PPh3)&] reacts with N-phenylanthranilic acid, HL’. A square planar geometry incorporating a 
monodentate carboxylate ligand is proposed for [Rh(PPhj)jL]. The dirhodium complex is 
proposed to have the formula [Rh2(PPh3)2(p-L)(p-L’)] in which two phosphine ligands are 
mutually cis at each metal cenue. Reactions with H2 give cis-dihydrides and variable temperature 
NMR studies have been used to probe the solution behaviour of these products. Both 
[Rh(PPhj)JL] and [Rh2(PPh3)&-L)(p-L’)] are catalysts for the hydrogenation of I-alkenes and 
cyclohexadiene and for the conversion of pyridine into peperidine [SO]. 

The tripodal O,O’,O”-1igand (24) reacts with a variety of metal centres including 
rhodium(T); maction with [Rh2(cod)2C12] leads to the formation of [RhL(cod)], which has been 
chuacteri by IR, II4 and 3tP NMR spectroscopies and elemental analysis [5 11; the iridium(IlI) 
complex (24) is discuss further in the accompanying chapter. 

(24) 

See section 3.43 for mention of the coordination of pyridine N-oxide, L, in cis- 
)2&)X] (X = Cl or Br). 

The reaction of NaSPh with [Rh(PMegk]CI or [Rh(PMeg)gCl] yields [Rh(SPh)(PMe3)31 
for which crystal raphic data con&m a square-planar geometry, Variable temperature 1H and 
3lP NMR troscopic results consistent with intramolecular ligand exchange. The addition of 
dioxygen to [Rh(SPh)(PMe3)a] gives the distorted trigonal bipyramidal rhodium(II1) complex 
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[Rh(SPh)(%)(PMe3)31 in which the peroxo ligand occupies an equatorial site (O-O = 1.456(6)& 
Rh-0 = 2.041(3) and 2.015(4)& 191. The oxidative addition of PhSH to [Rh(SPh)(PMej)s] was 
described in section 3.2.3. Related to the above preparation of [Rh(SPh)(PMes)j] are the reactions 
between NaSAr (Ar = 4-MeCgH4 or 4-MeOQH4) and [Rh(PMeg)4]Cl which lead to the 
rhodium(I) complexes [Rh(SAr)(PMeg)g], both of which possess distorted square-planar 
structures. Further treatment with ArSH results in oxidative addition of the S-H bond and the 
formation of [RhH(SAr)z(PMe&]; during the reaction, the conversion of the c&met- to 
rruns.mer-isomer was observed [52]. The trigonal bipyramidal complexes [RhL(EMe)] (L = 
N(CH2CHZPPh2)3, E = S or Se) h&e been prepared, and their reactivities with respect to 
electrophilic attack have been investigated. ‘I’he sulfur or selenium donor atom in the complex is 
attacked by Me+ (from CF3SOjMe) or Et+ (from [Et30][BF4]) to yield the cations 
[RhL(EMeR)]+ (R = Me or Et); treatment with CF3S03H produces the dications 
[RhL(H)(EMeR)12+ [53]. From the same authors comes a report of the reaction between 
[Rh(cod)L]+ [L = P(CH2CHZPPhZ)JI and NaSMe which leads to the rhodium(I) complex 
[RhL(SMe)] which has been characterized by ‘H and 31P NMR spectroscopies. Carbon disulflde 
reacts vith [RhL(SMe)] to give the insertion product [RhL( SC(S)SMe)] (25); the structure has 
been confirmed by the results of an X-ray diffraction study and in solution by tH and 3tP NMR 
spectroscopies. Pertinent bond distances in the solid state are Rh-S = 2.409(5)A, Rh-P,rafl,.s = 
2.206(4)& Rh-Pci8.g = 2.3392.369(S)A. Methylation of [RhL(SMe)l using CF3SO3Me yields 
[RhL(SMe2)][CF$03] [54]. 

Ipso-C atoms qf Pi rings only are shown 
(25) (26) 

A further trigonal bipyramidal complex of rhodium(III) is the cation [Rh(PPh#CO)L]+ (L 
= 1,4,7&azacyclononane) (26), the crystal structure of which has been reported. The phosphine 
and one sulfur donor atom occupy the axial sites [SS]. 

3.4.3 Complexes with nitrogen donor ligands 

The crystal structure of the square-planar rhodium(I) complex [Rh(CO)(NCSJV)(PEt3)2] 
has been determind the phosphine ligands are mutually truns [56]. Infrared spectra of the square- 
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planar complexes cis-[Rh(CO)z(py)X] (X = Cl or Br) have been analysed, and incorporated into 
the study are isotopic labelling experiments and a normal coordinate anaIysis [57]. The work is 
extended to cover NMR spectroscopic exchange processes involving the related rhodium(I) 
complexes cis-[Rh(CO)2(L)X] (L = pyridine N-oxide, X = Cl or Br) [58]. The tsN-labelled 
pyridine derivative (8) has been incorporated into the rhodium(I) comp!exes cis-[RhX(PPh&@)] 
(X = Cl, SC&) and [RhCl(PPh3)L(8)] (L = C2H4 or CO) as well as in related rhodium(II1) 
species (see section 3.2.4). Multinuclear NMR spectroscopic studies included t5N-observed with a 
shift range of Q-l 10.6 to -128.9 (with respect to MeN@) for the complexes studied [ 191. 

The synthesis and characterization of ligand (27) and its reaction with [Rh2(nbd)$&] in 
methanol in the presence of KPF6 have been reported. The complex product is [Rh(27- 
N,N’fl’?(nbd)][R&j) - IR, tH and 1% NMR spectroscopic are consistent with, and single crystal 
structural data confinn, a distorted trigonal bipyramidal geometry with the pyridine-/V atom 
occupying an axial site with the two pynole-l\l atoms equatoridlly sited. The coordinated ligand is 
described by the authors as adopting a helical conformation [60]. 

The dimars ~Rh2(c~)~~~~l, IRha(nbd)2612] and ]Rh2(CO)4 I%] react with adiimines (I_,) 
N~!J, NMez or Ph; R = NH2, R’ = OH) OT with 2,2’-biquinoline 

chloride to yield complexes such as [Rh(SnCl3)(cod)L] and 
tRh(Sn~l~)(n~)L]. Intramolecular rearrangements in solution have been observed using IH and 
11% NMR spectroscopies. In the absence of SnClq, the reactions proceed to give the fluxional 

(L’2= cod, nbd or (CO)2) or the salts [RhL’2L]+[RhL’$l2]- [till. 
urn(I) complex containing an N-donor atom ligand is [Rh(cod)ClL] where L 

is 1,5-dia~bicyclo[4,3.0]non-5-ene; the compound has been prepared and structurally characterized 
as part of an investigation of species with P&donor ligands 1771 (see section 3.45). 

Numerous rhodium(I) complexes which incorporate phosphine ligands [9,19,48-50,52- 
Se] have already n mentioned in earlier parts of section 3.4 and these are not repeated below. 
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The crystal structure of [Rh(PMe2Ph)&‘l has been determined, the environment about the 
rhodium(I) centre in the cation (28) is in between square-planar and t,zr&&al [62]. The results of 
a detailed vibrational spectroscopic study of [Rh(PPh3)3Cl] have been analysed 1631. The 
conversion of truns-[RhCl(CO)(PPh3)2] to [Rh(PPh3)$1] can be accomplished in high yield by 

using diphenylphosphoryl azide as a CO ligand abstracting agent; the interest in this research is in 
achieving methods of recycling rhodium [64]. 

(28) 

Complexes of the general formula rrarts-[RhCl(CO)L2] m which L is PPh3 or the ligands 
(29) to (31) have been prepared and characterized by IR, solution lH, l3C and 3tP NMR and solid 
state CP/MAS NMR spectroscopies and conductivity measurements. The data are consisten! with 
the complexes involving ligands (29) to (31) being square-planar [65]. 

l-f I \ 
P 

Ph 
(29) 

Ph 
(30) 

rh 
PhOP 

Y 

(31) 

Ph2P, 4” 
N N(SiMe,)2 

Ph;, 3 
N NH 
H * 

* = coordinudon site 
(32) (33) 

Treating the dimer [Rh#od)2C12] with two equivalents of ligand (32) in thf leads to the 
formation of [Rh(cod)OZ)CI] for which 1H and 3lP NMR spectroscopic data are consistent with a 
P-bonded ligand. If the reaction is carried out in acetone in the presence of sodium 
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tetrafluoroborate, the product is (Rh(cod)(33)][BF4]. This rhodium(I) compound has been fully 
characterized and an X-my diffraction study confvms that the ligand is P,N-bonded, forming a 5 
membered chelate ring t&i]. 

Rhodium(I) complexes containing the ligands ROP=N(CeH2-2,4,6-tBu3) (R = Me, 2- 
MeC&I& L, have been prepared from [RhCl(PPh3)3] and are of the types [RhCl(PPh3)L21 for R 
= Me, or [RhCl(PPh&L] for R = 2-MecgH4. It was noted that when the ligand is XP=NAr where 
X = Cl, Br or I, reaction with [RhCl(PPh3)3] leads to oxidative addition of the P-X bond rather 
than phosphine exchange [67]. Ligands of the form [R2PCH$ZR’20]- are of interest because they 
contain both hard and soft donor centres. When [Rh2(C0)&12] reacts with R~PCHZCYBUZOH 
(where R = Me or Ph), the square-planar complexes rrans-[Rh(CO)Cl{ R~PCH~C~BU~O)~] 
are formed. For R = Me, crystallographic data illustrate that the ligand is coordinated in a 
monodentate manner through the phosphorus atom but that there are significant Rh-***HO and 
Cl*n*-HO close contacts in the solid state. The results of solution studies of 
[Rh(CO)Cl[ Ph2PCH@Bu20)2] indicate that the Rh****HO interactions are retained, but this is not 
the case for [Rh(CO)Cl(Me2PCH2CtBu20] 21; for [Rh(CO)Cl(Ph2PCH#tBu20)2], the 
resonance due to the OH proton in the tH NMR spectrum is a doublet with J(lH-to3Rh) 2.7 Hz 

KW. 
Work with didentate bis(phosphine) ligands has included the use of (f)-trans-1,2- 

bis(diphenylphosphine)cyclopentane, L. This ligand reacts with [Rh2(OAc)2(NCMe)6][BF& to 
give the square-planar mononuclear complex [RhLz][BFa] for which a crystal structure 
determination has en can-led out [69), Ligand (34) has been used to assemble a hetemmetallic 
complex in which the bis(oxygen) and bis(phosphine) domains recognize zinc(R) and rhodium(I) 

nd reacts with an excess of Zn(O3SCFg)z to give [Zn(34)(0$K!F3)2] 
with [e13u~NJ[RhC12(CS)2], this complex reacts to produce 

l)Rh(CO)] in which the rh ium(I) centre is in a square-planar environment, 
by the two PPh2 ups of (34), the brtdgin chloride and the CO li 

phosphine donors are mutually coafums that the two me 
not within bondin ydroformylation catalyst [7Q], 

The results of lW, 136, 31P NMR spectroscopic investigations of a series of salts of 
I+ or [Rh(nbd)L]+, in which L is one of the didentate chiral ligands (39, have been 

> The solution data are consistent with each complex possessing C2 symmetry [71]. The 
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synthesis of a diastereomeric mixture of ligand (36) for R = 2-MeOCgH4 has been followed by 
successful chromatographic separation and purification of the diastereomers. The compound 
[Rh(cod)Z][BF4] reacts with the bis(phosphine) (36) to yield complexes of the type [Rh(cod)L]+ 
which are catalysts in enantioselective hydrogenation reactions; further catalytic studies involving 
rhodium(I) complexes with both the ligands (36) have been described [72,73]. The synthesis of a 
tetrasulfonated derivative of BINAP and the complexation of this ligand with rhodium(I) have 
resulted in the isolation of the compound [Rh( (R)-BINAP(S03Na)4)(cod)][ClO4]. In water, this 
catalyses asymmetric hydrogenation reactions and the active species is proposed to be [Rh( (R)- 
BINAP(S03Na)4)(H20)2]+ [74]. 

*r 
CI s R = 4-C,H,-X 

PR2 

X = NMe2, NMe3’BF4-, NMqH%F, 

PR2 
(35) 

NC(O)O’Bu 

R = Ph, 2-Me0C$14 

(36) 

New complexes of rhodium(I) of the form [(OC)2Rh(p-L)Rh(CO)z]- or 
[(OC)(PPh3)Rh(p-L)Rh(PPh$(CO)]- where H3L is (37) have been prepared and characterized. 
Crystallographic data confirm that in both anions, the rhodium(I) centres are well separated and 
each is in a square-planar environment; ligand L3- is tetradentate, and behaves as an N,O-donor to 
each rhodium atom. Related diiridium complexes are described in the accompanying review article 

]751. 
0 0 

HO 

W 

OH 

N* 9-l 
N 

(37) 
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Treating the dimer [Rh&od)$.I2] with two equivalents of ligand (32) in acetone in the 
presence of NaBF4 yields the complex [Rh(cod)(33)][BF& compare this to the retention of (32) 
when the reaction is performed in thf (see section 3.4.4). The compound [Rh(cod)(33)][BF4] has 
been fully characterized (multinuclear NMR spectroscopies and crystallographic data) and the 
ligand is established to be bound as a P,N-chelate [66]. The trimethyl substituted compound 
Me$iN=PPh&!H2PPhZ is a precursor to the new ligands RN=PPh2CHzPPhz (R = 4-(CN)C@4, 
2,4-(CN)&F3,3,4-(CN)&jF3, 5-F-2,4-(NO&C&I2,2,4-(NO&&H3). The reactions of these 
compounds with [Rh2(C0)4Clz] produces the square-planar chelate complexes 
[RhCI(CO)( RN=PPh$ZH2PPhZ)]. The cis-arrangement of the chloro and carbonyl ligands has 
been confirmed in the single crystal suucture of [RhCVCO){ (4-(CN)C&)N=PPh$H2PPh2}] 

1761. 
The ligands L (38) react with [Rh2(cod)$Zl2] in the presence of TlPF6 at 273 K to yield 

UUt(cod)L][PF6] in which (38) functions as a P,Wchelate, leaving the donor atom of the R group 
uncoordinated. Square-planar geometries are proposed for the compiexes. At 298 K, the products 
polymerized phenylacetylene and polymeric materials have been isolated. In this same work, the 
synthesis and crystal structure of [Rh(cod)ClL’] where L’ is 1,5diazabicyclo[4.3.0]non-5ene have 
also been reported [77]. 

P-R 
I 

R = OEt, OPh, NHPh, NHCy 

Ph 
(38) 

ands capable of actin as P,S~donsrs include (39) which has en prepared from 
potentially this is trld tate but in its reaction with [Rh(cod)(acae)] in the presence of 
) ftx-m~ the complex [Rh(c )(39)][6104] and in the cation, it bonds through one 

phosphorus and one sulfur atom. Treatment of /Rh(cod)(39)][C104] with CO produces an 
equilibrium mixture of [Rh(CO)2(39)][Cl04] and [Rh(C0)(39)][ClO4]. The position of the 
ec@librium depends upon the partial pressure of carbon monoxide and the system represents a 

from a 16. to 18-electron complex. In each cation, ligand (39) behaves as a P,P’,S-donor 
and the crystal structure of [Rh(CO)(39)][6104] shows that in the complex cation, the CO ligand 
lies to the sulfur atom of the thiophene ring. Both species have been investigated in solution 
by 3lP, t3 and 1H NMR and IR spectroscopies; a value of J(*u3Rh-3lP) of 90.3 Hz has been 
recorded [78], 
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The reactions of PhzPCH2P(=Y)Rz, HL, (E = S, Se; R = Ph, tBu) with the dirhodium 
complex [Rh2(cod)$Jl2] lead to the formation of the cations [Rh(cod)(HL)]+ (isolated as the 
perchlorate or hexafluorophosphate salts). After deprotonation with NaH, the neutral compounds 
[Rh(cod)L] are generated. For E = S, an alternative preparative route may be used. The cation 
[Rh(cod)(HL)]+ with E = S and R = tBu, reacts with two equivalents of CO or tBuNC, or one 
equivalent of dppm with displacement of cod. The single crystal structures of 
[Rh(cod)(HL)][ClO,&CH$& (for E = S and R = Ph or tBu) have been determined [78a]. Work 
from the same group focuses on the preparation and complexation of the anion 
[Ph2PC(P(S)Ph2)2]-; it reacts with [Rh&x&C12] to produce [Rh(cod)(PhzPC{P(S)Ph2)2)], the 
solid state structuez of which has been determined. This complex reacts with tBuNC and 12 or 
PhCHzBr; products including [RhIZ(tBuNC)2(PhZPC( P(S)Ph2)2)] have been isolated and 
characterized [79]. Related to these results are the independent studies of Contreras er al. who have 
prepared and characterized the compounds [RhL2(H2C( P(E)Phz ]][BFqJ (E = S or Se; for 
example, L2 = (CO)(PPh3), (CO);, cod). Butyl tirhium and sodium hydride react deprotonate the 
coordinated H$!(P(E)Php j ilgmd giving neutral complexes [80]. 

35 D - AND POLYNUCLEAR RHODIUM COMPLEXES 

35.1 CC, V&?XeS with halide bridges 

Reduction of [Cp*2Rh#l2(p-C1)2] by sodium/mercury amalgam gives the deep blue 
dimer [Cp*2Rh&-Cl)21 (40), and the bridging nature of the chloride ligands has been confirmed 
crystallographically - the Rh-Rh bond distance is 2.617(1)A in one of two independent 
molecules. At low temperature, compound (40) reacts with 02 to produce the unstable adduct 
[Cp*2Rh2(~-Cl)CI(~,~t:$-02)] which is fluxional in solution. The reaction of this compound 
with PPha yields the mononuclear complex [Cp*Rh(@)(PPh3)], or with an excess of PMe3, [(t’t4- 
C~Ma&H~)Rh(PMe&#.?l is formed; the results of an X-ray diffraction study have confirmed the 
presence of a fulvene Ii and in the latter complex. The reaction of compound (40) with PhNO has 
also been investigated [fil]. 

Cotton et al. have reported the preparations and structural characterizations of new chloro 
and bromo-bridged dirhodium complexes -- tl,5,6-RhzCla(PEt3)31, [1,3,6,8-RhzC16(PEt3)41, 
[ 1 ,%6-RhzC16(PnPr3)3], [1,5,6-Rh2Brg(PEt3)3], [ 1,5,6-Rh2Br6(PnPr3)3], [ 1 ,5,6-Rh2Br6(PnBu3)3] 



126 C.E HoNsecrI~~~Cf)~rdination Chemistry Reviews 152 (lY!%) 107439 

and [ 1,3,6$-Rh2Brg(PnBu3)ql with the numbering schemes in structures (41) and (42) for 9 or 10 
ligands respectively. There is a marked rrons-effect wsulting in significant elongation of t+e Rh- 
Xbridgc bond distances [82]. Further studies have concentrated on the reactions of the anions 
[Rh2X$PEt3)2]- (X = Cl, Br) (which possess face-sharing bioctahedral structures) with PM+ 
PEt3 or PMeZPh. The addition of one equivalent of phosphine proceeds stereospecifically to 
generate [ 1,6,8dh2X7(PR3)3]-. When an equivalent of PEt3 is added to [1,5-Rh2Bo(PEt&]-, the 
reaction mixture reaches an equilibrium containing the complexes [ 1,5Rh2Bq(PEt&]-, [ 1,6,8- 
RhzBq(PEt+$, [1,2.6-RhzBr6(PEt3)3] and trans-[RhBq(PEt&]-. The reactions have been 
monitored by use of 3*P( t H) NMR spectroscopy and structural data have been presented for four 
of the complexes [%3]. 

1 

4- 8‘ 
(41) (42) 

The synthesis of [Rh2L&-Cl)21 [L = (CSFS)~PCH~CH~P(C~FS)~] from [Rhz(cod)$lz] 
has n described. In the product, each rhodium centm is square-planar, coordinated by a chelating 
bis(phosphine) ligand and two bridging chlorides. The compound [Rh2L&-Cl)21 exhibits a high 
thermal stability, and go oxidative addition with Hz, 02 or RX (X = halogen). 
Related iridium chemis reported [84, $51. 

The crysol structure of the hy complex [RhaL@OH)2] (43) in which H2L 
n determine& each rhodium centre is oetahedrally sited [86]. The reaction of 

~*Rh(~~~)(~T~~)~] with the nucleobase l-methylcytosine (L) is solvent dependent. In 
acetone, the p uet is mononuclear but on recrystallization from water at pH 5.1, the isolated 
roduct has been shown to be rru~-[Cp*2Rh2(qt-N(3)-L)2(Cr_OH)2](OTf)2. Both products have 

n characterized by ’ R spectroscopy, mass spectrometry and X-ray crystallogmphy. In the 
solid state, extensive hy en bonding between the bridging OH and exocyclic amine groups is 
present in the structure of frcms-[sp*2Rh2(rll-N(3)-L)2~-OH)2J(OTf)2 [87]. 

Substitution reactions involving the complex cation [Rh2(02)(OH)2(H20)# have been 
out at room temperature using chloride and bromide ion. Products have n characterized 

by ESR, Raman and UV-VIS s troscopies [SS]. The results of ESR spectroscopic studies on the 

complex lrm-[Cl(pykRh(p-Oz)Rh(py)qClj%+ both as a pure salt and when magnetically diluted 
in diamagnetic rra~-[Rh(gy)4Cl2]61,5!l20 huve confirmed that a superoxide bridge is present 

IW. 
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HN-NH 

127 

‘OH 

(43) (44) 

Chloranilic acid (45) and 2,5:dihydroxy- 1,6benzoquinone (H2L) react with [Rh& 
OMe)$‘Z] (e.g. L’ = cod, nbd) to give the complexes [Rh2L’&-L)] and for the chloranilate 
complex, crystallographic data confirm that the ligand is planar in the quinone-form; structure (46) 
shows the structure of [Rh2(cod)&t-L)] for H2L = (45). The reaction between [Rh(cod)(acac)] and 
(45) yields the tetranuclear compound [Rh4(cod)4(kL)2] - here, each chloranilate dianion is non- 
planar and interacts with three metal centres. The results of electrochemical investigations 
complement the structural data [90]. 

Cl 

Several crystallographic studies have dealt with derivatives of lRh#43Ac)4] with axial 
ligands and these include [Rh&-OAc)qLz] in which L is [2]staffane-3-carbonitrile-N, complex 
(47) [91], L is 2-(pyrrol-1-ybpyrazine [92], and L is MeOH 1931. 
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After recrystallization from tcne/benzene, the product of the reaction of ]Rh2(p-oZCCF3)41 
with tcne in CH2C12 has been isolated as the novel compound [(Rh2(~-OZCCF3)4]z.tcnel.2~6 
in which the four N-donor atoms of the tcne ligand coordinate in axial sites of the dirhodium units. 
The overall effect is that the ligand adopts a M,q4-mode and the solid state lattice of the complex 
consists of a beautiful infinite sheet structure. The Rh-N bond distances lie in the range 2.16 to 
2.19(1)A [94]. TWO related papers report syntheses and spectroscopic studies of the complexes 
[Rh2(@2CR)4L2] (R = Me, Et, Pr, CF3, PhCH=CH, and PhCHZCHZ; L = sulfadiazine); ligand 
L coordinates through the pyrimidine4 atom except when R = CF3 when it bonds through the 
aniline-N atom [9S, 961. Treatment of [Rh2(p-O2CCF&J with PPh3 leads to [RhZ(p- 
02CCF3)4(PPh3)2] which, at room temperature and in solution, undergoes slow orthometallnrion 
of two phenyl groups to yield [Rh2(p-O$‘CF3)2( p-C&$PPh2]2]. Phosphorus-31 NMR 
spectroscopic data have been recorded. (Further complexes of this type are described in section 
3.58). In the same paper, Lahuerta et al. have reported the reaction of [Rh2(CL-Q$CF3)4] with an 
excess of pyridine. The heterocycle coordinates in both axial sites as well as in two equatorial sites, 
the latter being at the expense of two bridging carboxylate ligands which become monodentate [97]. 
Further work from this group has focused on the syntheses and characterization of the dimers 

KRh2(CL-OzCCRa)z(CO)z(PCY1)21 and [Rh2(Cr-O2CCR3)2(CO)3(PCy3)1 (R = H, F); the 
compounds have been prepared by the displacement of rhodium-bound cod by CO and then 
phosphine. The additions of the alkyne MeO~CCaCC02Me across the metal-metal bond in these 
complexes have also been studied, as has the reaction of [Rh&-OAc)2(C0)2(PCy3)2] with 
pyrazole (HL) to lRh2(cr_OAc)(~-L)(C8)2(PGya)2]. Interestingly, an attempt to perform the 

ween pyrazole and [Rh2(lr_Q2CC~~)2(CO)2(PCy3)2] was unsuccessful [98]. 
2,2’-Bipyridine reacts with lRhZ(p-OAc)4(MeOH)2] in acetone with the formation of 

(Rh2(~~~Ac)~(~Ac~~b~y~] (41)) in high yield. The solid state structure of this dinuclear complex 
has been confirmed hy H crystallographic study, and the Rh-Rh bond distance is 2,475(2)A. With 

and displacement in complex (48) results in the formation of [Rh2(p- 
BAc)a(MegH)(bpy)]lQ)Ae3,4.Me0# which has been characterized by 1H NMR spectroscopy and 
conductance measurements, Treatment of lRh2(~oCc:Pa)d(MezC0)2] with 2,2’-bipyridine and 
recrystallization of the product from thf/water yields crystals of the compound 
lRh2(~CCF3)4(bpy)(th~(H2O)].thf. A single crystal X-ray diffraction study shows that two 
curboxylate ligands bridge the dimetal unit whilst two are monodentate, both associated with the 
same rhodium cenue. In another reaction in this work, bpy and [Rh2(OAc)2(MeCN)&+ combine 

ive [ah&t-OAc)2(bpy)(MeCN)&+ (49) isolated as the tetrafluoroborate salt 1991. 
The dimer [Rh2(kOAc)4(H20)2] reacts with adenosine, but not with guanosine, cytidine 

or uridine, and solution NMR spectroscopic investiga s have been carried out to attempt to 
understand this specificity. The experimental work has n complemented by theoretical studies 

the role of x-bonding [ IOO]. With adenine and @,i&dimethyladenine, [Rh@ 
~CCF3)2~~L)2~2~)2] (L- = N,N’-di-4-tolylfotmamidinate) reacts to give adducts in which the 
a&nine hgands are bound to the rhodium centres through the N(3) atoms. When sites N(3) and 
N(9) are blocked, and the ligand is adenosine (HL’), the complex that forms incorporates the 
adenosine ligand in a didentate mode, coordinated through the N(1) and deprotonated amino-N 
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atoms. The reactions of [Rh2(~-02CCF&(p-L)2(H20)2] (L- = N,N’-di-4-tolylformamidinate) 
with cytosine, I-methylcytosine and cytidine result in one-electron oxidations and the formation of 
paramagnetic compounds [loll. 

o=o 
(48) (49) 

Chiral heterocyclic ligands which include (50) react with [Rh@OAc)g] by displacement 
of all four carboxylate ligands. The new complexes have been characterized in solution by tH 
NMR spectroscopies and by representative solid state structure determinations. The interest in the 
structural data arises from efforts to understand the relative effectiveness of such complexes as 
catalysts for the enantiocontrol of metal-carbene transformations; the results of catalytic studies 
have also been reported [ 1023. 

o\ 

H 
(I?)- or (S)-(SO) 

35.4 Complexes with bridging ligunds containing NO-donors 

The formation of the dimer [Rh&]+ in which HL is 2-hydroxy-6-methylpyridine has been 
described. The analogous neutral complex was previously known and it undergoes an 
electrochemical one-electron reversible oxidation (El/2 +0.48 V vs. Fc/Fc+) - chemical oxidation 

to the radical cation can be achieved by using tris(4-bromophenyl)aminium hexachloroantimonate. 
The results of a crystallographic study of [Rh241[SbCl&2CH2ClCH$Zl reveal that the N-donor 
atoms are mutually truns, and there is a c&arrangement of N- and O-donor atoms; the Rh-Rh 
bond distance is 2.359 i(7)& Further data on the cation include EPR spectra and an analysis of the 
electronic structure [ 1031. The conjugate base L-of the ligand (4S)-(51) has been incorporated into 
the dirhodium complex [Rh#-L)4]. Solution tH and 1% NMR spectra are consistent with a cis- 
arrangement of N-donor atoms at each metal centre and this has been confirmed in the solid state 
by crystallographic data for the adduct [Rh2L4(MeCN)2].2MeCN. The complex has been used in 
studies of enantioselective carbene transformations [ 1041. 



The reaction between the substituted pyridine (52). HL, and the dimer [Rhz(p- 
OAc)2(NCMe)e][BF& leads to the formation of [Rh&-OAc)(p-L)2(NCMe)3], characterized by 
UV-VIS spectroscopy and an X-ray diffraction study - one axial site is occupied by an acetonitrile 

ligand [69]. 

The single crystal structures of the thiolate bridged complexes [Rh2(CO)&-SR)2] (R = Et 
or Ph) have been determined [ 1051. The dithiols HS(CH&SH (n = 2-4) react with [Rh&xd)2(~- 
OMe)a] to yield the dirhodium compounds [(Rh2(cod)2(p-S(CH&S))x] (x = 1 or 2). 
Confirmation of the bridged structure comes from crystallographic studies of [RhZ(cod)z(p- 
S(CH&S)] (53) and (Rh&xtd)&-S(CH2)@)]. Despite the structures indicating a formal Rh-Rh 
zero bond order, the results of molecular orbital calculations suggest a degree of direct metal-metal 
bonding character t106]. 

derivatives L-, where HL is (54), bridge the dirhodium framework in the 
compounds [Rh2(CO)@-L)2(p-dppm)] and [Rh2(CO)2(~L)&-dppe)], and addition of dppm to 
[Rh2(CO)2(p-L)&-dppm)] leads to a change in the bonding mode of one L- ligand. The solution 
properties of these and related iridium complexes have n detailed. Biiodine adds to the dimetal 
unit and the crystal structure of I[Rh2I%(Co)z(~-L)z(l- )] confirms an N&bridging mode for 
the heterocyeles with a head-to-tail arrangement of ligands [ 107]. In independent work, compl?:i 

the conjugate base of the related ligand (SS), HL, has included the preparation 
and characterization of [Rhz(~L)~(CO)3(PPh$] - the phosphine ligand lies tram to the sulfur- 
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donor atom. In solution, [Rh2(p-L)2(CO)3(PPh3j] is in dynamic equilibrium with [Rhz(p- 
L)2(CO)4] and [Rh2Q-L)2(CO)2(PPh3)2]. Treatment of [Rh2(cI-L)2(CO)2(PPh3)21 with 
triphenylphosphine leads to cleavage of the dirhodium framework and the formation of 
[RhL(CO)(PPh&] in high yield [ 1081. 

35.6 Complexes with nitrogen-containing ligands 

A number of dirhodium complexes involving nitrogen-donor ligands which are not in 
bridging modes were reported in 1993. In work that aims to show the potential of combining 
polyoxoanions and dinuclear complexes with possible implications for a new area of solid state 
chemistry, Dunbar et al. have prepared and characterized a number of novel systems including 

[Rh2(NCMe)1ol[Mo601912, [Rhz~NCMe)lol[Mosozal and [Rh2(NCMe)iol[W60i912. The 
synthetic strategy is to combine, for example, [Rh2(NCMe)lo][BF& and [“Bu,@Q[M~Otg]. The 
compounds have been characterized from infrared and electronic spectroscopic data and elemental 
analyses, as well as a single crystal structure determination of [Rh2(NCMe)to][Mo&g]2. The 
solid state lattice consists of discrete cations and anions, and the ligands in [Rh2(NCMe)to12+ adopt 
a staggered conformation; the Rh-Rh bond distance is 2.616(3)A [109]. 

The reaction of Z-(NC)(H2N)C=C(NH2)(CN), H2L, with [Rh$&(C0)4] followed by 
oxidation in air, leads to the formation of the dirhodium complex [Rh2(CO)qL2] (56). The ligand 
coordinates through the deprotonated amino-N atoms and adopts a chelating mode. In the solid 
state, molecules stack to give one-dimensional columns running parallel to the a-axis; the rhodium 
atoms form the core of each column. For the two crystallographically independent molecules, 
intramolecular Rh-Rh distances are 2.822 and 2.843& and the intermolecular Rh----Rh separations 
are 4.081 and 4.109A [ 1101. 

=N 

66) 

Whereas the reaction between ligand (6) and RhC13.3HzO in ethanol gives the mononuclear 
complex [Rh(6)C13], that between (57) and RhC13.3HzO leads to the dirhodium complex 
[Rh2(57)C16]. When aqueous suspensions of [Rh(6)C13] or [Rh2@7)Cl6] are treated with sodium 
borohydrlde followed by KPF6, the hydride complexes anti-[Rh2(6)2(H)2(p-H)2][PF& and syn- 
[Rh2(57)2(H)&-H)2:I[PF& are formed respectively. The structure of the former has been 
determined both by X-ray ,mnd neutron diffraction methods and the modes of hydride attachment in 
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the cation (58) have been confiti, the {HRh(p-H)zRhH)z+ co= is planar. In solution, anti- 
[Rh2(6)2(H)&-H)#+ shows fluxional behaviour on the NMR spectroscopic timescale but 
[Rh2(57)2(H)2(p-H)#+ is static [ 171. 

H atoms omitted except&w hydrides 

Laser flash phorolysis of [RhX(dmgH)2(Poh3)] (X = Cl, Br) with [ (CpW(CO)3)2] is 
reported to lead to the formation the dirhodium complex [Rh2(dmgH)q(PPh3)2]. The reaction 
proceeds through the radical [Rh(dmgH)Z(PPhg)]’ followed by dimerization (k = 2.1 x 108 dm3 
mol-1 s-t) and the dimer has been observed by UV-VIS spectroscopy (ilmax =452 nm, &ma = 5 
x 10s dm3 mol-1 cm-l) [l Ill. 

A bridging nitrosyl ligand is present in the compound [Rh&-NO)(pH)(P@r3)4] which 
from RhC13.3H20, PiPr3, NaOiPr/@rOH and N-methyl-N-nitroso-4- 

und has been characterized both in solution (where the fluxional 
nd in the solid state; the RhzNQ-unit is planar [112]. 

SCOQiC data have n recorded for a family of complexes of 
fotmula leRh%Xa(~Y)(Cr_dpprn)alRS (n = 0, Y = CO, X = Cl, Br, I; n = 0, Y =SQ, X - C1; n = 0, 

; n = 1, Y = Cl, X = CO) and for [Rh2(CO)2(11_Y)(~CO)(Cr-dppm)z]+ (Y = H, 
ncludes other related A-frame type complexes [113]. The dirhodium compound 

[Rh$Zl&t-CO)(r_dppm)2] reacts with LiAlG in thf to yield [Rh2(AIH&(&t-CO)(dppm)2] but 
was obtained only In situ. With NaBIQ in toluene and methanol, [Rh&!l&-CO)@- 
cts to produce [Rh2(BH&(p-CO)(dppm)2], whereas in thf and methanol, the reaction 

proceeds to give [Rh2(r_H)2Ha(CO)(dppm)2]. This undergoes reversible loss of Hz, The new 
compounds have been characterized by IH, t3C and 31P NMR and IR spectroscopies, and the 
crystal structure of the rel )(BH&iCL_2-Ph#py)2] (59) (the preparation of 

) has been determined. Only the boron atoms of the borohydride ligands 
hically located and the &I NMR sgw:ttzm of the compound did not provide 

unambiguous data with regards to the hydrogen atom locations - at room temperature, one signal 
at 6-Q which, on cooling to 198 K, gave rise to three broad signals at S-3.25, 
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-3.77 and +O.OS. Infrared spectroscopic data do however suggest that each borohydride Qand 
coordinates in an lj2-mode El 141. 

FOP Ph rings. only the ipso-C atoms are shown. 

69) 

The reaction of hydrogen sulfide with [Rh2(CO)-&t-dppm)2] results in the loss of CO and 
H2 and the formation of [Rh2(CO)&-S)(dppm)z]; the reaction is quantitative. An analogous 
reaction with H2Se gave an unidentified product, although a hydridic species was obtained when a 
diiridium precursor was used. With the heterometallic complex, [IrRh(CO)&,t-dppm)z], H2S and 
HZSe react to yield the complexes [IrRh(H)(CO)&-EH)(dppm)2] (E = S or Se), and their 
formation is followed either by rearrangement or loss of dihydrogen. A series of related reactions 
has also been reported and the rhodium-containing products have been characterized by IR and 
NMR spectroscopies [ 1151. The sulfur-bridged compound [Rh2(CO)#-S)(dppm)z] also features 
in a separate work in which it has been shown that the catalytic dehydrogenation of cyclooctane can 

t about by the irradiation (&nox = 475 nm) of [Rh2(CO)&-S)(dppm)2] in the presence 
of the cycloalkane; the initial turnover frequency was 32.8 hr-1 [116], 

(60) 

The reactions between carbon-based electrophiles and a tautomeric mixture of the arylimido 
and arylamido complexes [Rhz( p-N(4-RCtjH4))(C0)2(p-dppm)2] and [RhZ(p-NH(4- 
RC&))(C0)2(CL_dppm)(l.t-L)] (HL = dppm; R = various) yield addition products of the type 
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shown in structure (60)- the group R’ originates from the electrophile. In addition to tH and 3tP 
and IR spectroscopic characterization, the nature of the products has been illustrated by a 
representative crystal structure determination [ 1171. 

35.8 Complexes with cyclometallated bridging ligands 

We have already mentioned the slow orthometallation of two phenyl groups which occurs 
in solutions of [Rh&t--O$CF3)4(PPh3)21 to give [Rh2(~-02CCP3)2(~-C~4PPh2)21[971, and 
this section surveys similar compounds with dirhodium cores. 

When trifluoroacetic acid is added to [Rh2Qt-OAc)g ( p-G$WWul WOAc)21, a 
substitution reaction occurs and the axial sites are occupied by two CF3C02H molecules. The 
monodentate coordination mode of each axial ligand has been confitmed by a single crystal X-ray 
diffraction study (Rh-Rh = 2.438(l)&. The reaction has been monitored by tH NMR 
spectroscopy and this includes the use of a 2H labelled precursor, with the deutero-label present the 
phosphine ligand; D/H exchange at the o&to-positions of the Ph rings has been observed and this 
has been interpreted as showing that the reaction pathway involves reversible Rh-C bond cleavage 
followed by orthometallation [118]. The reaction between PPh2(2-ClC6Hq) and [Rh2(p- 
OAck(MeOH)a] in hot aqueous acetic acid leads to the formation of the two dirhodium complexes 

[Rh2(C1-OAc)?((CdCq)P(2-CICsSIg)Ph)(HOAc)21 and [Rh2(~-OAc)3((2-ClCgH3)PPh2)(H20)21 
(61), depending upon the site of orthometallation. Roth compounds have been characterized by X- 
ray diffraction methods .- in the former, acetic acid ligands occupy the axial sites but in complex 

these can be replacd by acetic acid [ 1191. The way in which 
Ph)(HOAc)2] reacts with trifhroroacetic acid has been studied. 

)Ph~)(H@)] and crystallographic 
attachment of the phosghine Ii and. However, in CHCl3 

[ 120]. The synthesis and crystal 
)P(2-RrC&)Ph) (HOAc)z] have 

, The kinetics of the stepwise exchange of ]AcO]- ligands for [CD3CO2)= have 
the process has been proposed 

The reactions of fRh&OAc)4(MeOH)2] with dppf or (r$-Cp)Fe(n5-cgN4PPh2), L, have 
been shown to give [(RhZ(CL-OAc)r(MeOH))a(dppf)] or [Rh#-OAc)sL] respectkely. On 

[Rh&t-OAckL] undergoes orthometallation to generate [Rhz(p-OAc)g((Ct$Q)PPh($- 
(l$Cp))(HOAc)2]. Further treatment with ligand L leads to an adduct, which, after 

heating gives [Rh2(~-OAc)2((CdCI)PPh(rlS-C5W4)Fe(~~-~))2(HOAc)], present as a mixture of 
two conformations1 isomers. The dirhodium compound [( Rh2(b-OAc)4(MeOH))2(dppf)] also 

8 orthometallation when heated, and the product is [Rhz((p-OAc)z( ((C6IQ)PhP(qS- 
2~e]~HOAc)] (61); crystallographic data reveal that the two cyclopentadienyl rings of the 
yl unit are mutually staggered and the B-donor atoms are cis-to one another [ 1221. 

Atthough not dinuclear, the complexes [RhCl(q2-CgH4PPh2)(ql-PPh2(2-CICgH4))L]+ (L = bpy 
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or phen) are mentioned here because of their relationship to the orthometallated species above 
[ 1231. 

(61) 
For two phenyl substituents, only the @so-C shown. 

(62) 

35.9 Heterometallic complexes 

Several heterometallic species have already been described and in this final section we 
extend the discussion. Separate dirhodium and polyoxoanion domains are present in the complexes 

IRhz(NCMe)lol[Mo601912, [Rh2(NCMe)lol[MosO261 and [Rh2(NCMe)lol[WaOtgl2 [lo% but 
an example of direct combination of rhodium and polyoxoanion has been reported in the reaction of 
[Cp*aRhzCl4] with [l3~Nj~[Mo$&~(OMe)~(NO)(Na(MeOH)1.3MeOH. After recrystallization 
from CH$‘Z’12, the isolated product is [(Cp*Rh)#-Cl)MosOt3(OMe)4(NO)]. The corresponding 
bromide complex has al,su been formed in addition to related chloride-free compounds. A single 
crystal X-ray diffraction study of the bromide compound shows that each rhodium can&e is 
coordinated by two terminal 0x0 groups of the polyoxoanion and the bromoligand bridges the two 
rhodium atoms. The crystal structure of the halide-free compound 
[( Cp*(HzO)Rh)Mo50t3(OMe)4(N0)].2H20 reveals that the rhodium centre is again associated 
with two terminal 0x0 groups of the polyoxoanionic fragment 11241. 

The preparations and characterizations of the cation [LHRh(p-H)2Cu(p-H)zRhHL]+ and its 
silver(l) analogue [L = MeC(CH2PPh2)3] have been described; IR and tH and 3tP NMR 
spectroscopic data have been reported. A crystal structure determination for salts of the two 
complexes confirm the presence of near linear Rh-M-Rh (M = Cu, Ag) arrays [1251. The 
reactions of [Rh2(C0)4C12] with trans-[Mn(CN)(CO)(dppm)z] or cis- and rrans- 
[Mn(CN)(CO)2(PR3)(dppe)] (R = OEt or OPh) lead to the formation of the heterometallic species 
trans-[(dppm)2(OC)Mn(pCN)Rh(CO)~Cl], or cis- and trans-[(OC)z(dppe)(R3P)Mn(p- 
CN)Rh(CO)$l] respectively. The electrochemical properties of the complexes have been 
investigated and each undergoes an oxidative process centred on manganese, and the chemical 
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oxidation of truns-[(dppm)2(OC)Mn(p-CN)Rh(CO)&!l] results in the Formation of an isolable 
cation. A comparison of structural parameters for these neutral and caticaic complexes indicate that 
the oxidation is accompanied by significant geometrical changes only around the manganese centre. 
The reaction of cis-[(OC)2(dppe)(R3P)Mn(p-CN)Rh(CO)2Cl] with TlPF6 produces a 
hetetometallic complex with a MnzRh-core, the electrochemical behaviour and solid state structure 

of which have been investigated 11261. 
The zinc(I1) alkyls Zn(CHzPh)z, ZnCpp and Zn(C3Hg)Z react with [LRh(p-H)zRhL] (L =- 

iPr2PCH2CH2PiPr2 or lpr2PCH2CH2CH2PiPr2) to yield heterometallic compounds of general 
formula [(LRh]2(l.tL-H)2(p-ZnR)2]. In solution, IH and 31P NMR spectroscopies have been used 
to probe fluxional behaviour, and the solid state structure of [ ((lPr2PCH2CH2CH2PiPr2)Rh]2(l.t- 
H)&-ZnC!p)Z] (63) illustrates that the four metal atoms define a butteffly framework with the zinc 
atoms in wingtip sites. The RhZ-core is retained, but the Zn-Zn separation is >2.8 &; the Cp 
ligands adopt tj3-bcnding modes. The results of related reactions have also been reported [ 1271. 

, Crxwd. Chem. Rev,, 146 Part 1 (1995) 235. 
Davies, JJ. Galtoy, 8. Johnson, 0. Kennard, CF. Macrae, B.M. Mitchell, 

G.P. Mitebell, iM. Smith and D.G. Watson, J. C/tern. f@ Camp. Scci., 31 (1991) 1167. 
D. Sutton, C&m. Rev,, 93 (1993) 995. 
A.N. Buckley, LA, Busby, I.J. Ellison and R.D. Gillard, P&he&on, 12 (1993) 247. 

. Puranik, S.S. Tavale, P. Urnapathy and C.S. Dorai, J. Crya. Specfrasc. Res., 23 (1993) 

etz, C’i Peters and J.U. Vogt, 2. Nuturj?wxh Teil B 48 (1993) 348 
El. Alessio, P. Rleschini, A.S. Santi, G. Mestroni &d M. Calligaris, 1ncri. Chem., 32 (1993) 
5756. 
I% Lindner, Q. Wang, HA. Meyer, R. Puwzi and M. Steimann, J. Organomet. Chem., 453, 

, K. Nataya and ‘P. Yamamoto, Iruarg. Chum., 32 (1993) 2360. 
s, N.A. Bailey, A. Shacklady and P.M. Maitlis, J. Chem. 

Ma Pwez, J.K: Fait, P.D. Clark and C.G. Jones, Actu C@st&qr., Sect. C, 49 (1993) 383. 
P.F. Kelly, W. Levason, G. Reid and D.J.Williums, J. Chem. !&Fsc., Chem. Commun,, (1993) 
1716. 



C.E. HousecrofrKoordittation Chenlist~ Review 1.~2 (19%) 107-139 137 

13. N. Gdano, K. Harada and A. Urushiyama, Bull. Chem. Sot. Jpn., 66 (1993) 1991, 
14. K. Harada, Bull. Chem. Sot. Jpn., 66 (1993) 2889. 
15. M.S. Islam and M.M. Uddin, Polyhedron, 12 (1993) 423. 
16. L. Wang, R.S. Lu, R. Bau and T.C. Flood, J. Am. Chem. Sot., 115 (1993) 6999. 
17. D. Hanke, K. Wieghardt, B. Nuber, R.S. Lu, R.K. Mcmullan, T.F. Koetzle and R. Bau, Irwrg. 

Chem., 32 (1993) 4300. 
18. D. Lew and I. Amer. Tetrahedron-Asymmetry, 4 (1993) 2147. 
19. L. Carlton and G. De Sousa, Polyhedron, 12 (1993) 1377. 
20. P.A. Gosling, J.H. Vanesch, M.A.M. Hoffmann and R.J.M. Nolte, J. Chem. Sot., Chem. 

Commun., (1993) 472. 
21. S. Chardon-Noblat, S. Cosnier, A. Deronzier and N. Vlachopoulos, J. Electroanal. Chem., 

352 (1993) 213. 
22. C.P.M. Giesbergen, C. Terletski, G. Frei, H.U. Gudel and M. Glasbeek, Chem. Phys. Lett., 

213 (1993) 597. 
23. P. Didier, I. &mans, A. Kirsch-De Mesmaeker and R.J. Watts, Inorg. Gem., 32 (1993) 

5239. 
24. A. Zilian, G. Ftei and H.U. Gudel, Chem. Phys., 173 (1993) 513. 
25. K. Umeda, A. Nakamura and F. Toda, Bull. Chem. Sot. Jpn., 66 (1993) 2260. 
26. M. Beley and J.P. Collin, J. Mol. Catal., 79 (1993) 133. 
27. A.H. Krotz, L.Y. Kuo and J.K. Barton, Inorg. Chem., 32 (1993) 5963. 
28. R. Ma, Y.J. Li, J.A. Muir and M.M. Muir, Actu Crystallogr., Sect. C, 49 (1993) 89. 

33. 

;: 
36: 

39. 

40. 
41. 

42. 

:* 
45: 
46. 

47. 

48. 

49. 

50. 
51. 

:I 

Y.J. Li, R. Ma, M.M. Muir and J.A. Muir, J. Cryst. Spectrosc., 23 (1993) 493. 
D.P. Smith, M.T. Griffin, M.M. Olmstead, M.F. Maestre and R.H. Fish, !norg. Chem., 32 
(1993) 4677. 
D.P. Smith, E. Kohen, M.F. Maestre and R.H. Fish, Inorg. Chem., 32 (1993) 4119. 
R.G. Miller, J.A. Kyle, G.W. Coates, D.J. Anderson and P.E. Fanwick, Organometallics, 12 
(1993) 1161. 
M.J. Chen, J.W. Rathke and J.C. Huffman, Organometallics, 12 (1993) 4673. 
D. Kovala-Demetzi, Bull. Sot. Chim. Belg., 102 (1993) 193. 
M.B. Hursthouse, M.A. Mazid, T. Clark and SD. Robinson, Polyhedron, 12 (1993) 563. 
B. Giese, J. Hartun8, C. Kesselheim, H.J. Lindner and 1. Svoboda, Chem. Ber., 126 (1993) 
1193. 
GE. Efe and E.O. Schlemper, Polyhedwn, 12 (1993) 2869. 
!$,A. Westcott, H.P. Blom, T.B. Mauler, R.T. Baker and J.C. Calabrese, Inorg. Chem., 32 
(1993) 2175. 
M.J. Calhorda, A.M. Galvao, C. Unaleroglu, A.A. Zlota, F. Frolow and D. Milstein, 
Orgsnometullics, 12 (1993) 33 16. 
RD. Brost, G.C. Bruce, S.L. Grundy and S,R. Stobart, Inorg. Chem., 32 (1993) 5195, 
D.J. Radanovib, MI. Djuran, ‘P.S. KostiC and B.E, Douglas, fnorg. Chim. Acta, 211 (1993) 
149. 
R. Kramer, H. Wanjek, K. Polborn and W. Beck, Chem. Bet-., 126 (1993) 2421. 
V.K. Sharma and SK. Sengupta, Synth. React. fnorg. Metal-Org., Sect. C, 23 (1993) 401. 
G. Poszmik, P.J. Carroll and B.B. Wayland, Organometallics, 12 (1993) 3410. 
B.B. Wayland, A.E. Sherry and A.G. Bunn, J. Am. Chem. Sot., 115 (1993) 7675. 
J.E. Anderson, C.P. Murphy, J. Real, J. Balud and J.C. Bay&t, Inorg. Chim. Acta, 209 (1993) 
151. 
J.C. Swarts, T.G. Vosloo, J.G. Leipoldt and G.J. Lamprecht, Acta Crystalfogr., Sect. C, 49 
(1993) 760. 
G.J. Lamprecht, J.C. Swarts, J.Conradie and J.G,Leipoldt, Actu Crystallogr., Sect. C, 4% 
82,1993. 
A. Meetsma, T. Jongsma, G. Challa and P.W.N.M. Vanleeuwen, Acta Crystullogr., Sect. C, 
49 (1993) 1160. 
A.F. Borowski and D.J. Cole-Hamilton, Polyhedron, 12 (1993) 1757. 
M. Scotti, M. Valderrama, P. Campos and W. Kllui, Inorg. Chim. Acta, 207 (1993) 141. 
K. Osakada, K. Hataya and T. Yamamoto, Organometallics, 12 (1993) 3358. 
M. Di Vaira, D. Rovai and P. Stoppioni, Gazz. Chim. Ital., 123 (1993) 17 1. 



I3H C.E. Hortsei.rfrJC~~rnurinn Chumist~ Reviews 152 (19%) iO7-139 

54. M. Di Vaira, D. Rovai and P. Stoppioni, Polyhedron, 12 (1993) 13. 
55, A.J. Blake, M.A. Halctow and M. Schdider, Actu Crystullogr., Sect. C, 49 (1993) 85. 
56. A,J. Blake, E.A.V. Ebsworth and P.G. Watson, Actu Crysfullogr., Sect. C, 49 (1993) 1773. 
57. P.S. Hall, G.E. Jackson, J.R. Moss, D.A. Thornton, P.F.M. Verhoeven and GM. Watkins, 

Spectrosc. Lat., 26 (1993) 1247. 
58. P.S. Hall, G.E. Jackson, J.R. Moss and D.A. Thornton, J. Coo& Chem., 30 (1993) 63. 
60. M.C.L. Gallego-Preciado, P. Ballesteros, R.M. Claramunt, M. Cano, J.V. Heras, E. Pinilla 

and A. Monge, J. Orgunomet. Chem., 450 (1993) 237. 
61. L. Fidalgo, M.A. Garralda, R. Hemtindez and L. Ibarlucea, Inorg. Chim. Acta, 207 (1993) 

121. 
62. J.H. Reibenspies and D,J. Datensbourg, Acra Crysfullogr., Sect. C, 49 (1993) 141. 
63. H.G.M. Edwards, A.F. Johnson and LR. Lewis, Spectrochim. Actu, Part A., 49 (1993) 707. 
64. J.M. O’Connor and J.N. Ma, Inorg. Chem., 32 (1993) 1866. 
65, J.M. Kessler, J,H. Nelson, J.S. Fiye, A. Decian and J. Fischer, fnorg. Chem., 32 (1993) 1048. 
66. T. Chivers, K. McGregor and M. Parvez, Inorg. Chem., 32 (1993) 5119. 
67. V.D. Romanenko, A.V. Ruban, A.B. Roshenko, M.I. Povolotskii, T.V. Sarina, D. Gudat and 

E. Niecke, Mendeleev Commun., (1993) 7. 
68. P.B. Hitchcock, M.F. Lappen and LA. MacKinnon, J. Chem. Sot., Chem. Commun., (1993) 

1015, 
69. F.A. Cotton and S.-J. Kang, lnorg. Chim. Actu, 209 (1993) 23. 
70. J.R, Lockemeyer, A.L. Rheingold and J.E. Bulkowski, Organomerullics, 12 (1993) 256. 
7 1. I. T&h and B.E. Hanson, Orgutwmeurllics, 12 (1993) 1506. 
72. U. Nagel and T. Krink, Angew. Chem., ht. Ed, Engl., 32 (1993) 1052. 
73. U. Nagel and T. Krink, Chem. Ber., 126 (1993) 1091. 
74. K.T. Wan and M.E. Davis, J. Chem. Sot., Chem. Commun., (1993) 1262. 
75. G. Net, J-C, Baybn, P. Esteban, P.G. Rasmussen, A. Alvarezlarena and J.F. Piniella, Inorg. 

Chem,, 32 (1993) 5313. 
76. K.V, Katti, B.D. Santarsiero, A.A. Pinkerton and R.G. Cavell, Inorg. Chem., 32 (1993) 5919. 
77. H.J. Haupt and U. Grtmann, Z. Anorg. A&. Chem., 619 (1993) 1209. 
78. M. Alvarez, N. Lugan and R, Mathieu, Inorg. Chem., 32 (1993) 5652. 

G,W. Bushnell, K.R. Dixon and R.W. Hilts, J. Organomet. Chem., 432 (1993) 

, N.J. Meanwell and F. Wan , J. Orgunomst. Chcm., 460 (1993) 

and S. Yanez, rransirion Metul Chem., 18 (1993) 73. 
,Insr~. Chm., 32(1993)612. 
%,K. Mendal, Inorg. Chim. Actu, 206 (1993) 29. 

dick, tnorg. Chem., 32 (1993) 1513. 
Roddiek, Orgunometullics, 12 (1993) 704. 
nd E.0, Schlemper, J. Cvsr. Spectrosc., 23 (1993) 719. 

87. D.P. Smith, M.M. Olmstead, B.C. Nell, M.F. Maestre and R.H. Fish, Orgunometullics, 12 

i, Transition Mettat Chem., 18 (1993) 248. 
8. Gillard, B. Mile and J. Maher, Polyhedron, 12 (1993) 37 1. 

ro, M.T. Pinillos, C. Tejel, A. Tiripicchio and F. 

91. T. J~=ki, S. Shi, P. Kaszynski and J. Michl, Collect. Czech. Chem. Commun., 58 (1993) 89. 
92. f&fos% N.-H. Dung, J-C. Dmn and J.C.Lane\elot, Actu Crystullqr., bet. C, 49 (1993) 

93, V. N&v&, B. V&sat, N.-H. Dung AC& C 
94% EA. cotton and Y. Kim, J. Am. Chem. Sot,, 

r., Sect. C, 49 (1993) 1297. 
3) 8511. 

95 R.D. Siniskrm and R. Na&r, Speetr~~c. ktt., 
96, R,D, Sinisterra, R. 

3) 245. 
tv and L.F.C. Deoliveira, Spectrosc. Lett., 26 (1993) 305. 

97. P, bhuet% M.A. 8, J. Pay& S. Garcia-Granda, F. Gomez-Beltin and A. Anillo, Inorg. 
Chino. Acts, 205 (1993) 91. 



C. E. H~~lrse~rc!fi/C~~~r~i~tution Chenristry Reviews t.52 ( 1~96) /()7-1_+9 1.39 

98. M.A. Esteruelas, 0. Lahuerta, 3. Modrego, 0. Niimberg, L.A. Gro, L. Rodriguez, E. Sola and 
H. Werner, Organometallics, 12 (1993) 266. 

99. C.A. Crawford, J.H. Matonic W.E. Streib, J.C. Huffman, K.R. Dunbar and G. Christou, 
inorg. Gem., 32 (1993) 3125. 

100. D. Waysbott, E. Tarien and G.L. Eichhom, Inorg. Chem., 32 (1993) 4774. 
101. P. Piraino, G. Tresoldi and S. Loschiavo, Inorg. Chim. Acta, 203 (1993) 101. 
102. M.P. Doyle, W.R. Winchester, J.A.A. Hoom, V. Lynch, S.H. Simonsen and R. Ghosh, J. 

Am. Chem. Sot., 115 (1993) 9968. 
103. T. Kawamura, M. Ebihara and M. hZyamoto, Chem. Lett., (1993) 1509. 
104. M.P. Doyle, W.R. Winchester, M.N. Protopopova, P. Muller, G. Bematdinelli, D. Ene and S. 

Motallebi, If&. Chim. Acta, 76 (1993) 2227. 
105. J. Pursiainen, T. Teppana, S. Rossi and T.A. Pakkanen, Acta Chem. Scan& 47 (1993) 416. 
106. A.M. Masdeu, A. Ruiz, S. Castillon, C. Claver. P.B. Hitchcock, P.A. Chaloner, C. Bo, J.M. 

Poblet and P. Sarasa, J. Chem. Sot., Dalton Trans., (1993) 2689. 
107. J.L. Xiao and M. Cowie, Can. J. Chem., 7 1 (1993) 726. 
108. M.A. Citiano, J.J. P&z-Torrente, F.J. Lahoz and L.A. Oro, J. Organomet. Chem., 455 

(1993) 225. 
109. S.L. Bartley, S.N. Bernstein and K.R. Dunbar, Inorg. Chim. Acta, 213 (1993) 213. 
110. S.-S. Chem, M.-C. Liaw and S.-M. Peng, .I. Chem. Sot., Chem. Commun., (1993) 359. 
111. S.L. Scott, J.H. Espenson and A. Bakac, Organom&alZics, 12 (1993) 1044. 
112. J. Wolf, 0. Ntimberg and H. Werner, Chem. Ber., 126 (1993) 1409. 
113. A.L. Davis and R.J. Goodfellow, J. Chem. Sot., Dalton Trans., (1993) 2273. 
114. F. Shafiq and R. Eisenberg, fnorg. Chem., 32 (1993) 3287. 
115. R. McDonald and M. Cowie, Inorg. Chem., 32 (1993) 1671. 
116. J-J. Itagaki, H. Einaga and Y. Saito, J. Chem. SOL, Dalton Trans., (1993) 1689. 
117. Y.W. Ge and P.R. Sharp, Inorg. Chem., 32 (1993) 94. 
118. P. Lahuerta, J. Latorre, E. Peris, M. Sanati, M.A. Ubeda and SGarcfa-Granda, J. Organomet. 

Chem., 445 (1993) ClO. 
119. P. Lahuerta, J. Pay& S. Garcfa-Granda, F. G6mez-Beltrfin and A. Anillo, J. Organomet. 

Chem., 443 (1993) C14. 
120. P. Lahuerta, E. Peris, M.A. Ubeda, S. Garcfa-Granda, F. G6mez-Beltrtin and M.R. Dfaz, J. 

Organomet. Chem., 455 (1993) ClO. 
121. P. Lahuerta, J. Latorre, E. Peris, M. Sanab, S. Garcia-Granda, J, Organcmet. Chem., 456 

(1993) 279. 
122. F. Estevan, P. Lahuerta, J. Latorre, E. Peris, S. Garcia-Granda, F. GBmez-BeltrAn, A. Aguirre 

and M.A. Salvado, J. Chem. Sec., Dalton Trans., (1993) 1681. 
123. P. Lahuerta, J. Latorre, R. Martfnez-Mb&x, J. Pay& A. Tiripicchio and M.Tiripicchio- 

Camellini, lnsrg. Chim. Acta, 209 (1993) 177. 
124. A. Proust, P. Gouzerh and F. Rob@ 4ngew. Chem,, Inc. Ed. Engl., 32 (1993) 115. 
125. F? Bachechi, C. Bianchini and A. Meu, Inorg. Chim. Actu, 213 (1993) 269. 
126. F.L. Atkinson, A. Christofides, N.G. Connelly, H.J, Lawson, AC. Loyns, A.G. Orpen, GM. 

Rosair and G.H.Worth, J. Chem. Sot., D&on Trans., (1993) 1441. 
127. M.D. Fryzuk, D.H. McConville and S.J. Rettig, Organometallics, 12 (1993) 2152. 


