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INTRODUCTION

This review surveys the coordination chemistry of thodium reported during the year 1992
and is similar in format to the corresponding review dealing with the 1991 literature [1). The
literature has been searched by using both Current Contenis and the Cambridge Crystallographic
Data Base, implemented through the ETH, Ziirich [2]. Structural figures have been redrawn using
coordinates iaken from the Cambridge Crystallographic Data Base.

On the whole, organometaltic complexes have not been inciuded since reviews of their
chemistry are (o be found elsewhere, Similarly, rhodium carbonyl and related clusters have been
excluded.
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As is the current policy in this series of surveys, this review is not fully comprehensive but
instead aims 10 give the reader an overview of the coordination chemistry of rhodium reported in
1952, I apologise to those readers whose work may have been omitted,

Higher (+4 and above) oxidation state chemistry for rhodium reported 1992 appears to be
scarce, but the results of Ellison and Gillard are of general interest — they indicate that a large
proportion of higher oxidation state species of rhodium which are in aqueous media are actually
superoxorhadium(IT) species [3].

91 RHODIUM(II)
Q.11 Complexes with halide ligands

During studies of the hydrocarbonylation of MeQOAc using a rhodium(IIl) catalyst, the
complex anion frans-[RhI4(CO)s]- has been isolated as the 2,6-diphenylpyridinium or
isequinolinium salts. The crystal structure of the 2,6-diphenylpyridinium salt has been determined,
and the rhodium({Iil) centre is in a distorted octahedral environmenst [4].

Rhodium(I1I) bromide complexes in agueous solution have been the subjects of a 103Rh
NMR spectroscopic study, Ten complexes of the type [RhBr,(H2DMeg_,J3-" (n = 0 to 6) and
including geometrical isomers for n = 2 1o 4 have been investigated. Values of the chemical shift
exhibit a nephelauxetic dependence, and 8 becomes less positive with increasing ». A correlation has
been made berween the ligand field parameter ratio B/ag and § {where b = nephelauxetic parameter
and AE = electronic transition energy). It is also found that 8(frans isomer} > 8(cis isomer), and

&(mer isomer) > §(fac isomer) (where > corresponds to a more downfield resonance) [5].
9.1.2  Complexes with oxygen donor ligands

Spectrophotometric methods have been used to follow the kinetics of the de-aquation of
[Rh(H20))3* by thiocyanate ion in aqueous solution. The rate is pH dependent {pH range 1-3)
and is independent of the concentration of the substituting ligand. A primary HpO dissociation-
controlled process is proposed; activation parameters have been determined [6]. X-ray scattering
technigues have been applied to elucidate the hydration structure of rhodium(IIl) ions in 1M
perchlorate solution. The first hydration sphere contains six water molecules with Rh-O distances of
2.03 + 0.02A. There is a well-defined second sphere consisting of 13 water molecules (Rh-O =
a402d). Hydrogen bending exists between molecules in the two shells. These results have been
compared with those of EXAFS studies of [Rh{C104)3].6H20 in both solid and solution states.
There appears to be little difference between the structure of the [Rh(H20)g]*+ complex ion in the
solid, and the metal ion in the first hydration shell in soluton |7].

Equilibria between cis-[Rh{NH3}4{H20)12]13* or cis-{Rh{NH3)a(HrO)(OH)]12+ and
dinuclear species such as [(NHz)aRh(u-OH);Rh{NH3)4)4*+ have been studied over a range of
temperatures from 25 to 10°C in 1M {Na. H)ClO4 with [H+*] lying in the range | x 10-7 10 1L.OM
[8]. Related hydroxy-bridged species are discussed in section 9.4
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The rhodium(l} complex [Rh{ONO2)(PPh3)3] undergoes oxidative addition with
dihydrogen (1 atrm., ambieat temp.) to give the thodium{IH) compound [RhHz{ONO2XPPh3)s3].
Loss of one PPh3 ligand leads to the octahedral complex [RhH2(ONQ?){PPhs)2] in which the
nirate ligand acis in a didentate manner. This has been confirmed crystallographically; the PPhs
ligands are mutually trgns, but the hydride ligands have not been located. The results of multnuclear
NMR spectroscopic studies have also been reported 9, 10].

The preparation, spectroscopic and electrochemical characterisations of the rhodium(Ii)
complexes [Rhicat){ PhaPCH32)3CMe}1X (X = BPhy or PFg) where cat?- is one of a range of
catecholates have been reported. The complexes exhibit elecron transfer processes which involve
Ri(II1), Rh(TI) and Rh{l) states and also show catecholate (cat), semiquinone (SQ) and quinine
oxidation levels of the ligands. Dioxygen uptake by the complexes produces adducts, and the crystal
structure of an iridium(II) adduct has been determined [11).

913  Complexes with sulfur, selenium and tellurium donor figands

The results of the reaction between [{ Cp*RhCla }o] and 1,2-dicyanoethene-1,2-dithiolate (L)
have been reported. The ligand bonds to the rhodium(TIl) centre as an §,5"-donor and forms the
complex [Cp*REL] [12]. Related reactions are described in section 9.1.4,

The dilithio derivaiive of ligand (1), LizL, reacts with [Cp*Rh{PMe1)Cl2] to give
[Co*Rh{PMe3)L]. Analopous selenium and ellurinm-containing complexes may also be prepared,
The products have been characterised by 1H, 13C and 3'P NMR spectroscopies, and the crystal
stracture of {Cp*Rh{PMe3)L] has been determined. The rhodium{¥II) cenwre is 4.304(DA distant
from the irom atom; the two Rh-S distances are 2.367(1) and 2.360(1)A (13].

<S> sH $
i ()
<= N

{1 (2)

The reaction of [RhyLa(pt-Cli)] (L7 = ced or L = CO) with Naz{S;PPh2] leads to
[RR{S2PPh3}L7). For L = CO, this product reacts with PPh3 to give [Rh(S2PPha )} CO)PPh3)], and
the oxidative addition of iodine produces two isomers of the rhodium(li) complex
[RhI(S:PPho COYPPh3)]. Related reactions have also been reporied, and include the formation of
the square pyramidal complex {RhI{n2-§2Phy KCOMe)(PPh3)] [14].

A crystal structure determination of the diethyldithiocarbamato complex
ICp*RI{S2,CNE1){(dppm};] has been carried out. Each dppm ligand is monodentate, and the
dithiocarbamato is bound in an 5.5 -moede [15].

Kim er al. have determnined the siruciure of the complex [Cp*Rh{2)){C104}2. MeCN |16].
The macrocycle (3) and the related open-chain ligands (4) = HL and (5) = HL' have been the
subject of study of Schrider and coworkers. Ligand {3) reacts with [{RRCHCgH4)}2) in
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MeOH/H2O under reflux in the presence of HEF4 to give [Rh{3)}[BF4]a. This complex exhibits
two reversible one-electron redox couples. Similarly, but in the presence of hexafluorophosphate
anion, [RhL][PFg]2 and [RhL'}[PFs]2 have been prepared. The complex cation [RhE]Z+ shows ill-
defined, irreversible reductions, whereas [RhL'}2* exhibits reversible reductions which correspond
to RhII/RhI and RWI/Rh! couples. The reduction products with the open-chain ligands are less
stable than those containing the closed-ring ligand (3) [17].

I\]4e
& ) Y
[ 8 Sj [ S SH ( S SH
] S S S ) 5 5 J
K/ S\) k./ S\) K/ T\)
Me
3 (4) (G
914  Complexes with nitrogen donor figands

As part of a wider (see section 9.1,1) spectroscopic study, the 103Rh NMR spectrum of
aqueous [Rh(NH3)5]3+ has been reported. It shows a resonance at 8 4766 (276 K) [5]. Equilibda
bewween cis-[RhiNH3)4(H20)7]3* or cis-[Rh(NH3)4(H20¥OH)1 2+ and dinuclear species which
include [(NH3)4Rh{p-OH)2Rh{NH3)41* were mentioned in section 9.1.2 [8].

From aqueous hydrochloric acid solutions of ReCls and [Rhien)3)Cl3.3H;0, it is possible
to crysiallise the complex [H30][Rh(en)3][Re3Cli2]C1 which has been structurally characterised.
The [Re1Cly2]3- anions are connected by hydroxonium cations; channels run through the lattice in
the {001] direction and within these lie the {Rh(en)3]3* and chloride ions. The Rh-N distances in the
octahedral [Rh(en)s)3+ cation are 2.111(7) and 2.051¢7)A [18]. Rhodium(IIT) cornplexes of amino-
functionalised silica have been prepared; the anchored complexes are dispersed homogeneously over
the surface; characterisation has been by elemental analysis, IR and CP-MAS 13C NMR
spectroscopies, XPS, and TEM-energy dispersive X-ray methods [19].

(6)
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The single crystal structures of the octahedral rhodinm(Ill) complexes [Rh{1,2-
{(NH2)»»CaH10) 31[NO313.3H20 {201, and rac-[Rh{en)?L]Bri.3H20 where L = 9,10-phenanthrene-
quinone diimine and [Rhéen}oL]>* = (6) [21] have been determined. A crystallographic study of the
complex |RR(HL)L.Clo} (HL = E:C(NOHYCMeaNH2) has also been carried oue. The rhodium({TIl)
centre is octahedrally coordinated with distances of Rh-Niwydroxyimino) = 2.00 and 1.98A and
Rb-Neaminoy = 2.08 and 2.09A. The solid state siructure exhibits hydrogen bonding between the
hydroxyimino groups of the ligands [22].

The syntheses of the dimeshylglyoxrime complexes [Rh(py)dmgH»R) (R = various aikyl)
have been reported, and the three complexes with R = CH»CF3, CH2Cl and PPr have been
crystallographically characterised. The pyridine and alky) groups are mutually frans in an octahedral
coordination sphere. The axial Rh-Ngpy and Rh-Cygy distances increass with the increasing bulk
and o-donating ability of group R. The kinetics of the substitution reactions given in equation (1)
have been studied; kqpg is independent of the concenwation of the phosphine and a D mechanism
has been proposed [23].

(Rh(py}dmgH}R] + PPhy & [Rh(PPh3)(dmgH}HR] + py  (R=CH3CFyor CHCl) (1)

The photophysical properties of the complexes ¢is- and trans-{Rh{THCN)2]* and trans-
[Rh{8)(CN)21* have been reported. The electronic absorption spectra exhibit broad bands with Amax
in the near-UV (£ < 300 dm3 moi-! cm1). Details of the emission spectra have been discussed and
a Franck-Condon analysis based on a 2-acceptor mode mode! has been carried out, The results are
comsistent with average bond displacements in the exciied state of approximately 0.14A for Rh-N
and 0.02A for N-H boads. In agucous solution, the rrans-complexes lumincsce sirongly.
Complexes involving the ligands triazacyclononane and (%) have also been studied 1241

[NQN] NQD ®
NH HN [NH HN HN
L C A

The macrocycle 10-methyl-1,4,8,12-tetraazacyclopeniadecan-10-amine {L) possesses a
pendant 'arm’. It reacts with RhCl in hot water; after passing the reaction mixture through a cation-
exchange column, the product cis-{RhLCI12* (10) may be collected and isolated as the perchlorate
salt, The results of an X-ray diffraction study of the complex show that the pendant amine {Rh-N =
2.056(6)A) and the two adjacent secondary amines {av. Rh-N = 2.08A) are in a fac-arrangement. An
activation volume for chloride base hydrolysis of +19.5 & 1.2 cm3 mol-! is consistent with a
conjugate base mechanism [25],
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Nipendant)
(16)

A range of rhodinm(Iil) complexes involving N-donor heterocyclic ligands has been
reported. Photosensitisation by biacetyl in aqueous solution is observed for complexes of the type
trans-[RhLaX2]* {L = heterocyclic amine; X = C, Br, 1 or CN) and trans-|Rpy)sCI(Y)]* (Y = Br
or CN). The quantum yields for the direct photo-aquation of halide or cyanide and of amine are
approximately the same [26]. Fifteen rhodium({IIl} and rhodium(l) complexes which feature 2,2~
bpy, 4.4-bpy and phen ligands have been prepared, and characterised by !H, ESR and IR
spectroscopies [27]. The luminescence of rhodium(IID) complexes with bpy is the basis for a
method of detenmination of rhodium; the relative and absoluze detection limits are 0.08 g mi-? and
0.008 pg, respectively. The methed has a wide dynamic range (0.4 - 20 g mi-1) and shows good
reproducibility [28).

The X-ray crystal soucture of [Rh{bpyXppy)2]LPFg] has been clucidased. The two N-donors
of the 2-phenylpyridine ligands are mutually srans. The polarised single crystal absorption spectrum
of the (Rh{bpyXppy}2]* cation, and the excitation and site-selective luminescence spectra of
[Rh(bpy)L2]* and [Rh(bpy)(ppyIL1* (HI. = 2-thienylpyridine) doped into {Rhibpy)ppy)z]* have
been recorded and discussed. The two lowest energy excitations of [Rh(bpy){(ppy)2lIPFg} and of
[Rh(bpy}ppy)2][{BPhs], [Rh(en)(ppy)2}{PFsl and [Rhien)(ppy)2l[BPhs] are observed beiween
21,400 and 22,200 cm~! and are assigned o electronic transitions involving the 2-phenylpyridine
ligand [29]. A report has appeared of the preparation and characterisation of a range of
cyclometallated rhodium(ITl) complexes of the types |Rh({L-C N)2{L'-N.N"]* and [{Rh{L-
CNyz}20u-Cl)a] in which HL is one of ligands Hppy, (11) or €12}, and L' is a diimine ligand (e.g.

X X Y
— S
I = H

(11 (12}

oo

bpy, phen, 2,2-biguinoline). The configurations of the complexes have been established from 1H
NMR spectroscopic data, and in the case of [Rhi.obpy]Cl, [{13)]C), by X-ray crystallography. In
each case, the carbon donor-atoms of the two orthometallated ligands are cis to each other. In
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additon, UV-VIS spectroscopic and electrochemical studies have been carried out {30]. The reaction
between [{Cp*RhClz}7) and 2,2'-diimidazole teads to the formation of [Cp*RhCH2,2'-diimidazole)]
in which the heterocyclic ligend functions as a chelaiing N,N"-donor. Related reactions with
iridiam{il} and 2,2-dithiazole have also been iavestigated and the crystal structure of
[Cp*ECH2,2'-diimidazole)) has been determined [12].

{13} {14}

The resuits of a study of the rhodium porphyrin-catalysed cyclopropanation of alkenes by
diazo esiers have been described. The complexes involved were [RR(TTP)I} and [Rh{TTP}Me]
where TTPHj = 5,10,15,20-tetrakis(4-methylphenylporphyrin {31). The elecirochemistry of the
rhodinm(Iil) corrole complex {14) has been studied ir thf, dmf, PhCN and CHCly solutions
containing ["BugNI[CiOy) as supporting electrolyte. Up to three oxidation and two reduction waves
are observed depending vpon the solvent. The oxidation processes are centred on the comrole 7-
system, and the reductions are metal-centred [32].

9.1.5  Complexes with phosphorus and antimony donor ligands

Several complexes containing phosphine ligands have already been mentioned; the ones
discussed in this section are considered to have a phosphine ligand as the principal ligand of
interest.

The crystal structures of the rhodium(Ill) complexes [Rh(PiPr3)H,Cll and
[Rh(PiPr3);HCl3] have been elucidated. The former possesses a trigonal bipyramidal array of
ligands with frans-PIPr3 groups. In the latter, the trans-{Rh{PiPr3)2Cla} unit is square planar and
the hydride ligand is disordered over iwo sites related by a ceatre-of-symmetry (32]. The complexes
[Rh(PiPr3);H2Cl} and [Rh(PiPr3)»HCl,] have been reported independenily by Rappert et af. —
[Rh(PiPr3)2HCl3] has been prepared either from [{RHCI(PIPr3)3},] and HCI, or from
{R&CI2(PiPr3};] and Ha, and {RR(PIPra)2HCl,] further reacts with Hp in the presence of
NafN(SiMes3)2) to yield [Rh¢PiPry)HoCH [32a].

Rhodium(III) chloride reacts with Hgand (15) in ethanol to give rans,mer-[RCl3L3], and in
thf to yield cis,mer-{RhCi3L1] (16). Ogne ligand is monodentate, coordinating through the
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phosphorus donor atom, and the other is £,0-bonded. In addition o crystatlographic data for the
cis, mer-isomer, both complexes have been characterised by IR, and 'H and 31P NMR spectroscopic
studies [34].

PPh,
9] Only ihe ipso-C atoms of pheny! rings are shown,
{15) (16;

The reactions of [{Rh(CO}xCl}2] with Me;PCH2CH281X ,Mez., (X = F or OMe) yield
square planar thedium(T} complexes of the type [RhC{COM 2] (see section 9.3.5), but when X = Cl
and n =3, oxidative additicn of a §1-Cl bond occurs to give the octahedral rhodium({IiT) complex
[RhCl(CONMesPCHICHSICh X MeaPCH2CH25iC3)) [35].

The syntheses of mer-[RhCl3(SbPh3)3] and rrans-[RhCla(Ph)(SbPhi)a} from RhCl3 and
SbPhj have been reported. The complex mer-[RhCl3(SbPh3)3] may also be obtained in high yield
by treating rhodium(III} chloride with SbPh3 in the presence of excess chloride ion in etharol under
reflux. Pyridine reacts with mer-{RhC13(SbPh1)s] in MeOH under reflux to give irans-
[RECla(py)al* [361.

916  Complexes with mixed donor atom ligands

The preparation and characterisation of the complex fac-[RhL3} (17), in which HL = (8-
quinolyljdimethylsilane, have been described. The complex is stable 10 air and moisture and does
not decornpose when heated to 150°C. 1H and 295i NMR speciroscopic properties are reported
(Jrh-si = 41.7 Hz), and the erystal structure of (17) has been determined. Each ligand functions as
an N,5i-donor [37]. The rhodium(l} complex [RhL(CO)}[P{CgH4R)3}] (HL is the substituied
quinoline (18); R = 4-OMe, 4-Me, 4-F, 4-Cl or 3-Me) undergoes oxidative addition when it reacts
with Mel or Iy. The effects of the steric and electronic properties of the phosphine ligands of the
veactions have been investigated. The products have been characterised by IR, and H and 31P NMR
spectroscopies and results indicate that only one isomer of the rhodium(ITl) complex is formed in
cach case. The crystal siructure of [RE(I)(Me)L{COY{P(CgHsMe-4)311.0.5Et20 has been
determined. The metal centre is octahedrally coordinated as shown in structure (19} with tigand L-
functioning as an N,0-donor. The todide ard methyl groups lie cis to each other [38].
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(17)

=

N COH Qaly ipse-C atoms of the o-toly! groups are shown.
(18) (1%)

Treatment of the dimer [{Cp*RhClz]7] with the pyrrole derivative (20) leads to the
formation of [{Cp*RhCli2(1-L)] in which each rhodium cengre is coordinated by one N,O-doner
set of the di-deprotonated ligand. The complex has been characterised by IR and UY-VIS
spectroscopies. A significant bathochromic shift of absorption in the visible region is observed in
going from free {20) to the complex [39].

H O
{
N
N
f
o H

(20)
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A series of rhodium(III) complexes has been made incorporating ligands such as 3-(V-
phenylamino)-3-methyl-2-butanone oxime (HL) and 3-(N-2-phenylethylamino}-3-methyl-2-
butanone oxime (HL"). The products have been spectroscopically and, for four complexes includiag
[RE(HL)LCl3] and [RR{HLL'Clz], crystallographically characterised. In each, the rhodium(ILl)
centre is octabedral with trans-chleride ligands; both ligands are N N'-bonded [40).

The preparation and crystal structure of fac-[Rhil3} (HL = N, ¥-diethyl-N-benzoylthiourea)
have been reported, Pertinent distances around the octahedral rhodium(IIl) cenire are Rh-§ =
2.284(3)/!& and Rk-0O = 2.033(5)A [41]. 1a the products of the reactions of rhodium(IiI) chioride
with S-methyi-L-cysteine (HL) there is evidence for competition for different coordination modes
and this is dependent upon the reaction conditions and whether or not the ligand is deprotonated.
Moronuclear complexes that have been isolated and characterised are [Rh(HL-S,MYL-
5.0)C12].2H»C, [Rh{HL-SXL-5.MCl3).2H70 and {Rh(HL-5)3Ci3]. In addition, the tetranoclear
compound [Rhg(L-S,01-S.N,04Cls] has been reported {42].

92 RHODIUM(II)

An article that reviews the chemistry of d? metal ion complexes including those of
rhodium(TH) has appeared (242 references); syniheses, swuctural data, and magnetic, IR and UV-VIS
spectroscopic, and X-ray PES properties are discussed [43].

The preparation {32a] and crystal structure [32, 32a) of trans- [RhCl2(PiPr3);] have been
reported. The structure confirms a square planar geometry; the Rb-P distance is 2. 373(HA.

The preparations of the nirosubstituted derivatives of the ligand 3-(1-imidazoyljpropancic
acid (HL) have been described. Rhodium(Il) complexes of HL are amongst a series of compounds
synthesised and characterised. Rhodium(II} acetate reacts with HL, and the isolated products are the
purple complexes [RR(HLYOAc)z1.solv (solv = HyO or EtOH). Spectroscopic data ase consistent
with the ligands being coordinated to the rhodium(Il) centre through the imidazole N-donor atom.
Related copper(1l}, cobalt{Il) and platinum{fi) complexes have also been prepared and characterised,
and the radiosensitiser activities have been assessed [33].

93 RHODIUM(I)

93]  Complexes with oxygen donor ligands

The products of the reaciion of rhodium(Ill) nitrate dihydrate with excess PPhs in
methanol/ethano! are dependent upon the conditions. At room temperawure, [Rh(ONO2)(PPh3)s] is
obtained, but at reflux temperature { > 48 hr), the product is zrans-[Rh{(COKONOC2}{(PPh3)2]. Both
complexes have been studied by X-ray diffraction methods, and in each, the ritrate ligand is
morodentate [9, 10].

The single crystal structure of the square planar complex [Rh{CO)L{PPh3}] (21), where HL
= 3-benzylacetylacetone, has been determined [44]. Basson er al. have elucidated the solid state
structure of the rhodium(l) complex [Rh(CO)LL'] {22) in which HL = N-hydroxy-N-nitrosoaniline
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and L' = 4-methyl-2,6,7-trioxa-1-phosphabicyclo[2.2.2)octane. The ligand L™ coordinates in an
0,0"-mode [45].

(22)

It has previously been reported that crystals of [Rh{COxL] (L™ = 3,6-di'buryl-1,2-
semiquinone} bend reversibly when they are exposed to light in the near-infrared. The solid state
structure of this complex has now been determined and illustrates that the molecules are stacked in
columns with a non-lirear oligomeric Rhy-backbone. The magnetic properties of [Rh{CO)zL] show
a temperature dependence with both ferro- and ano-ferromagnetic interactions (3-330 Kj. Ceupling
between the semiquinone ligands is propagated through rhiodium-rhodium interactions within the
aforementioned stacks. The near-IR spectrum of the complex, and the origins of the photo-
mechanical properties of the crysials have been discussed [46).

932 Complexes with sulfur donor ligands
The reactions of [{Rh{cod}Cla}2] wiih ligands (23) yield the complexes [Rh{cod){(23)-

3,811, Facile loss of H* from the ligand occurs and the neutral complex, for R = H, has been
structurally characterised [47].
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Phy Ph,
s//P . P‘.,Q‘S R=HorMe
H ‘R
(23}

933  Complexes with nitrogen donor ligands

The reactions of [Rh(COXPPh132(0S02CF3)] with 1,4-dicyanobenzene and 1,4-dicyaro-2-
butene (L) lead to the complexes [(CO)(PhaP)sRh(uu-L)Rh({CO)(PPR1)2](0SO3CF3); which have
been characterised by H and 31P NMR and IR spectroscopies [48].

Optically active complexes of the type [RhCl{cod)L], [RRCI{CO)2L.] and [RhCI(PPh1)oL] in
which L = {24) (an N.N'-donor) have been synthesised and characterised by IR and 'H NMR
spectroscopies. Cationic species may be derived by displacing the chloride ligand in these
compiexes by non-coordinating anions such as hexafluorophosphate. The resuits of catalytic studies
involving the aew rhodium(l) complexes have been reported; they are selective catalysis for the
hydrogenation of prochiral alkenes [49].

N

=
0 N
H NHR
R = "Bu or {CHyRSHOED;
(24} 25

Rhodium{I) complexes invelving N-donor heterocyclic ligands include the following. The
complexes [Rh(codYDBU-N), DBU = 1,8-diazabicyclo[3.4.0lundec-7-ene, (25), and [Rh{cod){L-
N3], L = 1,5-diazabicyclof4.3.0lnon-5-ene, have been the subjects of X-ray diffraction studies. In
both, the heterocyclic ligands function as monodenate N-doaors [50). In acetonitrile, the rhodium{I}
complexes [Rh(COWUER2);] react with AgX (E=P, R =Ph, X = BF4; E=P, R = ¢-CgHy1,
X = CF380s3; E = As, R = Ph, X = BFy) to give rans-[Rh(COYMeCNYER3)21X. The two
tetrafluoroborate salts react with 8-methylgrinoline (HL) at room temperature to yield
trans-[Rh{COYHL)EPh3);1[BF4] (E = P or As). For E = P, the product has been confirmed
crystallographically. The plane of the 8-methylguinoline ligand lies perpendicular to the square
coordination-plane of the rhodium(I} centre. The methyl group is involved in a weak agostic
interaction; the Rh-H distance of the Rh-H-Cpnegny grouping is 2.21A [51]. 9-Methyladenine (L}
reacts with the water soluble complex [§Cp*Rh{H032{CF3803)2},] (the preparation and
characterisation of which are reported) to yield [{Cp*RbL}3J[CF31503]3. This crystallises as a
hydrate, and its structure has been determined, The cation, (26), is a cyclic wimer in the solid state;
the 9-methyladenine ligand coordinates to each rhodium{I} centre as an M N'-donor, and one
nifrogen atom binds to a second metal atom. Spectroscopic data suggest that the product of the
reaceion of [{Cp*Rh{H20)(CF3804%)2),] with adenosine is also a cyclic trimer, whereas a
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monomer is formed when pguanocsine is the ligand. The coordination differences between these
ligands are discussed [52].

®=N
Methyi gronps omitted from Cp* ligands for clarity.

(26)

Although organometallic in nature, complex {27) is included in this article because of its
novelty. 2,2-Dimethyl-3-phenyl-3-allylaziridine (L) reacts with [{Rh{ethene)2Cl}31 to give
[RhbL(ethene)C]; reatment with CO then leads to (27). The CO ligand can be displaced by PPhs.
The crystal structure of (27} reveals that the organic ligand is coordinated through the heterocyclic
N-donor atom and the uasaturated uait — a 4-electron donor overall, giving a 16-electron
thodium(l) centre, This appears 1o be the first example of a didentate aziridine [53).

2N

934  Complexes with phosphorus donor ligands

Phosphine ligands are involved in a number of the rhodium{l) complexes already described
in section 9.3 [9, 10, 44, 48, 49, 51, 33). The following complexes are considered to contain
phosphines as the principal ligand(s} of interest.

The results of studies which look at the diastereoselective hydrogenation of folic acid usiag
optically active thodium{T) diphosphane complexes have been reporied [54].
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Wiltkinson's catalyst is, of course, a well known compound. The preparation and
characterisation of a solvated, orthorhombic form of the complex — [RRCKCO}PPh3)21.2CHCly
— have now been described. Comparisons are made with earlier work, and Dunbar ez al. show that
the previously reported orthorhombic "[RhCl2{PPh3);|" and [RhCI{CO}{PPh3)2| are one and the
same compound [55]. Harlow et af. have described a simple rhodium(I) complex that is not square
planar as might have been expected. Prepared from [{RR(C(O)2Clz2}2] and P'Bus,
[Rh{COMCI(P'Bu3)2} (28) has been the subject of an X-ray diffraction study. In the distorted
tetrahedral coordination sphere, the angles P-Rh-P and Cog-Rh-Cl are 162.3 and 148.7" respectively
in one of two crystallographically independent forms [56].

(28)

The rhodium(I) complexes rans-{RMCOIX{PENLY] (X = Cl, Br, | or NCS) react with PHj
at 183 K in dichloromethane 1o give the five-coordinate cations [Rh{(CO¥PH1)2(PEt3)21*. Further
reaction with carbon monoxide (213 K) leads to the formation of [Rh(CO»{PH3){PEt3)2]*. Related
reactions are also reported, along with detailed 13C, 31P and 1H NMR spectroscopic data [57].

Relaied to the work involving ligand (15} [34] (section 9.1.4) is that of Perera et al. The
series of ligands (29) has been prepared. For X = H, and Y = PPhy, the reaction of the ligand with
[{ RB(CO)2C1) 7] to give trans-[RRCI(CO)29)2] has been investigated. The product has been
characterised by H, 3!P and 13C NMR spectroscopies. An alternative route to the complex is the
reaction between RhCl3.3H20, CO, and the comresponding enclate of the ligand [38]

ray, # PPh;
Y H P{O)Phy
H P(S)Phy

(2%

Rhodium(II) chioride reacts with an excess of 1,3,5-triaza-7-phosphaadamantane (L) in
ethanel to yield [RhClL3). This is an active catalyst for alkene hydrogenation whilst being effectively
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inactive for the hydrogenation of aldehyde functionalities. With HCI, [RhCIL3] reacts to give
[RRCIL2].2HC! for which ar X-ray diffraction study has been carried out. A square planar
coordination sphere around the rhodium(l) centre has been confirmed; each 1,3,5-triaza-7-
phosphaadamantane ligand is protonated and is bonded through one phosphorus atom. One
chloride ion is hydrogen-bonded berween the two protonation sites [591.

Unsatwrated, fourteen-electron metal fragments such as those of the general form
{Rh(PR3)2X] {e.g. X = halide) are imponant, reactive intermediates in a range of catalytic
processes. Molecular orbital calculations have been carried cut at the extended Hickel level on the
model complexes [RhCKL-P.P) and [RACKL'-P,P")], where L = HpPCH3PHz and L' =
tBuyPCH>PLBuz. Details of the electzonic structures of these species are presented. In addition, the
crystal structure of [RhCl{L'-P,PY(PMes)] has been determined. As expected, it has a square planar
geometry; pertinent distances are Rh-Pp = 2,225(1) and 2.285¢ DA, and Rh-Pppmes = 2297(DA.
Within the chelate ring, the angle P-Rh-P is 75.47(4) [60].

Reactions of [RhCI(PPh3)3] with two potentially mixed-donor atom ligands have been
investigated {see also section 9.3.5). In one reaction, the ligand (30) is found to coordinate only
through the two phosphorus atoms; the product is [RhCWPPh3}[(30}-P.F}1. This complex
undergoes oxidation and disproportionation in CHCl3 to yield [ {RRCl}2{p-(30) 1 2][RRCL(303)2,
and the identity of the product has been confirmed crystatlographically, The rhodium(Ill) anien
contains an ociahedral metal centre and ligand (30) is coordinated in a P P'-mode. In the dinuclear
species, each ligand funciions as a P,P’-chelate to one of the two metal centres, whilst also acting as a2
bridging ligand by using two of the four P,N-donor sets [61}. The versatility of ligand (31) (the
synshesis of which is reported) has also been demonstrated. The products of the reaction between
i {Rh(cod)Cilz] and (31) are dependent upon the ratio of the reagents. When the ligand is present
in a 2-fold excess, the rhodium(l) complex [Rhicod)CI(31}] is formed. Here, the ligand coordinates
only through the phosphine group. In solution, 1H and 13C NMR spectroscopic data provide
evidence for fluxionality, When the ratio of [{Rh{cod)Cl}3| : (31)is 1 : 1, a dinuclear compound is
produced — [{Rh{cod)Cl}2{11431)}] — in which the ligand functions as an N-donor to one metal
centre and a P-donor to the other. There is evidence that an equilibrium can be established in
solutdon between the mononuclear and dinuclear complexes, with 10ss of one equivalent of the ligand
(31) accompanying the wansition from monomer to dimer. A further dinuclear species
{{RR(CO)Cl{]1-(31)] }2} has also been prepared and characterised by X-ray diffraction methods;
the two bridging ligands are in a ‘head-to-tail’ arrangement [62]. A not unrelated ligand is the
substituted pyridine (32). Tt reacts with [{Rh{cod)C1}2] to give a sguare planar complex
(Rh{cod)Cl(32)] in which the heterocyclic ligand is P-bonded. The cod ligand may be displaced by
carbon monoxide and the rhodivm(l) complex [RR{CC)2CI(32) has been characterised by IR and
NMR spectroscopies. Further reaction of [Rh{CO)Cl{(32)] with ligand (32} leads to the formation
of trans-[RhR{COYCI{I2)2], again with P-coordinated ligands. This new complex forms a trinuclear
species when treated with {Cu(NCMe)q]*; structural data reveal that the copper{l) cenwe isin 2
linear environment, and interacts with the pyridine-N donors which remain unccordinated in the
precursor trans-[Rh(COYCI{32);]. Further reactions in this series are also discussed [63].
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The coordination of members of a series of 'donor-acceptor’ ligands, L, of the type
MeaPCH2CH,S8IX Mez, (X = F, C1, OMg; n = 0-3 — not all combinations) with rhodiumyi) have
been studied. Mononuciear complexes of the formula [RhCI{C(O)L7) have been prepared, and
spectroscopically (IR, and 1H, 31P and, where appropriate, 19F NMR) characterised. The crysial
structures of [RhCI{CO)(MezPCH2CH,8iF3)2] and [RRCICO)(MerPCH2CH251{0Mej3)2] have
been determined. In each, a square planar geometry and 2 trans-configuration are observed, with
each MesPCHCH,SiX3 ligand functioning as 2 P-donor, leaving the silane moiety pendant {35].

The last piece of work to be discussed in this section involves what are best described as
derivatives of p-block clusters, Elemental phosphorus reacts with the rhodium(l} complex
[Cp RR{CO}2] (Cp" = 13-CsH4tBu) in the presence of a five-fold excess of [CECO)s(thf}] o yield
(33), but if a larger excess of {Cr{CO)s(thf}] is used, (34) results, The 1R and NMR spectroscopic
properties of these new products have heen deseribed, as have their single crystal syuctures, In (33},
the Cp"Rh(CO)-fragment bridges between the wingtips of a P4-butterfly. The wingtip-wingtip
PoP separation 15 2.815(43A. In compound (34), the Pa-unit is planar with Rh-P distances of
1.88A [64].

Cp(CO)

O W © ((y;\

\// o=
o

Cp" =1°CsH4Bu
@ = Cr(CO)

(33) (34)

Q)
®
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935  Complexes with mixed donor atom ligands

The preparation and structural characterisation of the square planar rhodium(I) complex
[Rh(CONL{PPh3)] in which HL = {35) have been reported. The conjugate base of (35) functions as
an N,S-donor, and the nitrogen-donor atom lies 7rans to the phosphine ligand. The kinetics of the
oxidative addition of methyl iodide o [Rh(CO)L(PPh3)] have been studied [65].

SMe

SH

*

*

NHMe

* = site of coordination in deprotonated ligand

(35)

The conjugate base of 4-MeOCgH4C(SIN{Me)}OH (HL) coordinates to a rhadium(l) centre
in the square planar complex (Rh{COIL({P(c-CgH11)3}] (36) as an @.§-donor. The crystal
structure of the compound (36).CgHg has been determined [66].

The CgHy; rings are represented only by the P-bonded carbon atoms.

(36)

Some ligands with phosphorus and nitrogen denor atoms were mentioned in the previous
section; in mononuclear complexes involving these ligands, each was P-bonded, but use was made
of the N, P-donor set to generate di- or trinuclear species. Amongst mononuclear complexes
featuring chelates with an N,P-donor set is a series incorporating ligands in the family (37).
Rhodium(I} complexes with these ligands have been synthesised and characterised
spectroscopically. The reactivity patterns of these species are interesting — depending upon the
steric hindrance exhibited by each ligand of type (37), the complexes (in solutions of organic
solvents) may reversibly bond dioxygen a1 room temperature. The oxygenation—deoxygenation
cycles have been monitored by using 31P NMR spectroscopy and may be repeated several times.
reactions with carbon monoxide have also been investigaied. The structure of one dioxygen
complex, [Rh(37)2(02)]1[BF3] (for R' = H, R" = R" = Me) has been elucidated. The rhodium(I}
centre in the cationic complex (38) is in a distorted trigonal bipyramidal environment, if the
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description places the 02 molecule in one site. The Rh-Odioxygen distances are equal (1.436(5)A)
i67].

R'=R"=H,R"=Me, El
R=HR'=R"=Me i
R =R"=R"=Me Only the ipse-C aloms are shown for the Ph ongs.

(37} (38)

Another N, P-donor to be studied is the ligand PProPCH>CHaNMes. In this same work, the
coordination 10 rhodium(l) centres of the related ,P-donor PraPCH2CH20Me has also been
investigated. The complex cation [Rh{iPraPCH2CHyOMe)2|* reacts with carbon menoxide io give
the complex [Rh(COXProPCHCH2OMe)21* in which one of the two PProPCH2CH20Me ligards
is chelating and the other is monodentate. With Ha, [Rh(iPryPCH2CH2OMe)2l* reacts to give 2
relatively unstable product of forrula [RhHa(iPraPCH2CHROMe)z]*. Other related reactions have
also been described [68].

The reactions of [RhCI(PPh3)3 with ligands (39) lead o the thodium({l} compounds
[Rh(39}1CY, in which the ligand functions as an P P,S,5"-donor generating 2 square planar complex
cation in each case. Studies with a related and, again potentially mixed-donor, ligand have given a
mononuclear product in which the ligand is PP bonded (see secton 9.3.4) [61).

SR RS
P, L P R = Me, ipr
* — gite of coordination
* SR RS*
3%

94 DINUCLEAR RHODIUM COMPLEXES

Several dinuclear complexes containing rhodium have been described in previous sections,
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94.1 Hydroxy- and superoxo-bridged complexes

Metastable hydrolysis products of rhodium{iIl) have been separated chromatographically
and their 1H, 103Rh and 170 NMR spectroscopic properties recorded, A dimer and irimer have been
characterised as solution species. The dimer [(Hz034Rh(L-OH)Rh(H20)4]%* is centrosymmetric,
whilst the NMR spectroscopic daia for the trimer are consistent with a lingar sgucture (see Section
9.5) [69]. When chromium(IlI) ions are added 1o alkaline solutions of rhodium{IIl), heteronuclear
species are formed which may be separated by using an ion-exchange column. The mesitylsulfaie
salt of the dinuclear species [(Hz03Rh{i-OH}Cr{H20)21** has been isolated as a hydrate, and
structurally characterised. The cation possesses a centre-of-symmery and it proved impossible to
distinguish the rwo metal centres. The metal----metal separation is 3.031(2)A (70).

Reactions of [Rh{py)3Cl], water and dioxygen are reported 1o give blue superoxe-bridged
dirhodiwm(Iil} complexes. These have been characierised by ESR and UV-VIS spectroscopies, and
their reactions have been investigated {71].

942  Carboxylate-bridged complexes

The roi¢ of carboxylate bridged rhodium dimers of the vpe [Rhp{QAc)4] as enantioselective
catalysts has been the subject of a 'highlight article [72]. The ¢lectronic, IR, Raman and resonance
Raman spectroscopic properties of the complexes [Rh2(OSCMe)sLa] (L = PPhs, AsPhs, SbPh3
and MeCQOSH) have been studied and the resulis discussed. The electronic and resonance Raman
speciroscopic results are consistent with X-ray diffraction data in showing that the Rh-Rb distances
in the tetrakis(thiocarboxylate) complexes are significantly longer than those in the comresponding
tetrakis{carboxylate) compounds. In the visible (blue} region of the absorption spectrum of each
thiccarboxylate complex, a strong band has been assigned to the 6(Rhp)—c*(Rhg) transition; the
absorption exhibits a bathochromic shift {73].

(403



254 LC. Vites et el /Coardination Chemistry Reviews 146 {§995) 1-28]

The reaction of [Rhp(O2C'Bu)s] with 1,4-benzoquinone (L) leads to the formation of
[RE2{02CBu)4.L],. This complex possesses a chain-structure in which the {Rho(0O2CtBu)s } -units
are connected by difunctional 1,4-benzoquinone ligands. The latter coordinate through one oxygen
atom, and through one C-C w-bond [74]. For RCO2H = campharic acid, the structure of
[Rh2(O2CR)4(MeOH)z] (40) has been determined. The structure is as expected with four bridging
carboxylate ligands and two axially-bound methanol molecules [75].

When 5,7,12,14-tetramethyldibenzo[b,/1{1.4,8,11]tetraazacycloterradecine (HpL) reacts with
[Rhz2{OAc)s], the dithodium complex [Rhals] (41) is formed. Crystal siructural data reveal the
presence of an unsupported Rh-Rh bond (2.619(D)A) and a staggered arrangement of the two
macrocyclic ligands. In the presence of diphenylacetylene, the reaciion beiween HaL and
[Rha(OAC)4] proceeds to give a tetrarhodium product which is described in section 9.5 [76].

(41)

The heterocyclic ligand (42) is a derivative of the anticancer agent (43); ligand {42) reacis
with [Rha(QAC)4(H20}] to vield (Rha(OAc)a(42)2). The TH NMR, UV-VIS and IR speciro-
seopic and ¢lectrochemical properties of this complex have been studied. It crystailises with
dimethylacetamide solvate, and the structure has been determined. Each heterocyclic ligand is &-
bonded in an axial site. Hydrogen-bonding plays an important role in stabilising the solid state

structure [77].
SR N
@) R= <

NF N qu
|\ I > Me
S

N

¥

* = site of coordination to thodium

NO,

N
N (43) R=H

The reaction of [Rhp{OAc)4(MeOH);) with PPhy has been followed by using spectroscopic
methods and as a function of the reaction conditions. Intermediates have been observed and one,
[Rh2(OAc)3{ CgHaPPhy }{(AcOH)), has been isolated and smuciurally characterised. Metallation of
one phenyl ring occurs, allowing the [CgH4PPhz}- ligand to function as a C,P-donor and capable of
bridging between the two rhodium centres. [Rha(OAc)1{ CgHaPPha }{AcOH)7] readily reacts
further with PPhs to generate the doubly metallated product [Rha(OAc)2{ CsHaPPhs }3(AcOH)7] in
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which the two C,P-bridging ligands are in a head-to-wail arrangement. This has been
crystaliographicatly confirmed. On the other hand, under thermal conditions, a 'head-to-head’
product is observed [78]. Stepwise exchange occurs between [CD3C03]~ and the acetate and acetic
acid ligands in {Rh2{OAc)k [ CeHaPPha}(AcOH):], and the kinetics of this process have been
investigated. The first step is the fast exchange of the acetate ligand which is rans to the metallated
ligand, and also fast exchange of the axially-bound acetic acid molecules. The remaining two acetate
bridges are exchanged in a slow step [79). Lahueria et gl. have also synthesised the related
complexes [Rha{0AC)3{(4-XCsH3)P{CeHy-4-X )2 J(AcOH)z] where X = Ci or Me. Thesc species
under ligand exchange and metallation when they are treated with P{CgHy-4-Y)3 where Y =H, Clor
Me. When the reagents combine in a 1 : 1 ratio, the doubly meiallated products exhibit a 'head-to-
tail' arrangement of metallated ligands for X = Y. In contrast, when the ratio of P(CeHa-4-Y)a :
dirhodium complexis3:1,a mixture of ‘head-to-tail' and 'head-to-head' products is obtained for X
=Y = (I, but only a 'head-to-head' product if cbserved for X = Y = Me; both 'head-to-tail’ and "head-
to-head' producis are formed if X # Y [80). The crystal structure of [Rha(OAc)s { CgHaP(Ph)(Ceta-
2-CH{AcOH)7] has been determined; the Rh-Rh distance is 2.401( DA, LI gand exchange reactions
have been investigated, as well as thermal ransformations [81]. Orthometallation has alse been
observed in the case of a bridging dppe ligand in a dirhodium coroplex [82).

94.3  Complexes with dppm and related ligands as bridging units

When trans-{[RhCI{COYMeaPCHsPMe2)2] reacts with agqueous sodium hydroxide and
carbon monoxide, the product is [Rho(CO)3(pn-Me2PCH2PMer)s1. Under an atmosphere pressure
of carbon menoxide, this complex is in equilibrium with [Rhp(CO)2{u-CO)p{ut-Me2PCH2PMez)a].
[Rh2(CO)3(-MesPCH2PMes):] reacts with tetrafluoreboric acid to give [Rhp{CO)3(u-H)(pt-
MezPCH2PMe2)21[BF4). Other related chemistry has alse been descnibed [(83).

In solution, the dirhodinm complexes [Rhz{CO¥(p-dppm)z(U-NR)] (R = Me, Ph, 4-
MeCglly, 4-FCgHy and 4-BrCgH4) are in equilibsium with their respeciive tautomers in which one
dppm ligand is deprotonated and the imido bridge is protopated. Carbon monoxide inserts into the
Rk-N boad, and the nature of one product which forms in the presence of excess CO —
IRh2(CO(p-COYp-dppmaf u-n 1 L-CLOINMeC(O)} | — has been confirmed by crystallo-
graphic studies [84].

Ligands which are similar to {31} and (39}, but having only one methylene group between
the two phosphorus atoms, react with [{RhCKCO)z}2] 1o yield the 'A-frame’ type complexes
[CIRh{1-COYu-LyRh{CH]CI and cis-[ { RhCI{CTO} }2{ue-L")z] where L is related to (30}, and L' is
related 10 (39) (R = Me). Swructural data for ¢is-[RhpCla(CO){u-L')2] reveal that each rhedinm
centre is in a square planar environment [85]. In the presence of ammonium hexafluocrophosphaie,
[RhaCl2(COY2{1t-dppm)s] reacts with ligand 44) 10 give 'head-1o-head’ RR- and $S-isomers the
dirhodivm complex [Rha(u-dppm)a{p-(44)}2]12*. Characterisation of this cationic complex has
been by IR, UV-VIS and 31P NMR spectroscopies, electrochemical and X-ray diffraction methods
[86]. The single crystal siruciure of [Rh2(CN'Bu)2(-dppm)z{u-3,5-pz)) (45) ((3,5-pz}~ = 3,5-
dimethylpyrazolato) has been elucidated [87].
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th;C/\/\ CHPh
N N
C c
{44)

Only the ipse-C atoms are shawn for the Ph substituenis.

(45)

Heterometallic complexes with dppm bridges include [(MeCN)Pe{u-dppm)Rh{NCMe)3}3*
[88], [(OC)aMo(u-dppm)Rh(S2CNEz}CO)] and [(OCyn2-phen)M(n-COI2(n-
dppm)Rh{S2CNE Y CO)] (M = Mo or W} [89]. The platinam-rhodium complex is isolated as the
hexaflucrophosphate salt when [Rh{NCMe)s}* is treated with [Pi{dppm)2]1Clz in a methanol
solution containing NHa}{PFgl. The suucture of [(MeCN}Pt(}.&-dppm)th(NCMeh]?“‘ has been
crystallographically confirmed; the platinum and rhodium centres are in square planar and
octahedral envirenments if a metai-metal bond s included in the description. The Pt-Rh distance is
2.708(2)A. Related chemistry has also been described, and attention is paid to the variation in the
coordination geometries within a family of platinum-thedium species [88]. When
IRh(S2CNE©)COY) reacts with (Mo(CO)a(n2-dppm)] or with {M(CO)3(n 2-phen)p!-dppm)] (M
= Mo, W), the dimetallic complexes [{OC)aMol{p -dppm)RE(S2CNEtz¥CO)] and KOCHR2-
phen)M{u-COR{p-dppm)Rh{S2CNER}CO}] (M = Mo or W), respectively, are formed. These
bhave been characterised by IR, 'H and (in part) 31P NMR spectroscopic methods. The presence of
dative bonds (Rh—M) is proposed [891.

Crthometaliation has been ohserved in the case of a bridging dppe ligand in a dithodium
complex [82]. Dirhodiem complexes containing dppp ligands have also been studied. The
hydrogenation of [Rh2(CO)2(dppp)z{u-CC)z2] in the presence of dppp leads to catalytically
important species. Two such products are the dinulear complex [RhaH2(CO)Y2(dppp)2(i-dpppiz)
and the mononuclear [RhH{COXdppp)z]. In the latter, one bis(phosphine) ligand is monodentate
and one is didentate. Mechanistic aspects of this work have been addressed [90].
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944  Complexes with N-donor ligands involved in bridging units

A study of the reactions of nitriles RCN (R = Me, Ph or 2-MeCgHa4) with the hydndo
dimers {Rhz(R'3PCH2CH PR 2}7(i-H)z] (R' = iPr or QiPr) has shown that the products include
those of the type (46). For R' = iPr, the structure of compound (46) has been crystallographically
confirmed. The Rh-N bond lengths are 2.030(3) and 2.044¢1A [913.

O,
0
; H ':' :
R R' * N N%
[ NN j ph\/o Ru_ Rh Ph
R'?. /JI\ RI2 4 \_<
H Me O
(46) @hn

As part of a study of the coordination to thodium of biclogically important ligands, the
tesults of the reaction between [{ Cp*RhCla} ]2 and N-carbobenzoxy-glycine amide in the presence
of sedivm methoxide have been reported. The dinuclear complex (47) is formed and has been
isolated and structurally characterised [92].

The chemistry of some dirthodium complexes involving triazenide ligands have been reported
by Connelly et ai. [93, 94]. Treating [RhyH(CO)(bpy)}(p-RNNNRY2)2* (R = 4-MeCgHy) with silver
hexaflucrophosphate and dppm leads to iodide abstraction and the addition of the dppm ligand. The
product is [Rha(p-COXbpyXdppm)(u-RNNNR)2)2+ and the results of an X-ray diffraction study
show that each of the bpy and dppm ligands is associated with a particular metal centre and is
chelating; the electronic structure of the complex has been investigated by using extended Hiickel
MO calculations. The complex cation is described as possessing an 'open-book’ structure, and the
bridging carbonyl ligand appears to have the character of a ketonic CO2- unit. Solution data
evidence the existence of an isomer equilibrivm, Electrochemical results are also discussed. In the
presence of a catalytic amount of ["BuyN][BH4], one miazenide ligand in the dication [Rha(j-
COXbpy)(dppm)(u-¥,! M3-RNNNR)z12+ undergoes a rearrangement and adopts an unprecedented
u-N1.3 N1.3.mode. The new structure has been confirmed crystallographically. Electrochemical
studies have been carried out and the results discussed.

The bridged complex [RhaL4] which contains the N N'-di-4-methylphenyl-formamidinate
ligand (L) is chemically oxidised by silver nitrate or silver wifluproacetate, giving [RhaL4][NO3]
and [Rh2L4(H20)][O2CCF3] respectively. Infrared and EPR spectroscopic daia for the two
complexes have been recorded; in the latter spectrumn, an interaction is cbserved between the
unpaired electron and the two equivalent rhodium centres. An X-ray diffraction study of
[Rh2L4(H20)][02CCF3) has been carried out. In the cation, the single water molecule is axially
bound to the{RhaLa}-core. The Rh-Rh and Rh-Oyyer distances are 2.452(2) and 2.165(2)A



258 L. Vites et al/Coordination Chemisiry Reviews 146 (1995} 1-28¢

respectively. Comparison of the souctural parameters with those of the neutral precursor indicate
that exidation causes a degree of lengthening of the Rh-Rh bond; this is in contrast to the shortening
that is predicted on the basis of MO calculations [95]. In a later paper which continues work with
the N, N'-di-4-methylphenyl-formamidinate ligand, Bruno et ai. report the formation of the
paramagnetic 'dimer-of-dimers' [{RhaL2(02CCF1)3{Ag02CCF3)2}2] (48), which formally
contains two {Rhz}3+ cores. In the EPR spectrum, coupling is observed between each unpaired
¢lectron and two of the 183Rh centres. The solid state structure of (48) illustrates that the
{Rh2L2(Q2CCF3)3}-radicals are linked through the axial positions by silver trifluoroacetate
molecules. Two other related species containing {Rhp}5+-cores have also been reported —
[Rh2L2(02CCF3)2(H20)72][Cl04] and [RhypLz(02CCF3)}[NO3]z [96]. The N, N'-
diphenylphenylbenzamidinate Yigand, [L']-, has been incorporated into the complexes [RhaL'4] and
[RhsL'4(C0O)). The absorption spectroscopic and redox properties of [RhzL'4) are reported. The
results of structural studies show that the Rh-Rh distance lengthens from 2.389(1)A to 2.435(1)A
upon coordination in of the CO molecule in an axial site. Coraparisons have been made between
these dirhodium systems and similar dicobalt ones [57].

e =F o0=0 # =N
p-toly} substituents omitled for clarity.
(48)

Pyrazolaie ([pz]~) bridges feature in several dirhodium complexes, and one example has
already been mentioned - [Rha(CNIBu)a(u-dppm)a{u-3,5-pz)] (45) [87]. The two complexes
[Rhz(cod)2(u-p2){n-SPh)] and [Rin{COY(PPh3)z(p-pz){n-SPh)] have been synthesised and their
reactivity patiems investigated [98]. Sodium and thallium salts of [Cp*Rh{PO{OMe)2}2{pz)]- have
been prepared. These anions are ideal units from which to access heterometallic or asymmetrical
homometallic complexes containing thodium. Reactions of the anion [Cp*Rh{PO{OMe)2)2(pz)]-
with [{Cp*RhClz}2], [{Cp*IrClz)2] and [{(5-CgHg)RuClz}2] have been studied. The crystal
structure of [Cp*Rh{p-PO(OMe); }o(p-pz)Rum®-CgHg)[[ClO4] has been elucidated; there is no
direct metal-metal bonding interaction [99].
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Two triazole-bridged homo- and heterometallic complexes containing rhodium have been
described — these are the cationic species [(bpy)zRu(p-LIRh(ppy)2]2* and [{ppy)2Rh(p-
L)Rh(ppy)2]* where HL = (49). The formal oxidation state of the rhodium cenwres in each complex
is +3. Electrochemical studies of these and analogous iridium-containing complexes show that the
heterometallic specics exhibit an oxidation step centred on ruthenium, and a reduction step centred
on the bpy ligand. The reduction of the dirhodium (and also the diiridivm) complex is triazole-
centred. Bands in the absorption spectra of [(bpy)zRu(t-L)Rh(ppy}2]2* can be assigned 1o the
transitions Ru—bpy and Rh—[ppy]~. Energy transfer processes in this cation are discussed [100].

= R

= N | o

N N
(49)

945  Complexes with porphyrin ligands

A series of articles has described dirhodium porphyrin complexes. The reactions between a
series of (tetraarylporphyrinato)rhodium(Il) complexes and CQO give results that illustrate the role of
ligand steric effects in promoting or inhibiting carbony! coupling and the associated formation of
dirhodiumn complexes of the type [{porph)RhC{O)YC(D)Rh({porph)]. For example, a combination of
CO and the radical [Rh{TMP)]* gives an equilibrium mixture of the diamagnetic compound
[TMPRhC(OCIORN(TMP)] and (a smaller proportion of) the paramagpetic [Rh(TMP)(CO)] (S
= 1/7). On the other hand, reacting CO with [Rh(TTiPP)]" (TTiPPH; = 5,10,15,20-tetrakis(2,4,6-tri-
iso-propylphenyl)porphyrin) leads enly to the formation of the monomer [Rh(TTiPP)(CO)). The
EPR spectra of the monomeric compounds are consistent with the presence of non-lingar Rh-C-0O
units. Further studies reveal that [Rh{TMPYCO)] behaves similarly to an acyl radical [101]. Further
work by the same authors shows that the reaction of [Rb{TTEPP))* (TTEPPH> = 5,10,15,20-
tetrakis(1,3,5-triethylphenyhporphyrin) with ethene (= 0.25 atmy) in benzene gives rise to the
dirhodium complex [{TTEPP)Rh(CH2):Rh(TTEPP)] which has been characterised by 'H and 13C
NMR spectroscopies. A similar pattern of reactivity is exhibited by [Ri(TTiPP)]". Low temperature
EPR spectroscopic studies of this system illustrate the formation of a 1: 1 ethene m-complex [102).

The dimer [Rh2(OEP)3] undergoes addition reactions with acrylates with reduction of the
alkene group. The products are [{OEPYRh{CH,CH(CO2X)Rh{OER)] where X = H, Me or Et.
Stereoisomers, which arise because of hindered rotation about the CH—CO2X bond, have been
observed. The effects of changing the porphyrin ligands to TMP2- are discussed [103].

948  Complexes with sulfur-containing ligands

Thiolate bridges in dirhodium complexes are seen in [Rha(cod}z(U-pzi(-SPh)] and
[Rhz(CO)2(PPha)2(l-pz}(H-SPh)] which have been synthesised; their reactivity has been
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investigated [98]. Bridge-cleavage may be cffected in [Rho({PPh3)4{n-SCgFsia] by reaction with
phosphines, phosphites, or nitrogen-containing species such as pyridines and quinolines. These
transformations have been used as a means of preparing a range of mononuciear
pentafluorophenyithiolate complexes of rhodinm [104].

Dirhodium complexes with mixed doner-atom ligands invelving sulfur have been reported.
The first work comes from Ciriano ef al. and incorporates the ligand benzothiazole-2-thiol (HL).
The complex [Rha(p-L)2{CO}2(PPh3)2] reacts with [MCla{cod)] (M = Pd or Pt) to yield the
diamagnetic heterometallic compound [(PhiPIM(p-LizRh{(COYCI]. These products have been
characterised by IR, H and 3'P NMR spectroscopies, and for M = P1, by X-ray diffraction
methods, Each ligand L acts as an N,S-donor, binding 10 the rhodium cenire through the nitrogen
atom of the heterocyclic ring, and to the group 10 metal cente through the sulfur atom. The two
bridging ligands lie rrans to one another across the metal-metal bond [106). The coordination of
some related N,§-donor bridging ligands has been explored by Gopinathan et al. Ligands HL =
(50) 10 (52) react with [Rho(QAc)4] and ligands, L', such as pyridine and triphenylphosphine o
yield the complexes {Rha(u-1.)2(0Ac)2].2L". 1 an excess of the ligands HL is present, compounds
of the form [Rha(p-L)g].L' are obtained. The IR, UV-VIS and 'H NMR spectroscopic properties of
the rew products have been reported, and the crystal siructure of [Rhp{p-{51)}41.PPh3 (R = Me}
has been elucidated {106].

H H H
I 7/ I
(N N—N /E—N
P A s [ =
s S RS S S R T S
R
R =Me, Et Pr R = Me, Ph, CHCH,Ph

(50) (51) (52}

94.7  Complexes with chlore-bridges

One particular complex should be menticned here. This is the dirhodium compound
[Rh2Clg(SeCla)q], the solid state siructure of which has been determined by single crysial X-ray
diffraction methods. Two bridging chlero-lgands support the dimetat framework, and each thodivm
centre is in a distorted octahedral environment. The SeClo-groups are terminally bonded [107],

95 POLYNUCLEAR RHODIUM COMPLEXES

Metastable hydrolysis products of rhedium(Iil) have been separated and spectroscepically
characterised. A dimer (see section 9.4} and a trimer have been observed as solution species, The
NMR spectroscopic data for the trimer are consisteat with a Hinear structure with octahedral rhodium
ceatres — [(FH20)Rh(u-OH)sRMH0)(1-OH)»Rh{(H20)4)3+. Two resonances are observed in
the Y3Rh spectrum; the signals at § 9967.1 and 10,004.3 are assigned (o the terminal and centzal
rhodium sites respectively, and the 102Rh-193Rh spin-spin coupling is 1.5 Hz [69).
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Didier ez gl. have illustrated that fast atom bombardment mass spectrometry can be a useful
means of characlerising polymetallic complexes, for example, when NMR spectral data are difficult
1o analyse. Complexes used in this study include those of ligand (§3) with rhodium(III), as well as
mixed rhodivm-ruthenium complexes [108].

Rhodium(IIl} complexes involving some biologically important ligands have beea
investigated. As par of this study [92], the reaction of [Cp*RhCIL) where HL = (54) with silver
tewrafluoroborate has been investigated, A wirhodium complex is formed; the ligand L- is O-bonded
to one rhodium centre, and O N-coordinated to the next. The wimerisation process, which gives a
cyclic array, occurs with "chiral self-recognidon” [92].

N N
8]
o
N !N HO Ph
N\\) NH,
(53) (54)

Thiolate bridges feature in a series of winuclear homo- and heterometallic invelving rhodium
and iridivm atoms; the complex cations that have been synthesised are of the general type [Rhi.
Are(i3-SPh){diene)s]* (3 € x £ 0). The new products have been characterised by IH NMR
spectroscopy, and the crystal structure of [Rha{ies-SPh){cod)3}{C104} has been determined. In the
cation (5§35}, each rhodium centre is square planar. The RhRh distances of 2.9797(8) to
3.4937(8)A are considered to be indicate that there are no metal-metal bonding interactions. Related
dinuclear species have also been prepared and characterised [109]. The reactions of
[{RRCI(CoH4)2 2] with S{CHCH,CH=CHz3)z or its selenium anatogue lead to the trinuclear
complexes [{RhCKE(CH2CH2CH=CH3j2}13] (E = 8 or Se). Cryswallographic data for the
selenium-containing complex (56) show that the complex contains a cyclic core in which each
rhodium centre is coordinated by an Se-donor atom and twe alkene functionalities as well as a
chloride ligand. The cyclic structure is supported by the selenium donors which bridge between
adjacent metal centres. The environment of each thodinm cenwre is a distorted rigonal bipyramid,
Studies which use one- and two-dimensional NMR spectroscopic techniques confirm that the
trimeric structure is retained in solution {110].

Rhodium complexes of chiorpromazine (57), promethazine (58) with R = Me, or
ethopropazine (58) wiih R = Et are among a series of species that have been prepared and which
incorporaie pherothiazine ligands. The products, which include [Rhsla(H200Cigl[REB(H03:Cla)
{L = (58) with R = E1) and [Rh3L3{H2(0)2Clg]CL (L = (57} or (58), R = Me), have been
characterised by elemental analysis, molar conductivities and spectroscopic dasa [111].
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{(55)

MezN
\/\ RoN
@ NJO/ ; N
5 8
R =Me, Et
(57) (58)

In the presence of diphenylacetylene, the dimer [Rhp{QAc)4] reacts with 5,7,12,14-
tetramethyldibenzo[5,i1{1,4,8,11 Jtetraazacyclotetzadecine  {HzL) to yield the complex
[{Rha{OAC)(OAC)} [RhL{PhC=CPh)}2] (59); (see also section 3.4.2). Crystailographic
characterisation of compound (59) reveals the presence of a central Rha(QAc)s unit with one
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additional acetate group coordinated in 3 monodentate fashion to each axial site. Each axial acetate
ligand bridges to a REL(PhC=CPh) unit, Each acetylene molecule has inserted between the ligand
L2~ and the rhodinm cente to which the macroecycle is bonded [76].

=N O =0

(39)

The formation and structure of a trinuclear complex cation containing a RhaCu core and
supported by the &,P-donor ligand (32) were described in section 9.3.5 [63).

The reaction of lithium hexamethyldisilazane with [Cp*Ir(PMe3)SHCI] leads, after heating
at 150°C, to the cubane comptlex [Cp*slraSal. Related systems which include the heterometallic
complex [Cp*slr2Rh284] have also been prepared. [Cp*slrpRhpS4] has been characterised by 1H
and 13C NMR spectroscopies and by X-ray crystallographic methods. The structure possesses a
disordered IrpRha-core [112].

A new group of S-bridged pentanuclear complexes which possess triple helical chirality has
been reported. Members of this class of compound are formed in the reactions of fac(S)-[Rhia]
(HL = HN>CH2CH28H) with mercury(IT) chloride or mercury(II} nirate. Each product contains
two A- or two A-fac(S}-RhL3 units linked by three mercury atoms. The crystal structure of
[{RhL3)2{HgCl2}1] (68} has been determined. Each rhodium centre is octahedrally sited and each
mercury(1l} centre is in a distorted temrahedral environment. The crystal data support the selective
formation of a racemic complex possessing either a AA— or AA—configuration for the two fac(S)-
Rhl3 sub-units. Poor solubility has meant that the complex could not be optically resolved [113]. In
further studies, Konno er al have shown that the reaction of fae(S)-[RhL3] (HL = HNpCHCHS8H)
with hydrated copper{li} nitrate leads 10 a complex hexacation with 2 CugRhs-core supported by
thiolato ligands and a coordinated disulfide unit. Analogous iridium species have also been
synihesised [114].

The preparation and structural characterisation of the complex dication
[(Cp*Rb!hg{MoV12036)(MoV104)12+ have been reporied. The synthesis involves the reaction of
Mo03.2H20 and [(Cp*Ri2(OHRICI at 190°C. Crystallographic data show that the central unit of
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the structure consists of twelve molybdenum atoms in a truncated ietrahedral array; the Cp*Rb: uniis

each cap one face of this core [115],
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