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A. INTRODUCTION 

A large number of binuclear coordination compounds of the platinum 
metals containing metal-metal bonds have been prepared in recent years, 
opening up the chemistry of new oxidation states including Ru(I), OS(I), 
Rh(I1) and Pt(III); none is more important or has been more thoroughly 
investigated than the rhodium(I1) carboxylates. The first reported binuclear 
rhodium compound containing four bridging carboxylate groups was synthe- 
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sised in 1960 by Chernyaev and co-workers [l] who heated chlororhodic acid 
in formic acid. The compound was initially formulated as a rhodium(I) 
species H[Rh(O,CH), .0.5H,O] but was quickly shown to lack acid char- 
acter [2]. X-ray diffraction studies on the analogous acetato compound of 
rhodium [3] indicated a dimeric “lantern” structure [Rh,(O,CMe),(H,O),] 
possessing a metal-metal bond [4] (Fig. 1) (M = Rh), Antsyskina subse- 
quently showed the format0 complex to possess a polymeric structure based 
on linked hydrated and anhydrous lantern units ([Rh(0,CH)2- 
H20J2[Rh(0,CH),],), [5], Fig. 2. The lantern structure which had previ- 
ously been established for [Cr,(O,CMe),(H,O),] [6] and [Cu,(O,CMe),- 
(H,O),] [7] is now known to occur widely in the chemistry of transition 
metal complexes containing carboxylate anions and related bridging ligands. 
Rhodium(I1) carboxylates of ca. 25 different carboxylic acids have been 
prepared. The compounds are very stable. but react with a wide variety of 
neutral ligands (L) or anions (X-) to form adducts [Rh,(O,CR),L,] and 
salts ML[Rh,(O,CR),X, ] (n = 1, 2; M = alkali metal or protonated N-base) 
respectively, displaying varied and often brilliant colours. The bonds formed 

Fig. 1. The molecular structure of Rh,(O,CMe), .2H,O, Cr,(O,CMe), .2H,O and 
Cu,(O,CMe),.2H,O (with permission from ref. 11). 

Fig. 2. ([Rh(O,CH),H,O],[Rh(O,CH),],),. This structure has only been reported in outline 
(Porai-Koshits et al.. Coord. Chem. Rev., 17 (1975) 1). (HI0 ligands omitted.) 
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by the axial ligands with rhodium in the dimeric carboxylates are weak 
compared with Rh-L or Rh-X bonds in mononuclear complexes and this 
has been attributed to the trans-influence of the covalent Rh-Rh CJ bond [8]. 
The diamagnetic character of these rhodium(I1) (d ‘) complexes is attributed 
to the presence of a metal-metal bond, however the nature of this bond has 
been the subject of much controversy [9,10]. The initial report on the crystal 
structure of [Rh,(O,CMe),(H,O),] gave a RhRh distance of 2.45 A and 
contained the proposal that a Rh-Rh single bond was present [4]. Cotton et 
al. performed more accurate X-ray crystallographic measurements and sug- 
gested that the short Rh-Rh distance (2.386( 1) A), yhich is considerably less 
than expected for a Rh-Rh single bond (2.7-2.8 A) indicated the presence 
of a RhrRh triple bond [ 11,121. Theoretical calculations supported by 
electronic spectra and ESR data indicate a Rh-Rh single bond, but the 
shortness of the bond has still not been adequately explained [8]. Opposing 
views concerning the nature of the rhodium-axial ligand bonds remain 
unresolved. 

The interest in rhodium(H) carboxylates has been maintained in recent 
years by their potential practical applications. In 1972 Bear and co-workers 
discovered the activity of rhodium(I1) carboxylates as anti-tumour agents 
[ 131. In vivo studies have shown that the rhodium(I1) carboxylates are able to 
inhibit certain biological processes, in particular the cellular synthesis of 
DNA [ 14,151. Rhodium(I1) carboxylates are also used as catalysts in organic 
synthesis; examples include the homogeneous hydrogenation of alkenes [ 161 
and the cyclopropanation of alkenes with alkyl diazoacetates [17]. 

Rhodium(J1) carboxylates have been reviewed briefly [ 18-201 and have 
been discussed in general articles on platinum metal carboxylato complexes 
[21], metal carboxylates [22-241 and inorganic trifluoroacetates [25], however 
no attempt has been made to correlate the considerable amount of data 
which has been reported in the past two decades concerning their physical 
and chemical properties and their uses. This article will attempt to remedy 
this deficiency. * 

B. SYNTHESIS 

Rhodium(I1) formate was originally synthesised by heating chlororhodic 
acid H,[RhCl,] in formic acid, however some metallic rhodium was also 
formed since formic acid is a strong reducing agent [ 11. Rhodium(I1) acetate 

* After this manuscript was completed a review of “The Chemistry, Structure and 
Metal-Metal Bonding in Compounds of Rhodium(H)” including rhodium(II) carboxylates 
appeared; T.R. Felthouse, Prog. Inorg. Chem., 29 (1982) 73. 
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was prepared by an analogous method [26]. Several variations to the original 
procedure are now employed for the preparation of the rhodium(l1) 
carboxylates, the choice of method being influenced by the pK, value of the 
acid. Rhodium(I1) acetate is prepared by refluxing a mixture of rhodium 
trichloride trihydrate, sodium acetate trihydrate and glacial acetic acid in 
ethanol [27,28], while the rhodium(l1) carboxylates of stronger acids such as 
trifluoroacetic acid are generally obtained by the interaction of rhodium 
trichloride with the appropriate sodium salt alone in ethanol [29,30]. Other 
preparative methods include heating rhodium(lI1) hydroxide with the ap- 
propriate acid under reflux in ethanol followed by extraction into acetone, 
treatment of hydrous rhodium(llI) oxide with the acid in ethanol followed 
by extraction into dichloromethane [32], and exchange of the acetate ligands 
with the appropriate free acid [31,32]. The stepwise exchange of acetate for 
trifluoroacetate has been followed by ‘H NMR and mass spectrometry [33]: 
a more complete discussion of the exchange reaction is given on page 162. 

The rhodium(I1) carboxylates usually crystallise as solvates [Rh,(OzCR), 
(solv),,] but can be converted into non-solvated form by gently heating in 
vacua [33]. Adducts of rhodium(l1) carboxylates with neutral ligands (L) can 
be prepared by treatment of the anhydrous solid [Rh,( O,CR),] with a 
solution of a solid ligand or a slight excess of neat ligand in liquid or gaseous 
form. Excess liquid ligand is removed in vacua, while a gaseous ligand is 
passed over the finely ground solid until constant weight is achieved 1311. 
Salts of the rhodium(l1) carboxylates are prepared by mixing alkali metal or 
protonated N-base salts (MX) with [Rh,(O,CR),(H,O),] yielding 

M]Rh,(O,CR),Xl or M,Wh2(0,CR),X,I. 

C. DIFFRACTION STUDIES AND STRUCTURAL FEATURES 

The first X-ray diffraction crystal structure analysis on a rhodium(lI) 
carboxylate was performed by Antsy&ma on rhodium(l1) acetate (51. His 
estimate of 2.45 A for the Rl-Rh bond length in [Rh2(02CR),L,] R = Me, 
L = H,O was based on the inspection of just two electron densityOprojec- 
tions and has subsequently been revised by Cotton et al. to 2.385(5) A in the 
light of more accurate data from a full three dimensional analysis [ 11.341. 

X-ray diffraction crystal analyses have been performed on over thirty 
rhodium(I1) carboxylate adducts and salts, all of which possess the basic 
“lantern” structure: the rhodium--rhodium bond lengths vary from 2.371 A 
in [Rh,(0,CCMe,),(H20)2] [60] to 2.486( 1) A in [Rh2(0,CCF,),(PPh,),] 
[35]. Since comparisons with related structures indicate that the short Rh-Rh 
distances (less than those in rhodium metal) are not imposed by the steric 
requirements of the bridging carboxylate ligands, they were originally taken 
by some authors to imply the presence of a rhodium-rhodium triple bond 
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[ 11,121. However, a Rh-Rh bond order of one in these complexes is now 
generally accepted. X-ray crystallographic and structural parameters for 
rhodium(I1) carboxylates and for rhodium(I1) compounds where two of the 
carboxylates are replaced by other bridging ligands are given in Table 1. 
Rhodium-rhodium distances are dependent upon the nature of the axial 
donor ligands; replacement of axial nitrogen or oxygen donors by phos- 
phorus donors increases the metal-metal bond distances in adducts of 
rhodium(I1) acetate and trifluoroacetate significantly (ca. 0.05 A). However 
replacement of PPh, by P(OPh) 3, a phosphorus donor ligand generally 
considered to possess greater 7~ acceptor capacity, produces only small 
changes (2.4505 + 2.445 A) and (2.486 + 2.470 A) in the Rl-Rh bond 

distances of rhodium(I1) acetate and trifluoroacetate respectively. 
An X-ray crystal structure of the oxidised species [Rh,(O,CMe),(H,O),]- 

ClO, . H,O has been reported, Rl-Rh and Rh-OH, bond distances of 
2.317(2) and 2.22( 1) A respectively are much shorter than in the neutral 
species [Rh,($&CMe),(H,O),] where the corresponding values are 2.385(5) 
and 2.310(3) A respectively [ 11,341. Even after allowing for a decrease in the 
effective radius of the rhodium on oxidation, there is still a net reduction in 
bond length. For a more complete discussion of Rl-Rh and Rl-L bonding, 
see section J on Electronic Structure. 

Complete substitution of D for H in axial dimethyl sulphoxide of 
[Rh2(0,CCF,),(Me,SO),1 has been shown to alter the crystal packing [37]. 
This is the first example of isotopic control of a structure in a transition 
metal complex. Cotton and co-workers have suggested that a “size” effect 
may be operating, since a CD, group has a smaller Van der Waals radius 
than a CH, group, but have voiced reservations about this explanation since 
the methyl groups constitute only a small fraction of the volume of 
[Rh,(O,CCF,),(Me,SO),]. They have also noted that the different structures 
for each compound may have arisen merely from slightly different condi- 
tions prevailing during crystallisation, or alternatively both types of crystals 
may have been present in each case, even though each batch of crystals 
appeared to be homogeneous. 

Comparison of crystallographic data for [Rh,(O,CCF,),(EtOH),] and 
[Rh,(O,CMe),(EtOH),] shows that withdrawal of electron density to the 
fluorine atoms leads not only to an increase in the length of the neighbour- 
ing CF,-C bond but also to an increase in the angle between the C-O 
bonds. The resultant increase in the 0 . . - 0 distance (0.02 A) is accompa- 
nied by a similar increase in the Rh-Rh distance, so that the displacement of 
the rhodium atom from the plane of the oxygen rectangle remains unchanged 
(Table 2). The two crystallographically independent forms of 
[Rh2(0,CCF,),(EtOH),] which exist are joined by hydrogen bonds to form 
chains. Each pair of complexes is joined by two hydrogen bonds, one 
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Fig. 3. The crystal packing of the two independent forms of [Rh,(O,CCF,),(EtOH),] (with 
permission from ref. 38). 

between the hydroxyl group of ethanol and one of the oxygen atoms of the 
carboxyl group, and the other between the hydroxyl groups of ethanol. There 
are contacts between the chains via fluorines 1381 (Fig. 3). 

The use of potential linking ligands (N-N) to prepare adducts leads to 

formation of polymeric products [Rh,(O,CR),(N-N)], (R = Me,Et; N-N = 

Fig. 4. Polymeric products with linking ligands (N-N). 
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cyanoguanidine [39], adenine [40], phenazine and durene-diamine [41]) 
(Fig. 4). The ambidentate thiocyanate and selenocyanate anions can also act 
as links between the lantern units [42,43]. 

The operation of rran~ influences and other electronic factors in bridging 
carboxylate exchange reactions leads to exclusive formation of di- and 
tetra-substituted products (further discussion of this phenomenon is given in 
Section L) [33]. Direct replacement of carboxylate by other bridging ligands 
is also possible. Thus treatment of Rh,(O,CR), with mhpH = 2-hydroxy-6- 
methylpyridine or chpH = 2-hydroxy-6-chloropyridine yields a variety of 
partially or fully substituted lantern compounds, several of which have one 
or both axial sites blocked by the 6-methyl or 6-chloro groups (Figs. 5 and 
6). Four asymmetric mhp or chp ligands are arranged in a 3 : 1 rather than 
the anticipated 2 : 2 conformation. Adoption of the 3 : I mode ensures axial 
ligation at least at one of the axial sites, while a 2 : 2 arrangement would 
probably prevent ligation at both axial sites. In order to minimise the 
repulsive forces between the three methyl groups or chlorine atoms at the 
crowded end of the molecule, the orientation of each bridging ligand is 
twisted by ca. 20” [44-461. 

Compounds in which carboxylate anions are replaced by chelate ligands 
such as phenanthroline [47,48] and dimethylglyoxime [49-5 l] also occur 
(Figs. 7-9). 

In addition to numerous complexes where the lantern structure has been 
confirmed there are a number of cases where the presence of the binuclear 
structure is supported by magnetic and spectroscopic evidence but has not 
been fully established. In many of these instances, crystallographic confirma- 
tion is desirable. Treatment of rhodium(I1) carboxylates with P-diketones 
leads to formation of disubstituted products of uncertain structure. Spectro- 
scopic evidence suggests adoption of’ the chelating mode by the P-diketonate 

Fig. 5. Partially substituted compound [Rh,(OzCMe),(mhp),(C,H,N,)] with one axial site 
blocked, obtained by treatment of [Rh,(O,CMe),] with mhpH. 

Fig. 6. The four asymmetric chp ligands are arranged in a 3 : 1 configuration in 

[Rh,(chp),(C~H,N,),3H,Ol. 
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Fig. 7. Structure of [Rh,(O,CH),(phen),Cl,] (with permission from ref. 48). 

anions (Fig. lo), but structures with bridging modes have also been proposed 

[=I. 
Modified lantern structures have been proposed for [Rh,(O,CMe),(HOH 

- - .O,CMe),(NH,),] and for [Rh2(0,CMe),(HOH. - .O,CMe)(OH) 
(HOH)-(NH,),] [53] (Figs. 11 and 12). 

A green complex of stoichiometry Rh(dpc). 3H,O is formed when hy- 
drated rhodium(H) acetate is treated with pyridine-2,6-dicarboxylic acid 
(dpcH,). It is thought to be a true rhodium(I1) complex with the Rh,(O,C-), 

o/c\o /H3 

I ,OTP 
Rh -Rh 

Fig. 8. [Rh,(O,CMe),(dmg),] (N-N = dmg). 

Fig. 9. [Rh,(dmg),] (N-N = dmg). 

Fig. 10. [Rh,(O,CMe),(acac),]. 
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dH3 
tHg 

Fig. 11. Proposed structure of [Rh(O,CMe)(HOH . O,CMe)(NH,)]:. In the 
the figure captions are transposed (ref. 53). 

original paper 

Fig. 12. Proposed structure of [Rh,(O,CMe),(HOH . . O,CMe)(OH)(H,O)(NH,),1 

unit preserved through linking dpc units in which the N-donor atom is not 
coordinated. However, it is difficult to visualise a molecular structure of this 
type which does not involve considerable distortion. It has been suggested 
that one of the three water molecules associated with each Rh(dpc) unit 
could be coordinated to the rhodium atom and the remaining two could be 
“lattice” water. Rh3d,,, and Rh3d,,, binding energies for a sample of this 
complex were located at 312.6 and 307.8 eV respectively which is in the 
range characteristic of other rhodium(I1) compounds. (Rh3d, ,z 3 12.2-3 13.4 
eV, Rh3d,,, 307.8-310.0 eV [54]). 

The rhodium(H) salicylates appear to possess a modified lantern structure. 

Fig. 13. The molecular structure of [Rh,(O,CMe),(theophylline)~] (with permission from ref 
59). 
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The IR spectra of these complexes are similar to those of copper(I1) 
salicylates and have been taken to indicate coordination of salicylate by the 
oxygen of the carboxyl and phenoxy groups [55]: however, the X-ray crystal 
diffraction study on copper(U) salicylate indicates the molecule does not 
possess the lantern structure [56]. The whereabouts of the phenoxy proton 
has not been determined. Evidence concerning the structure of these mole- 
cules is discussed in Section E. 

D. MAGNETIC MEASUREMENTS 

The diamagnetic nature of the rhodium(I1) carboxylates was one of the 
first pieces of evidence for a metal-metal bond. In 1965 Nazarova et al. 
reported that the magnetic susceptibility of diamagnetic anhydrous 
rhodium(I1) acetate varies with temperature [69], however Kitchens and Bear 
[70] noted the variation was small (ca. 0.11 + 0.30 BM when measured by 
Faraday’s method over the temperature range - 196” to + 188’C) and may 
simply be due to the increase in error upon heating and cooling the sample. 
They pointed out that their results cannot be compared with those obtained 
earlier, since the latter did not include details of the method and the 
temperature range employed [70]. 

An investigation of the effect of the various axial substituents L on the 
magnetic susceptibilities of the acetato compounds of rhodium has been 
carried out. It was found that the substituents have only a small effect on the 
susceptibility of the basic acetate group Rh,(O,CMe),. An effective mag- 
netic moment of ca. 0.5 BM per rhodium was also found with a variety of 
axial ligands and bridging carboxylate groups. Rhodium(I1) salicylate, the 
structure of which is still unresolved, also has an effective magnetic moment 
of ca. 0.5 BM per rhodium [71]. 

A pale green rhodium glycinate ether adduct which was formulated as 

[Rh(O,CCH,NH,),{(C,H,),O)l on the basis of analytical data was found to 
be paramagnetic with Xo = 2 X lop6 and an effective magnetic moment of 
1.4 BM [71]. However, the exact constitution of this product remains 
uncertain. Magnetic moments in solution have been determined by Evans’ 
NMR method for [Rh,(O,CMe),]+ (see p. 135). 

E. VIBRATIONAL SPECTROSCOPY 

IR and Raman spectroscopic data have been recorded for many of the 
rhodium(I1) carboxylate adducts and in several cases full coordinate analyses 
have been performed; references are given in Table 19 (p. 182). Some general 
trends and specific examples will be discussed in this section. 

The v(Rh-0) vibrations appear as an intense absorption band with other 
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low and medium intensity bands in the 500-420 cm-’ region for rhodium(I1) 
formate, while for acetate and trifluoroacetate the v(Rhb0) vibrations 
appear at 395-340 cm-’ generally as two bands of medium intensity. 
Although the reason for the marked difference is unclear it has been 
attributed “to the influence of the hydrocarbon group” or to a slight 
difference in the ionic character of the Rl-0 bonds [72]. There is no obvious 
correlation between Y(Rh-0) and the mass of R in [Rhz(02CR)J (see 
Table 3). 

The small values of [Y(OCO),,,, - v(OCO),,,,] are consistent with a 
bridging mode for the carboxylate ligands. Values of Y(OCO),,.,, and 

v(OCO),,,, for selected complexes are given in Table 3. Although ch&ges in 
the nature of the axial ligands produce no significant trends in the vibra- 
tional frequencies recorded for the lantern structure [Rh,(O,CR),], small 
axial ligand dependent shifts in “(OCO),,,, and v(OCO),,,, are obtained. 

Raman active v(Rl-Rh) bands can be related to’the relative order of the 
Rl-Rh bonds under investigation: however the considerable complexity of 
the spectra in the v(Rl-Rh) region combined with the low intensity ex- 
pected for a band resulting from the stretching modes of these relatively 
weak metal-metal interactions prevents an unambiguous assignment of 
y(Rl-Rh) [79] (Fig. 14). Following the earlier conclusions of Cotton et al., 
Ketteringham and Oldham assumed the Rh--Rh bond order to be 3, and 
they thus assigned an intense line in the Raman spectra at ca. 350 cm-’ to 
the Rh-Rh stretching mode; the value agreed with that calculated from the 
simple harmonic oscillator model for multiply bonded rhodium atoms [74]. 
This assignment has recently received fresh support [92,122] from Raman 
perturbation difference spectroscopy and single crystal polarised absorption 
spectra. However, other authors have pointed out that Raman active bands 
attributed to Rh-Rh single bonds in Rh,(CO),, and Rh,(CO),z occur at ca. 
190 cm-’ and have concluded that since the RLRh bond order in 
rhodium(I1) carboxylates is now generally accepted to be one. it is more 

Fig. 14. Raman spectrum of [Rh,(O,CMe),(MeOH),] (with permission from ref. 79). 
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logical to assign v(Rh-Rh) to the strong Raman absorption which occurs at 
ca. 150 cm- ’ [79,81]. Theoretical analysis of these vibrations has shown that 
they entail appreciable contributions from S(O-Rl-Rh) and G(C-0-Rh) 
modes in addition to v(Rh-Rh) [81]. Using Rh-Rh distances of 2.550 and 
2.386 A for rhodium(I1) thioacetate and acetate complexes, respectively, 
combined with the corresponding v(Rh-Rh) values of 164 and 155 cm-‘, 
Shchelokov et al. calculated the force constants and found them to be in the 
generally accepted range for Rh-Rh single bonds (see Table 4) [go]. In view 
of the conflict in assigning v(Rh-Rh) it would seem that more work is 
desirable in this area. 

The coordination modes of ambidentate axial ligands have been investi- 
gated by IR spectroscopy. Bands occurring at ca. 1100 cm- ‘, 950 cm-’ and 
1 loo-950 cm-’ have been assigned to v(S0) in S-bonded, O-bonded and 
SO-linked DMSO adducts respectively; in the free ligand v(S0) occurs at 
ca. 1100-1055 cm-‘. Thus [Rh,(O,CCF,),(DMSO),] (v(S0) ca. 1019 cm-‘) 
and [Rh,(O,CR),(DMSO),] (R = H, Me, Ph; Y(SO) ca. 1089 cm-‘, 1087 
cm-‘, 1102 cm- ‘) have been assigned 0- and S-bonded structures respec- 
tively. The coordination of DMSO in [Rh,(OSCR),(DMSO),] (R = Me, Ph; 
v(S0) ca. 1089 cm -I, 1108 cm-‘) has also been assigned as S-bonded [72]. 
The mode of DMSO coordination has been confirmed for rhodium(I1) 
acetate and rhodium(I1) trifluoroacetate adducts by X-ray crystal diffraction 
studies [60,65]. In [Rh,(C$CH!,(DMSO)i,,] ,DMSO acts as a link between 
lantern units (Me,SO)-&l-$h--(Me,SO)-$h’-I$-(OSMe,) leading to the 
appearance of two Y(SO)bands in the IR spectrum at 1090 and 1058 cm-’ 
attributed to S-bonded terminal and S,O linking DMSO ligands respectively 

1761. 
Axial coordination of amino pyridines, amido pyridines and benzamide 

has been investigated by IR spectroscopy. Coordination through the amino 
group is expected to produce a displacement of v(NH*)~~~~ and v(NH*)~~~ 

TABLE 4 

Rhodium-rhodium bond distances, vibrational stretching frequencies and force constants for 
selected rhodium(H) carboxylates 

Compound (I+Rh) V(Rh-Rh) 

(A) (cm- ‘) 
KW-I+) 
(mdyn A-‘) 

Ref. 

W(O,CH),W,O), 168 0.77 81 
RhSWMe)J%O), 2.385(5) 155 0.67 4, 81 
Rh,(O,CMe),(MeOWz 170 79 
Rh,(OOCMe), 2.386 155 0.67 80 
Rh,(OSCMe), 2.550 164 0.61 80 
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to lower wavenumbers (ca. 140-60 cm-’ and 100-20 cm-’ respectively). 
Thus the shift of v(NH,) (ca. 60-25 cm-‘) to higher wavenumbers (ca. 
(3474, 3331 cm-‘), (3472, 3358 cm-‘) and (3488. 3370 cm--‘)) respectively 
on coordination of 2-, 3- and 4-amino pyridine is taken to indicate bonding 
through the aromatic (pyridine) nitrogen. Similarly coordination of ben- 
zamide through the amido oxygen is indicated by a small displacement of 
v(C0) to lower wavenumbers (1668 + 1658 cm -_ ‘) and a larger shift of 

v(NH,) to higher wavenumbers (3381, 3185 -+ 3429, 3350 cm-‘). Spectro- 
scopic data for diethylnicotinamide (a small displacement of v(C0) to lower 
wavenumbers ( 1645 -+ 1622 cm--‘)) indicates coordination via oxygen; how- 

ever the pink colour of the complex suggests coordination through the less 
sterically hindered (pyridine) nitrogen [82,83]. 

A small decrease in the v(C0) (ca. 40-10 cm-‘) and an increase in the 
v(C-NH,) frequency indicates that urea and related amido compounds are 
coordinated via oxygen. For semicarbazide and 1,5-diphenylcarbonohydra- 
zide the IR data available do not allow an unambiguous conclusion about 
the mode of coordination. however a shift of v(C0) to higher wavenumbers 
(ca. 10 and 8 cm-‘) and &NH,) to lower wavenumbers (ca. 29 cm--‘) has 
been taken to indicate coordination of the amido nitrogen to rhodium and 
this conclusion is supported by the red and violet colours of the compounds 
concerned [84]. Thiourea is coordinated through sulphur as indicated by the 
decrease in v(CS) wavenumber (733 + 645 cm-‘) [73]. 

The cyanate anion usually coordinates through nitrogen. and IR data for 
K,[Rh,(02CCH,),(NCO), . 2H,O] (v(CN) = 2185 cm--i. v(C0) = 1328 
cm-’ and 6(NCO) = 623, 643 cm-‘) compared with the “free” ion values 

2 Hz0 K” 

Fig. 15. Proposed structure of K,[Rh,(O,CMe),(NCO),].2 H,O. 

Fig. 16. Proposed structure for K,[Rh,(02CMe),(NCX)],,.2nH,0 

2n H,O 

” 



127 

(v(CN) = 2165 cm-‘, v(C0) = 1254 cm-’ and 6(NCO) = 637,628 cm-‘) are 
considered to be consistent with this arrangement [42,43,85]. The appearance 
of v(OH) frequencies at 3560 and 3480 cm-’ (cf. 3518 and 3400 cm-’ in 
[Rh,(O,CMe),(H,O),]) is taken to indicate the presence of lattice water in 
the cyanate adduct, which is therefore formulated as a dihydrate (Fig. 15). 

In contrast IR data for the complexes [Rh,(O,CMe),(KNCX)],, - 2nH,O 
(X = S, v(G) = 760 cm-‘, v(CN)= 2126 cm-’ and G(NCS)= 458 cm-‘; 
X = Se, v(CSe) = 590 cm-‘, v(CN) = 2137 cm-’ and G(NCSe) = 425 cm-‘) 
are consistent with the presence of linking NCX ligands and have been taken 
as evidence for the presence of polymeric structures (Fig. 16) [42,43]. 

There have been attempts to distinguish axial cyanide ligands bound in 
terminal and linking modes by their IR spectra. The orange complexes 
[Rh2(0,CR)4. 2 KCN] (R = Me, Et, “Pr) and [Rh,(O,CCF,), .2 KCN aO.5 
H,O] all show bands at ca. 2105-2095 cm-‘, 530-515 cm-’ and 470-450 
cm-’ corresponding to v(CN), v(Rh-C) and 6(Rh--CN) respectively for 
terminal C-bonded cyanide, and are thus formulated as salts 

WRWWWW,l. 1 n contrast the complexes [RhJO,CR), aO.5 KCN . 

H,O] and [Rh,(O,CR), - 1.5 KCN] show bands attributable to linking 
cyanide ( v(CN) = 2127 cm-‘, 2140 cm-‘) and are formulated as [H,O-Rh’- 
I$-CN-R&$-OH,]- and [NC-$-$h-CN-$h-$l-CN]3- res’pkc- 
tively [86]. A displacement of v(CrN) to higher wavenumbers for cyclo- 
hexyl isocyanide in [Rh,(O,CR),(C,H,,NC),] (R = H, CH,, C,H,, v(C=N) 
at 2182, 2170 and 2172 cm-’ respectively compared with 2148 cm-’ in the 
free ligand) confirms axial coordination through carbon [75]. 

A shift of ca. 10 cm-’ in v(C=NH) to lower wavenumber combined with 
an unchanged v(C=N) value has been taken to indicate coordination of 
guanidine and its derivatives through the >C=NH rather than the CN 
group. Changes in v(C=NH) and Y(C-N) for [Rh,(O,CR),Gu-CN.m 
H,O] (R = Me, Et; m = 1, 2) are too small to be conclusive; therefore the 
structure of these compounds must be open to doubt [39]. 

A structure for rhodium(I1) salicylates has been postulated with salicylate 
bound via phenolic and/or carboxylate oxygens on the basis of IR evidence 
[55]. The absence of high frequency bands v(C0) ca. 1730-1680 cm-’ and 
the presence of Vale,,,, v_, ca. 1590, 1390 cm-’ respectively, indicate a 
rhodium-carboxylate oxygen bond. Similarly the absence of the intense 
bands ca. 1350- 1310 cm- ‘, usually indicative of phenolic &OH) bending 
modes, suggests that the oxygen atom of the phenoxy group is not joined to 
the proton, and hence forms a bond with the rhodium atom. Copper(I1) and 
rhodium(H) salicylates have almost identical JR spectra; thus conclusions 
reached for the rhodium compounds have been based on the established 
structure of the copper compounds [56] for which the terminal and bridging 
salicylate ligands are bound to copper via the carboxvlate and phenolic 
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oxygens in a chain. Conceivable structures for the rhodium compound 
include those given in Figs. 17a and b; however these structures do not 
explain the absence of 6(OH) or vibrations characteristic of protonated 
ligand L. To emphasise this structural ambiguity the original authors em- 
ployed the formulation [Rh,(02CC,H,0),(H),(I,)2] for these compounds 

[551. 
For [Rh,(O,CR),(N-N),X,] (where N-N = l.lO-phenanthroline or 2,2’- 

bipyridyl and X = Cl, Br) the lower v(Rl-0) frequencies are consistent with 
the longer Rh-0 distances found by diffraction methods [47]. 

The IR spectra of [Rh,(O,CMe),(acac)z] (acacH = CH,COCH,COCH,) 
are complex in the 1600~-1200 cm-’ region owing to overlap of absorptions 
due to the acetate and P-diketonate groups. The assignments reported were 
made on the basis of the shift to higher frequencies of the bands due to the 
/?-diketonato moiety when a methyl group is substituted by a trifluoromethyl 
group, and by comparison of the spectra of [Rh,(O,CMe),(acac),] and 
[Rh,(O,CMe),]. The asymmetric v(COz) stretching of the acetato group 
( 1570- 1560 cm- ‘) is at a lower frequency than that found for [Rh,(OzCMe),] 
(1588-1580 cm- ‘), and the difference A( v,,,, - ZJ~,,,,) is smaller than that 
found in rhodium(I1) acetate. i.e. 1455130 cm-’ compared with 162-- 150 
cm-i. These data confirm that the acetato group is still symmetrically bound 
as a bidentate ligand, however they do not distinguish clearly between 
chelate and bridging modes for the acac ligands [52]. Numerous structures 
involving chelating and/or bridging acac have been considered [52]. How- 
ever, on the basis of the IR spectra and given the tendency for acac to 
chelate, the structure given in Fig. 10 seems the most likely. 

A study of the IR absorption spectra of rhodium(II) thioacetates and 
thiobenzoates has shown that, as with the corresponding carboxylates, the 

“\ /O “\ i” 
L-Rh- Rh-L 

d’o d ‘0 

(a) (b) 

Fig. 17. (a) and (b): Conceivable structures for [Rh2(02CC,H,0),(H),(L)Z]. These structures 
do not. however, explain the IR spectra. 
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nature of the axial ligand does not significantly affect the vibrational 
frequencies of the binuclear lantern structure. An intense absorption band 
ca. 970 cm-’ which is present in all IR spectra of thiobenzoate complexes, 
but absent in the spectra of the corresponding benzoate compounds, has 
been tentatively assigned to a complex deformation vibration of the CS bond 

[781- 
Oxidation of [Rh,(O,CMe),] gives mixed valence species, e.g. [Rh 2- 

(O,CMe),Cl] in which the acetate bridge structure is maintained. A band at 
23 1 cm- ’ has been assigned to Rh-Cl stretching modes and two other bands 
in the low frequency region of the spectra (330, 405 cm-‘; see diagram in 
ref. 87) have been assigned to ligand modes consisting mainly of 
metal-oxygen stretch vibrations and deformations. The fact that there are 
the same number of such bands in the mixed valence compound as in the 
rhodium(I1) compound has been taken to imply that on the IR time scale the 
valencies are equivalent and not localised as Rh(II), Rh(II1) [87] (see 
Table 3). 

F. ELECTRONIC SPECTROSCOPY 

The colour of the rhodium(I1) carboxylate adducts varies with the nature 
of the axial donor ligands; blue or green products are usually obtained with 
oxygen, red or pink with nitrogen and burgundy or orange with sulphur or 
phosphorus donors [31]. 

Solution spectra have been recorded for many of the more soluble adducts 
and in some cases reflectance spectra or single crystal polarised absorption 
spectra have been obtained. 

The electronic spectrum of rhodium(I1) acetate in water consists of two 
weak bands in the visible region, band I (ca. 600 nm), and band II (ca. 450 
nm), with two stronger bands, III and IV, in the UV (ca. 250 nm (shoulder) 
and 220 nm respectively) [88,89]. Whereas band II remains constant, band I 
is strongly influenced by changes in the axial ligand [89,90] and shifts to 
lower wavelengths in the following sequence according to the donor atom. 

0 < S < NJpl < N sP2 = As < >S=O (S bonded) [ 40,881 

Dubicki and Martin [89] found an almost linear correlation of Dq (cm-‘) 
values of axial ligands L (L = I-, Br-, Cl-, H,O, NCS, NH,), obtained 
from data on Cr(II1) compounds, with variation of band I energy. The 
position of other axial ligands was found to be consistent with the spectro- 
chemical series, with the soft-acid character of Rh(I1) being demonstrated by 
the high energy of band I for NO;, Me,SO and SO:- adducts. Bands III 
and IV shift to higher wavelengths, the former more than the latter [89]. 
Figure 18 illustrates the change in the UV spectrum on replacing water by 
ammonia. 



Fig. 18. The UV spectrum of rhodium(H) acetate monohydrate (full line) and its ammonia 
adduct (dotted line) in water. (The extinction coefficient c is the “molar” extinction 
coefficient per monomer) (with permission from ref. 89). 

Norman and Kolari have assigned bands I and II in the visible spectrum 
to the allowed transitions T* -+ u* and T* -+ U-0 a* on the basis of the 

close match between calculated and experimental energies, and the observed 
axial ligand dependence of the band energies [9]. Norman et al. then 
performed explicit spin-polarised transition-state calculations of the excita- 
tion energies [lo]. A comparison of experimental and calculated data is given 

TABLE 5 

Electronic spectral data for [Rh,(O,CR),(H,O),] 

D,, transition Type a W,(O,CW,W,O),l [Rh2(02CMe),W20)21 

Calc. pm-’ (nm) h.c Exp. pm-- ’ (nm) d 

C3,. 64, + 8b,, 77* -+ u* 1.97 (508) 1.71 (584) 
6b3,. 6h,, -+ 5a,, r* - 

Rh-0 u* 2.47 (405) 2.27(441) 

a v* and u* denote the Rh-Rh character of mainly Rh orbitals. Rh-0 u* is Rh orbital of S* 
symmetry with respect to the Rh-Rh bond. h All spin and D4,, symmetry dipole-allowed 
transitions between 0.5 pm-’ (2000 nm) and 2.8 pm- ’ (375 nm). ‘ Ref. 10. ’ Ref. 91. 
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in Table 5. These assignments are supported by single-crystal polarized 
spectra of [Rh,(O,CMe),(H,O),] [92,93] (Figs. 19a and b). 

The location of the Rh-Rh S* orbital just above the 7~* implies that there 
should be a dipole-forbidden vibronically allowed transition just below the 
Rl-Rh n* -+ Rh-Rh u* transition at 17300 cm-’ (578 nm) assigned to 
6* -+ u* [lo]. Martin et al. [92] were unable to extend their measurements 
below 15500 cm-’ (645 nm) because of the decrease in sensitivity of the 
detector in their spectrophotometer, but they suggested that there is evidence 
for such a weak transition in the diffuse-reflectance spectrum of rhodium(I1) 
butyrate, where a weak shoulder appears at 14300 cm-’ (699 nm) on a peak 
at 16500 cm-’ (606 nm). 

Band II also contains a weaker z-polarized component at a slightly lower 
energy than the xy polarized maximum; this has been assigned to 6* + Rl-0 
u* or S + u* [lo]. 

J_ b Polarlratlon 

II b Polarization 

W 

loo- 

01 ! ! I I I I I I I I I I I 
15,000 WOO 17000 18,000 19,000 2QOOO 2wOO 

0 (cm-’ 1 
Fig. 19. (a) Polarized crystal spectra for the 17000 cm-’ (588 nm) 
[Rh,(O,CMe),(H,O),], crystal thickness (5.2 nm) (with permission from ref. 92). 

band of 
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1. b PolarlzatlO~ 

II b Polarlzatlon 

J ( cm-’ ) 

Fig. 19. (b) Polarized crystal spectra for the 22000-23000 cm-~’ (455-435 nm) bands of 
[Rh,(O,CMe),(H,O),] crystal thickness (32 pm) (with permission from ref. 92). 

Nine allowed transitions have energies fairly close to those of bands III 
and IV. However, only two of these should show the observed red shift as 
axial donor strength increases since it is only Rl-Rh u type orbitals which 
are significantly elevated in energy by axial donors. Norman and Kolari [9] 
have thus assigned band III to 8u, --, 8b,, and band IV to 70, -+ 8b,,. As 
expected from the considerable ligand to metal charge transfer in the 
predicted transitions, more for the second than the first, the intensities of 
bands III and IV are greater than for bands I and II. band IV being stronger 
than band III. The ground state energy difference for 7a, -+ 86,, (43800 
cm-‘) is close to the experimental energy of band IV (45900 cm-‘). The low 
ground state value for 8a, -+ 8b,,, 29000 compared to 40000 cm--’ for band 
III is not surprising since this is essentially the Rh-Rh u-u* transition. and 
thus should show very great ground to transition state relaxation [9]. These 
assignments of bands I, II and III parallel those of Dubicki and Martin [X9]. 

There have been numerous reports on the electronic spectrum of 
[Rh,(O,CMe),(H,O),], Table 6. 
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TABLE 6 

x mBx values (mn) for l~,(WMe),(H@),l (a@ 

I II III IV Ref. 

587 447 31 
584 441 88 

ca. 600 ca. 450 250 218 89 
585 440 91,94 
587 447 95 

The electronic spectrum measured in aqueous or ethanolic solution has 
been found to be pressure dependent; shifts of 2 nm/lOOO atm to ,higher 
energies have been recorded for the band near 600 nm [96]. 

Kitchens and Bear have studied the reflectance spectra of [Rh,- 
(O,CMe),L,] (L = DMSO, Et 2S, n = 2, 1, 0) as a function of temperature 
and have correlated spectral changes with thermogravimetric data [70]. 
Spectroscopic data for the anhydrous rhodium(I1) acetate and its mono and 
bis adducts obtained in this manner are given in Table 7. 

The solution spectrum of [Rh,(O,CMe),]+ has two bands analogous to 
those observed for the neutral species but shifted to slightly higher energies 
in accord with the comparative orbital and excitation energies calculated for 
[Rh,(O,CH),(H,O),] and [Rh,(O,CH),(H,O),]+. There is also an addi- 
tional low-energy band at 12300- 13 100 cm-’ [9,10], which has been tenta- 
tively assigned to a 6 + 6* transition (9a, + 7b,,), made possible by the 
removal of one 6* electron upon ionization [9,10]. Another possible assign- 
ment is 7b,,,, * 6b,,,, (n + 7~*), if 7r* rather than S* is the HOMO [9]. 
Norman and Kolari pointed out that an unambiguous prediction of the 
HOMO for the neutral rhodium(I1) acetate or its monopositive cation is not 

TABLE 7 

h mBx values (nm) for [R.h,(O,CMe),L,] 

PMW, 497 
(DMSO) 555 
(Et,S), 541 
(Et,S) 555 
- 617 

sh 
ea. 437 
ca. 425 
ca. 425 

442 
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possible due to the close spacing of the energy levels involved, and the 
difficulty in accurately defining the 6* position [9]. 

Two bands in the electronic spectrum of the mixed acetate-P-diketonate 
compounds [Rh,(O,CMe),( /3-diketonate),(H,O),] are analogous to those in 
[Rh,(O,CMe),(H,O),] (ca. 600-550 and 420 nm); an additional band at ca. 
360 nm has been assigned to a charge transfer transition between the metal 
and the ,&-diketonato ligand [52]. The electronic spectra of 
[Rh,(O,CR),(N-N),L,] (N-N = 1,lO phenanthroline, 2.2’-dipyridyl; I_ = 
Cl, Br) are also similar to that of rhodium(H) acetate in the visible region. 
Band I has been assigned to r* (5e,) + D* (5a,,,); the u*(5~1~.) orbital is 
directed to the outside of the molecule along the metal-metal bond; thus the 
position of this band is axial ligand dependent. The UV bands result mainly 
from transitions occurring within the N-N ligands [97]. 

The principal features of the electronic absorption spectra of the 
rhodium(H) salicylato complexes are broadly similar to those of other 
rhodium(I1) carboxylates, with two weak absorption bands in the visible 
range of the spectrum at 16000-19000 cm-’ (625-526 nm) and ca. 22000 
cm-’ (455 nm) and a distinct maximum at 45000 cm--’ (222 nm) with a 
shoulder at ca. 40000 cm-- ’ (250 nm) in the UV region. However, a 
distinctive feature of the electronic spectra of the rhodium(H) salicylates is 
the presence in the near UV range of an additional very intense band having 
a maximum at 32000--33000 cm-i (313-303 nm). This extra absorption 
band has tentatively been assigned to a charge transfer transition between 
the rhodium and oxygen atom of the phenol group on the salicylate ligand 
[55]. However this assignment must be treated with caution since, as noted 
above, there is still uncertainty concerning the constitution of rhodium(I1) 
salicylates. 

The spectra of [Rh,(C0,),]4- and [R12(S04),]4- are similar to that of 
rhodium(I1) acetate [91,94] and analogous assignments have been proposed 

[91. 

G. NUCLEAR MAGNETIC RESONANCE 

Although the rhodium(I1) carboxylates and many of their adducts are 
amenable to study by NMR, very little work has been reported in this area 
to date. The exchange of rhodium(I1) acetate with excess trifluoroacetic acid 
has been followed by ‘H NMR spectroscopy with the intermediate com- 

pounds being identified by mass spectrometry [33] (see p. 162; see also p. 
180, ref. 177). ‘H NMR has also been used to identify the donor site in 
ambidentate ligands; the coordination sites of the 1 : 1 adducts of adenine 
and adenosine have been investigated in this manner. On coordination the 
ligand proton situated adjacent to the metal binding site shows a downfield 



135 

shift relative to other protons present in the ligand; thus the large downfield 
shift observed for H(8) of adenosine upon coordination has been taken to 
indicate binding of the N(7) site to the metal. The adenine adduct was too 
insoluble for ‘H NMR data to be obtained, however the similarity of its 
properties to those of the adenosine adduct, suggests that here also bonding 
occurs through the N(7) atom (Fig. 20) [59]. 

In a similar ‘H NMR study, Pneumatikakis and Hadjiliadis [40] observed 
that both H(8) and H(2) shifted downfield on coordination of adenine 
derivatives and took this to indicate that both N( 1) and N(7) sites are bound 
to rhodium(I1) in a polymeric linking structure. In contrast, these authors 
noted that tetraacetyladenosine forms 1 : 2 adducts with rhodium(I1) 
carboxylates (Fig. 21), presumably for steric reasons, in which both H(2) and 
H(8) show a single resonance at 8.93 ppm (cf. H(2) 8.76 ppm, H(8) 8.42 ppm 
for the uncomplexed ligand). Since H(8) shifted downfield by 0.51 ppm 
while H(2) shifted only by 0.17 ppm on coordination, they concluded that 
bonding occurs solely through the N(7) site. 

Evans’ NMR method [99,100] has been used to measure the magnetic 
susceptibility of [Rh,(O,CMe),]+ at 35°C [91]. Values obtained are p = 2.6 
+ 0.3 BM (5.24 X lop3 M solution in trifluoromethylsulphonic acid), p = 2.1 
+ 0.4 BM (7.22 X lop3 M solution in trifluoromethylsulphonic acid). 

A multinuclear NMR study of the rhodium(I1) carboxylate-trimethyl- 
phosphite adducts indicates that at ambient temperature the complexes are 
partially dissociated and that there is rapid exchange of dissociated and 
bound trialkylphosphite leading to loss of internuclear coupling in the ‘H, 
13C and 31P spectra. On cooling the mixture the exchange processes are 
frozen and spin-spin splitting patterns consistent with the presence of mono- 
and bis-adducts develop. Thus the 31P{‘H} spectra of the species 

f--b /- 
--Rh-Rh-N, N,-Rtt-Rh-N, 

(b) 

Fig. 20. (a) The proposed polymeric structure of rhodium(U) acetate-adenine complex. (b) 
Proposed intramolecular H bonding between the amino N at C(6) and the acetato oxygen in 
the monoadduct of adenine (with permission from ref. 59). 
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“[Rh,(O,CMe),{P(OMe),},]” obtained at 213 K consists of the X portion 

of an AMX pattern attributable to the mono-adduct 
[Rh,(O,CMe),(P(OMe),)]and the XX’ part of an AA’XX’ pattern due to the 

R = acetyl 
,?‘= 2,3,5,-O-triaCetyl-~-D-~,bo-luranOSYi 

0 Cl+OCOMe v OCOMe 
OCOMe 

Fig. 21. Proposed structure for rhod,ium(II) acetate tetraacetyladenosine (with permission 
from ref. 40). 

6 

Fig. 22. (a) 3’P NMR spectrum of “[Rh,(O,CMe)XP(OMe),}S]” (36.4 MHz) in CD&I, at 
213 K; signals A and B are attributed to mono- and bis-adducts respectively. (b) “‘Rh NMR 
spectrum (12.6 MHz) of [Rh,(O,CMe),{P(OMe),},] in CD&l, at 213 K. 
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bis adduct [A,A’,M = lo3Rh; X, X’ =31P] (Fig. 22a). The possibility that a 
water molecule occupies the second coordination site in the mono-adduct 
has not been excluded. Direct observation of the lo3Rh signal from 
[Rh,(O,CMe),{P(OMe),},] has also been achieved (Fig. 22b). Analysis of 
these spectra gives the coupling constants ‘J( 31 P, ‘03Rh) 15 1.4 Hz and 2J( 31 P, 
lo3Rh) 43.9 Hz for the mono-adduct (signs of J unknown) and ‘J( 3’P, ‘03Rh) 
134.1 Hz, 2J(31P, lo3Rh) - 1.5 Hz, 3J(3’P, “P) 853.7 Hz, and ‘J( lo3Rh, 
lo3Rh) 7.9 Hz for the bis-adduct (signs of J are relative) [ lOla]. 

The large chemical shift difference of ca. 50 ppm between 3’P resonances 
of mono- and bis-adducts, prompted a study of the mixed products 
[Rh,(O,CMe),{P(OMe),)L]. These species were prepared in solution by 
mixing a 1 : 1 mole ratio of [Rh,(O,CMe),{P(OMe),>,1 and axial ligand L in 
the NMR solvent and their NMR spectra were recorded at 213 K to 
eliminate ligand exchange phenomena. Data collected for a variety of neutral 
ligands L gave a good linear plot for 8(P) against ‘J(‘03Rh, 31P), Fig. 23; the 
ligand sequence arising from this plot appears to constitute a trans-influence 
series [ 101 b]. A systematic change in the 31P chemical shift as a function of 

SAMX4 
pm 

-,PtOMs), 

WI- 

60- 

55- 
Nb. 

\ .b NC4 H, 

K)- 

45. 

40. 
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30 
1 

MeCN, 

PhCN- 

; 
2KRh.Pl/Hz 

Fig. 23. Plot of 3’P chemical shift, G(AMX) ppm of [Rh,(0,CMe)4{P(OMe),>L] vs. *J(RhP) 
HZ. 
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the trans ligand L has previously been noted for mononuclear complexes (for 
examples see ref. 103) but to the best of our knowledge the rhodium system 
mentioned here provides the first example of a tram influence series operat- 
ing across a binuclear metal centre. 

H. ELECTRON SPIN RESONANCE 

ESR has been used to study the electronic structure of the 
rhodium(II)/(III) species [Rh,(O,CR),L,]* and the nitroxide radical ad- 
ducts of rhodium(I1) trifluoroacetate [Rh,(O,CCF,),L] 1, = 2,2.6,6- 
tetramethylpiperidine-N-oxyl (TMPNO), Fig. 24. An attempt to study the 
anion radicals, i.e. the Rh(I)/(II) species [Rh2(0,CR),L2];-. by ESR was 

unsuccessful [ 1041 since the anions generated electrochemically proved too 
susceptible to further reduction [105]. The cation radicals [Rh,- 
(O,CR),(PR;),]? (R = Et, CF,; PR> = PPh,, P(OPh),, P(OCH,),CEt) are 
readily generated electrochemically [35,36,106] and their ESR spectra have 
been reported [ 104,107] (see Table 8). A comparison of fluid and solid phase 
spectra of [Rh,(O,CEt),(PPh,),]’ shows that the anisotropic couplings of 
15.1 ( I component) and 21.7 mT ( II component) are due to a pair of 
equivalent nuclei of I = ?i and that they have the same sign which is 
tentatively assumed to be positive. The isotropic and anisotropic parts of the 
couplings are a = 17.3 and 2b = 4.4 mT, respectively. The coupling aniso- 
tropy is greater than that of lo3Rh with a 4d spin density of 4 [log]. The 

largest triplet splitting has therefore been assigned to the pair of “P nuclei. 
The high unpaired spin density on the phosphorus atoms (total 53%) and the 
inequality of a,,(P) > a,(P) are consistent with the odd electron orbital being 
assigned to the alg (in D,,) orbital. This orbital has Rl--Rh da-do bonding 
and Rh-P u antibonding characteristics and corresponds to the 8a, MO of 

Fig. 24. Proposed structure for the rhodium(H) trifluoroacetate-TMPNO adduct (with permis- 
sion from ref. 109). 
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Rh,(O,CH),(H,O), calculated by Norman and Kolari using SCF-Xa-SW 
methods [9]. The ESR results are thus consistent with a single Rh-Rh bond, 
with the truns effect of the axial ligand on the RhRh bond arising from 
interactions between u lone pairs on the axial ligands and u RhRh and a* 

Rh-Rh molecular orbitals [9]. 
The ESR spectra of [Rh,(O,CCF,),L] (L = TMPNO) [109] have been 

observed at X- and Q-band frequencies, Fig. 25. In the X-band spectrum 
(Fig. 25a) the intense triplet at g = 2.005 has been assigned to uncomplexed 
TMPNO, while the doublet at lower field is thought to be due to two of the 
three lines for the complexed radical, the third line being hidden under the 
central line of the free nitroxide. The Q-band spectrum is of more use since 
the two species give well separated signals (Fig. 25b). Three sets of 1 : 1 : 1 
triplets are evident; the intense high field triplet g = 2.0052( 1) is assigned to 

a 

Fig. 25. (a) X-band and (b) Q band ESR spectra of toluene solution saturated in rhodium 
trifluoroacetate and ca. 10M3 M in TMPNO. Magnetic field increases to the right. (c) 
Expansion of the lowest-field Q-band line of bound nitroxide showing the hyperfine splitting 
assigned to Rh (I = i). (with permission from ref. 109). 
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free TMPNO, the second most intense triplet (g = 2.0150) is assigned to the 
nitroxide in the rhodium-trifluoroacetate adduct, and an additional weak 
broad line triplet in the same region as the bound nitroxide is thought to be 
due to some precipitated rhodium trifluoroacetate nitroxide adduct. The 
g-value shift calculated from Ag = g(bound) - g(free) = - ( AH/H)g (free) 
using free nitroxide as an internal reference is given as 0.00984( 1). The 
observed shift has been attributed to both spin-orbit coupling with the 
rhodium and to electron redistribution within the nitroxide upon complexa- 
tion. Using Ag,,, = 0.00984 and Ag,, = - 0.0004, a value of 0.0102 is 
obtained for the g shift due to spin orbit coupling with the rhodium. The 
spectrum also features a rhodium hyperfine coupling (1.7 + 0.2 G) to one of 
the rhodium nuclei (Fig. 25c), of which ca. -0.4 G has been assigned to the 
nuclear spin-orbit interaction and the rest (2.1 G) to Fermi contact coupling 
via spin polarisation. The results have been interpreted in terms of (I 
donation from a lone pair on the nitroxide oxygen into the Rhd,l orbital 
with back donation from the Rhd,, orbital into the 7~* nitroxide orbital 
containing the unpaired electron: the authors noted that the observed 
rhodium hyperfine coupling arises from a single rhodium atom, although the 
u* orbital is equally composed of both in the parent trifluoroacetate com- 
plex. A hyperfine splitting from a second non-equivalent rhodium about 
one-third the size of that observed for the first would not be detected. 
Setting a limit of this order indicates substantially different contributions 

Rhb-Rh 
0 

/ 
complex O-N, 

Fig. 26. Qualitative MO diagram of [Rh,(O,CCF,),TMPNO]. MOs 4, through to & make 
the major contributions in the analysis (with permission from ref. 109). 
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from the two rhodium atoms in the acceptor molecular orbital of the very 
weak adduct formed with the nitroxide. This result has been explained in 
terms of a molecular orbital diagram for the 1 : 1 adduct (Fig. 26). The result 
indicates a larger contribution from Rh(a) leading to a doublet, with the 
contribution from Rh(b) being too small to be observed. A greater overlap of 
Rh(a) than Rh(b) with the nitroxide lone pair yields non equivalent rhodium 
atoms in the MO 1+5~. Likewise the orbital on the ligand containing the 
unpaired electron is mainly N-O r* but is mixed slightly with 4d,,. The 
overlap of the oxygen p, with the rhodium(a) d,, orbital leads to non-equiva- 
lent rhodium contributions to MO qz. This places the odd electron directly 
into a metal d orbital which is reported [ 1081 to give rise to a negative 
coupling constant. This rhodium character gives the unpaired electron some 
orbital angular momentum, which is responsible for the shift in the g value 
and the nuclear spin-orbital contribution to the rhodium hyperfine. 

I. X-RAY PHOTOELECTRON SPECTROSCOPY 

Much effort has been expended in the collection of X-ray photoelectron 
spectroscopy (ESCA) data, particularly by Russian workers, but interpreta- 
tion of the results has been largely restricted to the confirmation of the 
oxidation state of the rhodium by an investigation of the 3d core electron 
binding energies [ 1 lo] (Fig. 27). The Rh3d,,,, binding energy in all simple 
aliphatic carboxylates studied is ca. 309.2 eV and lies midway between the 

Bindlng energy (eV) 

Fig. 27. X-ray photoelectron spectra of Rh,(OzCMe), between 
permission from ref. 11 I). 

280 and 320 eV (with 
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values typical of complexes of rhodium(I) (ca. 308.5 eV) and rhodium(II1) 
(ca. 310.7 ev). Attempts to use ESCA data as a means of measuring axial 
ligand donor strength have failed, due to the relative insensitivity of the 
Rh3d,,, binding energy to the nature of the axial ligand, L, [ 112,113]. From 
Table 9 it can be seen that the variation of the binding energy with L is 

within the experimental error. 
ESCA data have yielded information on the trans influence of the Rh-Rh 

bond [113,114]. The metal-metal bond in d 7-d 7 complexes of Rh(I1) 
weakens the rhodium axial ligand bond, in turn decreasing the inner shell 
electron binding energies of the axial ligands. For neutral donor ligands this 
weakening of axial metal-ligand bonding is revealed by a decrease in 
electron density transfer from ligand to metal; thus the inner binding 
energies for the ligand donor atom are lower for these Rh(I1) complexes than 
for mononuclear rhodium compounds (Table 10). .Likewise for anionic 
ligands the ionic character of metal-axial ligand is enhanced and the binding 
energies of ligand inner electrons decrease tending to values which are 
characteristic of ionic salts [ 113,114] (Table 11). Similar results have been 
found for rhodium(I1) thioacetate adducts [77]. 

The Rh3d,,, value (ca. 309 eV) for [Rh,(O,CR),] does not vary signifi- 
cantly with changes of the hydrocarbon group R. However, halogen- 
substituted groups withdraw electron density from the rhodium atoms; thus 
for rhodium(I1) trifluoroacetate the Rh3d,,, value approaches the values for 
rhodium(II1) complexes. This marked increase in the Rh3d,,, value (ca. 1 
eV) is not matched by changes in the Rh-Rh bond length (which is 
approximately the same for rhodium(I1) acetate and trifluoroacetate), but is 
reflected in significant differences in the properties of the trifluoroacetate 
relative to other rhodium(I1) carboxylates; e.g. DMSO is coordinated through 

TABLE 10 

Inner binding energies (eV) for axial ligand donor atoms in [Rh,(O,CR),L,](L = Py, DMSO 
or thiourea) [ 1141 

Compound Ligand L and energy level 

PY 
N 1s 

DMSO a 

S 2P 

Thiourea 

S 2P 

Ligand in Rh(III) complex 400.2 167.1 163.1 
l~,(WW,L,l 399.7 166.5 162.4 
W,(WWJ-,I 399.8 166.5 162.4 

a S coordination. 
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TABLE 11 

Inner binding energies (eV) for axial ligand donor atoms in M,[Rh,(O,CR),X,] (X = Cl, 
Br, NO,) [ 112,114] 

Compound Ligand X and energy level 

Cl 
Cl 2p 

Br 
Br 3d 

N 0, 
N Is 

Ligand in Rb(III) complex 198.8 69.4 404.3 
M,lfi,(%.CMe)P,I 198.1 68.9 403.6 
M,[Rh,(OzCI%X,l 198.1 68.Y 403.5 

0 in [Rh,(O,CCF,), (DMSO)] and through S in other carboxylates and 
thiocarboxylates [ 1121. 

X-ray and X-ray photoelectron spectra have been used to investigate the 
electronic structure of the anion [Rh,(0,CMe),Cl,]2-. Correlation between 
data for this anion and RhCli- has been taken to indicate a structure with a 
rhodium--rhodium bond order close to unity, with weak Rl-Cl interactions 
and a large negative charge on the chloride atoms [ 115,116]. 

The oxidised complex [Rh,(O,CMe),]+ClO; shows only a single Rh3ds,z 
peak [ 1111, which implies the rhodium atoms are identical within the time 
scale of X-ray photoelectron spectroscopic measurements. The increase in 

Rh3d,,, binding energy (310.1 eV) compared with that for the neutral 
compound [Rh,(O,CMe),] (308.5 eV) is consistent with the increase in 
positive charge in converting Rh(II) to Rh(II)/(III). A single 0 1s peak [ 1 111 

indicates equivalent oxygen atoms, implying equivalency of the two rhodium 
atoms to which they are bound, and a shift of 0.5 eV of the 0 1s binding 
energy from 531.7 eV for [Rh,(O,CMe),] to 532.2 eV for the oxidised 
species, indicates a stronger interaction of the bridging carboxylates with the 
two rhodium atoms. 

J. ELECTRONIC STRUCTURE 

There has been much controversy concerning the nature of the axial 
rhodium-rhodium and rhodium-ligand bonds in d 7-d7 rhodium( II) 
carboxylates. The initial report of the crystal structure of [Rhz(O,CMe),- 
(H20)2] proposed a single rhodium-rhodium bond [4], however, Cotton and 
co-workers felt that the unusually short rhodium-rhodium distance revealed 
by their more accurate structure determination indicated a triple bond 
[34,117] with electronic configuration ~2~4S2u,2u,‘28*’ [12], where rhodium 
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6’ - 

6* -It n*-tt- +t- 

6 -H- 

nit -H- 
S-H- 

\ -it G 

(0) Single bond (b) Triple bond 

Fig. 28. A schematic description of the single and triple bond models for Rh-Rh in 
[Rh,(O,CR),] (with permission from ref. 104). 

lone pair orbitals (a,, and a,‘) directed away from the intermetallic bonding 
zone and consisting mainly of 5s and 5p, atomic orbitals * are embedded 
among the 4d levels [104]. Extended Hiickel calculations by Dubicki and 
Martin which gave an electronic configuration of u*?T~S*S**~*~, were con- 
sistent with the single bond, and with the changes in the electronic spectrum 
observed upon replacing the axial water molecules with stronger donor 
ligands [89]. Norman and Kolari [9] reported SCF-Xc+SW calculations for 

[Rh2(O$H)4(H20)21 and f ound the electronic configuration u *?r4S *~.*~a * * 
(Fig. 28a) in which d-d bonding interactions are not as large as the energy 
separation between 4d and 5s-5p levels, and a* MOs are occupied 11041. In 
this model the an and u,l orbitals, which are described as essentially non- 
bonding p,d,z hybrids, are much too high in energy to be occupied [lo]. This 
configuration is indicative of a single metal-metal bond (Fig. 29); moreover 
the calculated ordering of levels appeared to be completely consistent with 
the experimental electronic spectrum. More recently Kawamura and co- 
workers have calculated the electronic structures of [Rh,(O,CR),L,] by an 
ab initio SCF-MO method with an STO-3G basis set and have concluded 
the electronic configurations are ,482~*4S*2u2 for L = free, H,O, NH, and 
827r4~*46*2u2 for L = PH, [122]. Likewise, Bursten and Cotton [118] con- 

* The non-bonding orbitals (u, and a,) have also been described as p,d,z hybrids (see below). 
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Fig. 29. SCF energy levels calculated by Norman and Kolari [9] for (Rh2(0,CH),]. 
[Rh,(O,CH),(H,O),] and H,O above -0.49 Hartree (with permission from ref. 9). 

eluded that the HOMO is u for L = PH,. It is now widely accepted that the 
metal-metal bond is single; however this conclusion does not adequately 
explain the shortness and strength of the Rh-Rh bond. To overcome this 
problem Christoph and Koh have suggested that the Rh-Rh bond is 
strengthened by extensive mixing of rhodium and bridging ligand orbitals 
and by mixing of higher lying empty orbitals into the ground state MOs for 
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the complex [8]. The total energy of the assembly is lowered by interaction of 
the filled orbitals with the higher empty levels (Rundle interactions); the 
levels are rehybridized so as to make the antibonding orbitals more diffuse 
and the bonding orbitals more concentrated in the region between the 
rhodium atoms (Fig. 30). Such effects have prompted Christoph and Koh to 
comment that the formal bond order does not necessarily reflect the true 
nature of the bonding in such compounds, and is thus probably not a useful 
index of the metal-metal interaction [8]. Norman and Kolari have noted the 
increase in Rh-Rh bond lengths for the series of closely related complexes 

[Rh,(O,CMe),(PPh,),l, [Rh,(0,6:Me),(dmg),(PPh,),l and 
[Rh,(dmg),(PPh,),] (2.45, 2.62 and 2.94 A respectively), in which bridging 
acetate ligands are progressively replaced by chelating dmg ligands (Fig. 31) 
and suggested that the constraints of the carboxylate bridging ligands may 

(1 

_/-\ 
5p* \ /- Pr -CL Pz 

- 

5s -<I>-- 5 --CL- 5 

$2 +f+Tit $2 

it 
No s-p-d mixing Mixing yields 

stabilization 

Fig. 30. (a) Rundle interactions or configuration mixing of empty higher lying s and p orbitals 
into filled valence levels stabilizes the metal-metal bond even when no formal bond exists. (b) 
Similar mixing of empty ligand levels with metal-metal valence levels can also lead to bond 
stabilization in a formal no-bond situation (with permission from ref. 8). 

Fig. 31. [W,(dmg),XPPh,),l, [(Rh,(dmg),(O,CMe),XPPh,),l and W%(OJMeLJ 
(P%),l. 



150 

have a major influence in reducing the Rh-Rh bond length [9]. However, the 
presence of metal-metal bond lengths between 2.09 and 2.72 A in carboxy- 
lates of the form [M,(O,CR),] indicates that this is unlikely to be the case 

[8,91. 
A similar discrepancy exists for the cations; the short rhodium-rhodium 

distance found by X-ray diffraction studies for [Rh,(O,CMe),(H,O),][ClO,] 
(2.3165 A) [36] was taken to indicate a bond order of 3.5 for the cation, on 
the basis of Cotton and co-workers’ original electronic configuration for the 
neutral species [Rh,(O,CMe),(H,O),] [34,117]. The half-filled antibonding 
6* orbital only partially nullified the bonding effects of the 6 orbital and the 
Rh(II)/Rh(III) bonding set of orbitals was given by u,,‘(a), e,“( 71). h2,s’( S), 
&(S*) [36]. N orman and Kolari [9] calculated an electron configuration of 
a2~4627r*4a*’ for [Rh,(0,CMe)4(H,0)2]‘, however a recent ESR study by 
Kawamura and co-workers [ 104,107] has shown that the singly occupied 
orbitals of the cation with phosphorus axial donor ligands have u symmetry 
and the Rh-Rh bond is essentially single. Electronic configuration calcula- 
tions by these authors are consistent with this result. 

The nature of the axial metal-ligand bond is still a matter of controversy 
[44,118]. It is generally accepted that the Rh-Rh bond exerts a considerable 
tram influence which gives rise to unusually long axial Rh-L bonds. Thus 
the values of 2.310(3) A and 2.418(3) A for the Rh”-OH, and Rh”-P(OPh), 
are ca. 0.28 A longer than the comparable Rh-L bonds in mononuclear 
rhodium(I) and rhodium(II1) complexes (Table 12). The tram influence of 
the Rh-Rh bond has been attributed by Norman and Kolari to the excep- 
tionally strong u-component of the Rl-Rh bond which means that the 
ligand lone pair must go into the high lying Rh-Rh u* orbital [9]. The 
energy match between the donor and acceptor levels is poor; thus weak and 
inefficient Rl-L interactions leading to abnormally long RhL bonds result. 
As the ligand donor levels approach that of the Rh-Rh u* level, the energy 
match and the orbital mixing improves, resulting in stabilization and shor- 
tening of Rh-L and destabilization and lengthening of the Rh-Rh bond [8]. 
Christoph and Koh [8] looked at the variation of the Rh-Rh distance along 
the series [Rh,(O,CMe),L,] (L = H,O, Py, NHEt,, CO, PF,, P(OPh),); 
they proposed an energy level scheme (Fig. 32) with both r* and r orbitals 
filled, but with n(6e,) higher than n*(5eg) in energy; thus the ordering of 
the Rl-Rh bond distances required significant back donation to CO and 
PR, from Rh-Rh 17 orbitals. In a more recent publication [61] they have 
compared structural data for the complexes [Cr(CO),L] and 
[Rh,(0,CMe),L2] (L = P(OPh), and PPh,) and have noted that bond 
lengths in the latter complexes cannot be rationalised in terms of Rh-P 
m-bonding interactions. Data for the chromium complexes (L = P(OPh) 3; 
Cr--P = 2.309(l) A, Cr-~CO(trans) = 1.861(4) A: L = PPh,: Cr-P = 2.422(l) 
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TABLE 12 

Structural parameters for binuclear dirhodium and mononuclear Rh(l) or Rb(III) complexes 

L PK, Rh-Rh 

(A) 

Rh-Lb Rh(I)-L a 

(A) (A) 

Rh(III)-L a 

(A) 

OH, 
PY 

NH(Et) z 
CEO 

PP, 
P(OPh),’ 
PPh,’ 

P(OMe) a 

15.7 2.3855(5) 2.310(3) 2.03( 1) 
8.6 2.3963(2) 2.227(3) 2.107(8) 2.06( 1) 

2.09(2) 
2.12(l) 

2.9 2.403(3) 2.308(3) 2.07( 1) 
2.4196(4) 2.092(4) 1.82(2) 1.89(l) 
2.430( 3) 2.42( 1) 2.155(9) 
2.445( 1) 2.418(3) 2.142(3) 

11.3 2.449( 2) 2.479(4) 2.290(4) 2.338(4) 
2.378(2) 
2.375(5) 

- 10.5 2.4555(3) 2.437(5) 2.199(5) 

a Ref. 8 and references therein; details of the selection of Rh(I) and Rh(II1) values given in 
ref. 8. Where possible, the values given for Rb(I)-L and Rh(III)-L, are for complexes in 
which L is bonded trans to L. b In all cases the Rh-L bond in the dirhodium complexes is at 
least 0.1 A greater than in the corresponding mononuclear Rh(1) or Rh(II1) compounds, 
however this tram influence is less marked than in the quadruply bonded dimolybdenum 
system. ’ Rh-Rh, Rh-L distances are from preliminary X-ray diffraction measurements [8]; 
see ref. 61 for refined data. 

A, Cr-CO( trans) = 1.844(4) A) are qualitatively consistent with the expecta- 
tion that P(OPh), is a better m-acceptor ligand than PPh,. However, for the 
rhodium complexes (L = P(OPh),; Rl-P = 2.412( 11, Rh-Rh = 2.4434(6) A: 
L = PPh,; Rh-P = 2.477(l), Rh-Rh = 2.4505(2) A) the situation is more 
ambiguous. The Rh-P bonds show the expected lengthening (ca. 0.15-0.25 
A) due to the truns influence of the RhRh bond, but the differences in the 
Rh-Rh bond distance cannot be explained in terms of RI-P 7~ bonding 
effects. To counter the difficulty Christoph et al. [61] have suggested that the 
extraordinarily long Rh-P bonds have reduced the magnitude of the RI-P 7r 
overlap to a level where the u-component of the Rh-P bond is dominant. 
They then rationalise the differences in Rl-Rb bond lengths in terms of 
phosphorus ligand u donor capacity and go on to suggest that a new 
explanation, which relies only upon u-donor effects, must now be sought to 
account for the differences in RhRh bond length found in the general class 
of compounds [Rh,(O,CR),L,] (L = hard or soft donor ligands). Norman et 
al. [lo] propose the L e * RhRh u* donation to be stronger than the 
v-back donation for all the ligands and stronger for L = CO and PR, than 
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&l;4 Rh*(OAC J4 COAC),~ 

Fig. 32. Qualitative MO diagram showing the extensive mixing possible of the bridging 
carboxylate orbitals with those of the binuclear d’-d’ manifold. Carboxylate levels are 

indicated on the right in both (a) and (b) which have only the relative positions of the dimetal 
levels changed with respect to those of the carboxylate. The changes in position and ordering 
of the resultant MOs are illustrative of the great importance of the relative positioning of the 
contributing metal and ligand levels (with permission from ref. 8). 

,/” 
r.- 4, 

for L = H,O, py and NHEt,. They assigned 7 -C n*; thus the increasing 
rhodium-rhodium distance follows the order of increasing Rl-L u covalent 
bond strength. The existence of the Rl-Rh bond requires that the Rh-Rh 
VT* orbital has more r donor ability and the Rh-Rh ?I orbitals less than 
normal. The v bonding orbital will have charge concentrated between the 
metals and thus away from the axial ligands, while its antibonding counter- 
part will have charge projected towards the ligands. 

Drago et al. claim that metal-metal 71 interactions lead to r*-back 

Fig. 33. Metal-metal v interactions leading to r* interactions 
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bonding (see Fig. 33) [ 106,119,120]. These authors measured AH, for 

[Rhz(O,CR),] + 2 L + [Rhz(O,CR),L,] 

where R = C,H,, in solution and by separating a “u-only” component of 
AH, using E and C * parameters, they were able to determine when a 
significant ?r-component is present. Even for L = Py, not normally a n-accep- 
tor, some extra stabilization over the “u-only” AH, is found due to the 
hybridization of the Rh-Rh r* orbital towards the ligands. u-Inductive 
effects provide an efficient mechanism for decreasing 7r back-bonding stabili- 
zation by weakening the acidity of the metal centre and probably lengthen- 
ing the metal-ligand bond [ 106,119]. 

Support for the presence of a significant measure of Rh-L ?T bonding in 
adducts of aromatic nitrogen donors is provided by the experimentally 
determined stability trend isonicotinic acid > pyridine = niacin Z+ picolinic 
acid which parallels the expected order of q-bonding capacity [ 1211 (see 
Section L). 

Cotton [ 1181 has criticised the extensive Rh-L rr back-bonding proposed 
by Drago et al. [ 1061; his Xc+SW-MO calculations on [Rh,(O,CH),(PH,),], 
chosen as a model of the structurally characterised [Rh,(O,CR),(PR,),] 
species, do not support the presence of back-bonding. He states that no new 
interactions have been introduced by the axial phosphine ligands, but the 
magnitudes of the Rh-L interactions have been altered. It is expected that a 
continuum of electronic structures could be produced for [Rh,(O,CR),L,] 
by variation of the ligand L and that at some intermediate donor strength, a 
crossover of the HOMO from Rh-Rh S* to RI-Rh u, Rh-La* would be 
observed. Drago [ 1201 has expressed surprise at Cotton’s [ 1181 results, but in 
the absence of experimental data on [Rh,(O,CH),(PH,),] sees no direct 
basis for comparison with his own. 

As noted on p. 147, the ab initio SCF-MO calculations of Kawamura et 
al. led to u as HOMO for all the complexes including L = PH,, which is in 
accord with ESR experimental results [ 104,107]. All the MO levels are raised 
by addition of axial ligands (in agreement with ligand field theory). The 
effect on the u* orbital is dominant and is followed by the effect on the u 
orbital (HOMO). The net gross charge of Rh was obtained by a Mulliken 

* An empirical four parameter equation has been used to describe bond strengths of adducts 
in which the interaction involves u-bond formation. The enthalpy of interaction (AH) 
measured in a poorly basic, non polar solvent can be predicted using 

- AH = EAEB f C,C, (‘1 

where subscripts A and B represent the Lewis acid and bases and E and C approximate the 
qualitative assignment of tendencies of acids and bases to undergo electrostatic and 
covalent interactions. 
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population analysis and was found to be + 0.70 (ligand free), + 0.6 1 (L = 
H,O), + 0.57 (L = NH,), + 0.41 (L = PH,) with d( 5 = 0.43), showing charge 
transfer from axial ligands to Rh. The difference between their result and 
that of Norman et al. [9,10] has been noted. but no explanation has been 
given. 

The structural differences between [Rh2(0,CMe),(H,0),] (Rh--Rh 
2.385(5) A, Rh-OH, 2.310(3) A) [34] and the oxidised species 
[Rh,(0,CMe),(H20)Z]C104. H,O (Rh-Rh 2.317(2) A, Rh--OH2 2.22( 1) A) 
[35,36] have been rationalised by Bursten and Cotton [ 1181 assuming the 
electron configuration of Norman et al. [lo] to be correct. The shortening of 
the Rh-OH, bond upon removal of a S* electron localised on the rhodium 
atoms is attributed to the now smaller energy difference of the water lone 
pairs and the acceptor orbital of the [Rh,(O,CMe),] framework. The 
decrease in the Rl-Rh bond length has been attributed to the antibonding 
nature of the electron involved [ 118,123], although the impact of the anti- 
bonding character in a 6* MO has come under question. Bursten and Cotton 
[ 1181 state that much more pronounced changes in the Rl-Rh and Rl-L 
bond lengths would be expected upon oxidation of [Rh 2 (O,CMe),(PPh,) 2] 
to the corresponding cation. The Rh-P bond is expected to shorten on 
removal of an electron from the strongly Rh-P antibonding 17u, MO: this 
will be accompanied by increased donation from the phosphine lone pairs 
into the Rh-Rh u* orbital. The Rl-Rh bond would be expected to lengthen 
as electron density is removed from the Rh-Rh 0 framework. Thus upon 
oxidation of the system a partial charge transfer from the u to u* orbital will 
occur. If the Rh-P bond shortens upon oxidation then the overlap of the 
Rh-Rh 71* and phosphorus 3d orbitals would increase despite the higher 
formal oxidation state of the Rh atoms, and thus more back bonding is 
predicted to occur in the oxidised cationic species than in the neutral 
molecule [ 1181. 

Drago et al. [106] have however performed electrochemical studies to 
measure the stabilization of the base coordinated to the cation relative to the 
base coordinated to the neutral dirhodium(I1) butyrate. They conclude that 
as the metal-ligand u bond strength increases the metal-orbital non-bond- 
ing electrons are driven higher in energy and the adduct is more readily 
oxidized. The cation will be less effective at 7~ back-bonding than neutral 
compounds. 

K. THERMAL DECOMPOSITION 

Thermal decomposition of rhodium(II) carboxylate adducts usually occurs 
in several stages with stepwise elimination of the axial ligands, followed at 
much higher temperatures by complete decomposition of the lantern struc- 
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ture to yield rhodium(III) oxide (in air) or rhodium metal (in vacuo). 
Thermal analysis data for some rhodium(II) carboxylates are given in Table 
13. 

The loss of axial substituted BTD (2,1,3-benzothiadiazole) from 
[Rh2(O2CMe)4(BTD)2 ] and collapse of the lantern occur simultaneously. 
The thermal stabilities of the rhodium(II) acetate complexes of substituted 
benzothiadiazoles changes sharply with the nature of the substituent in the 
following order [ 124] 

4-NH2BTD > 4-NO2BTD > 4-CH3OBTD > 4-CH3BTD > BTD 

260°C 210°C 195°C 190°C 130°C 

Irrespective of the position of the amino group (1, 2 or 3), aminopyridines 
coordinate to rhodium via the pyridine nitrogen: comparison of the thermal 
stabilities shows that the metal-axial  ligand bond strengths are practically 
the same as for the pyridine adduct [83]. 

Thermal analysis results for complexes [Rh2(O2CMe)4L2] (L = RR'CO) 
indicate that the nature of R and R' groups on the axial ligands have an 
appreciable influence on the stability of the rhodium axial ligand oxygen 
bond. The decomposition temperature decreases in the following sequence: 

L = formaldehyde > urea > benzamide > acetamide [ 84]. 

For the complexes [Rh2(O2CMe)4L2] (L = Et2SO, Me2SO, AsEt 3 and 
NHEt2)  thermal gravimetric analysis (TGA) studies have shown that the 
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Fig. 34. A,B [Rh2(O2CMe)4(Me2NH)2 ] thermogram and DSC curve; 
[Rh2(O2CMe)4(Me2SO)] thermogram and DSC curve (with permission from ref. 88). 
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axial ligands are completely dissociated prior to lantern breakdown [88,125] 
(Fig. 34). In the corresponding rhodium(I1) propionate and butyrate series 
only Me,SO is removed prior to lantern breakdown. Differential scanning 
calorimetry (DSC) and TGA curves for rhodium(I1) butyrate adducts show a 
small endothermic peak at AT,, of 218°C immediately prior to the onset of 
lantern breakdown, which is thought to be due to nucleation. Small peaks 
occurring at 164°C and 17 1 “C where no mass change or melting is evident 
are probably due to a solid state phase change [ 1251. 

Rhodium(I1) trifluoroacetate sublimes before it decomposes. Mass spec- 
trometry studies indicate the presence of the dimeric structure in the gaseous 
form, with the highest m/e value of 658 corresponding to the parent ion 
[Rh,(O,CCF,),]+ [303. The lantern breaks down by stepwise loss of 

carboxylate groups to form [Rh,(O,CCF,),]+ (m/e = 545), [Rh,- 
(O,CCF,),]’ (m/e = 432) and [Rh,(O,CCF,)]+ (m/e = 319). 

A mechanism of thermal decomposition has been proposed for the aliphatic 
carboxylates [Rl,(O,CR),L,] on the basis of products identified by mass 
spectrometry [30]. Rhodium(I1) acetate decomposes to give CO, acetic acid 
and rhodium metal according to Scheme 1. _ 

Rhxr(02CCH,), - Rh:I(02CCH2)(OZCCH3)2(HOZCCH3) -*‘Rt$O,CCH&” + CH,COOH + 
/“\“z 

.? ,c-0 
0’ 

f\“* 
/C-O - CHZO + CO 

0’ - 

“Rn:(O,CCH,),” + CHzO - 2 Rho + ZCH,CO,H + CO 
- 

Scheme 1. Thermal decomposition of rhodium(H) acetate 

Where dissociation [Rh,(O,CR),L,](s) + [Rh,(O,CR),](s) + 2 L(g) 

(2) 

(3) 

(4) 

oc- 

curs, the heat measured should be the sum of two prominent factors, bond 
dissociation energy and change in crystal structure; however if the latter is 
small then the heats measured should correlate with the donor ability of the 
ligand, provided that only u-bonding is involved. This hypothesis has been 
tested with axial nitrogen donor ligands; the expected Lewis basicity would 
be NH, < NH,R < NHR, < NR, (R = Me, Et). This general order is found 
to hold, except for the tertiary amines where steric effects must be significant 

w31. 
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L. REACTIONS 

(i) Adduct formation 

Rhodium(H) carboxylates possessing a strong rhodium--rhodium single 
bond are resistant to chemical disruption but readily form adducts in which 
the axial sites are occupied by donor solvents or ligands. The contrasting 
tendency of [Ru,(O,CMe),Cl] to give mononuclear products under similar 
conditions has been attributed to delocalisation of electron density away 
from the metal-metal bonding orbitals leading to weakening of the bond 
[127]. 

Preparative methods for formation of rhodium(H) carboxylate adducts 
have been mentioned in Section B. 

In an attempt to throw fresh light on the nature of the rhodium-axial 
ligand bond, Bear et al. [ 1211 determined stability constants, and forward 
and reverse rate constants for adduct formation reactions of rhodium(H) 
acetate, propionate and methoxyacetate with the ligands pyridine, picolinic 
acid, niacin and isonicotinic acid. The experimentally observed stability 
trend is: isonicotinic acid > pyridine 11: niacin > picolinic acid. Since the 
basicity of the ligands alone would not give this order, they concluded this 
was not the only factor controlling complex formation. Since electron 
withdrawal by a carboxylate substituted at the para position of a pyridine 
ring is more effective at lowering the energy of the rr* orbital than one at a 
meta position, the 7~ acceptor ability should be isonicotinic acid > niacin > 
pyridine. From Table 14 it can be seen that isonicotinic acid does form 
significantly more stable complexes than niacin or pyridine. but the similar- 
ity of the stabilities of the latter two ligands suggests that the decreased 

r-acceptor capacity of pyridine is offset by the increased u-bonding effects 
[121]. 

The mode of coordination of the ambidentate sulphoxide ligand can be 
controlled by changing the nature of the bridging carboxylate groups. The 
more electron-donating substituents, Me, Et, cause the rhodium to bond to 
DMSO via sulphur, while the strongly electron-withdrawing substituent CF, 
induces bonding via oxygen [65]. The competing donor properties of nitro- 
gen and oxygen atoms in nicotinamide, N,N-diethylnicotinamide and be- 
nzamide have been investigated; benzamide bonds via oxygen although the 
carbamido nitrogen is not sterically hindered, while diethylnicotinamide and 
nicotinamide bond via the pyridine nitrogen [83]. * 

* It is unclear from the original text whether diethylnicotinamide is bound to the rhodium(l1) 
carboxylate via 0 or N. The pink colour indicates an N bonded adduct. 
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TABLE 14 

Formation constants for [Rh,(O,CR),L,] (n = 1, 2) in aqueous solution, pH ca. 7.4 

L K,(log K,) B K,(log K,) a 

Niacin 

Pyridine 

Pyridine 

Isonicotinic acid 

Imidazole 

Imidazole 
Imidazole 

Histidine 

AMP 

AMP 

Niacin 

Isonicotinic acid 

Imidazole 

Imidazole 

Imidazole 

Imidazole 
N-Methylimidazole 

Histidine 

Histidine 

Glycylglycine 

Glycylglycine 
D-L-Aiany1alanine 

Histidylhistidme 

Alanylhistidine 
Histidylglycine 

3,Cpy-Dicarboxylate 
AMP 

AMP 

ADP 

ATP 

Niacin 

Isonicotinic acid 

Imidazole 

Imidazole 

Imidazole 

Histidine 

AMP 

AMP 

ATP 

PWWCH2PM4)J-21 
10700*400 

11300*400 

(4.52 f 0.02) 

14800 + 400 

8776 f 500 

6791*241 

(3.94 f 0.03) 
(4.38 f 0.02) 

1510*50 

(3.45 f 0.03) 

Vh,(GrCMe),L,I 

83OOf300 

12300*600 

10500 f 300 

6826 f 265 

14210&610 

(4.02 f 0.07) 
19620&1175 

(4.05 f 0.02) 

688Ok 335 
471 f 12 

488f 13 

247i9 

5990 + 260 

6400+300 
7400*400 

882Ok 320 

1893 f 99 

(3.66 f 0.03) 

1152&50 

1883+ 103 

]Rh,(G,CEt),L,I 

10600 f 500 

14600~700 
11660*400 

7792*267 

(4.07 f 0.03) 

(4.14*0.03) 

4235k267 

(3.78 f 0.04) 

4488 f 267 

340f 10 [121] 

490* 10 [121] 

(2.81+ 0.04) [ 1281 

4205 10 [121] 

250*22 [129] 

120* 15 b 

(2.40& 0.04) [128] 
(2.79 f 0.03) [ 1281 

158*6.0 [131] 

(2.70 f 0.06) [ 1281 

3lOf 10 [121] 

480* 10 [121] 

300+64 [129] 

171* 15 b 

2495 12 [130] 

(2.48 It 0.08) [ 1281 
377+ 17 [130] 

(2.69 f 0.02) [ 1281 

220* 15 (1301 
16+2.3 [130] 

24k2.4 [130] 

13*3.7 [130] 

266*21 [130] 

150+40 [130] 

220+25 [130] 

267It 11 [130] 

202* 14 [131] 
(2.66 f 0.07) [ 1281 

110+ 14 [131] 

128* 15 [131] 

360+ 10 [121] 

550f 10 [121] 

447*52 [129] 
156i- 17 b 

(2.65 f 0.07) [ 1281 

(2.71 kO.02) [128] 

344+20 [13l] 

(2.57 + 0.04) [ 1281 

329*24 [131] 

’ Data in parentheses expressed in log form. 
b Data appear in ref. 129, and are from unpublished work by J. Whileyman, University of 

Houston; all other K obtained by spectrophotometric methods for aqueous solutions at pH 
ca. 7-9 and 22-23°C. 
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Mixed rhodium(I1) carboxylate adducts containing two different axial 
ligands have also been prepared. [Rh,(O,CMe),KNCX . DMF] (X = S or 
Se) is formed when a solution of KNCX in water is added to a concentrated 
solution of rhodium(H) carboxylate aquo adduct in DMF [42]. 

Formation of mixed adducts [Rh,(O,CMe),{P(OMe),)L] in solution has 
been detected by NMR (see Section G). 

Equilibrium studies on [Rh2(0,CR),L,] (L = N-, 0- and P-donors) reveal 
a high K,/K, ratio which cannot be explained solely by statistical factors. 
Bear et al. [I211 attributed the large K,/K, ratio to 7~ bonding effects and 
concluded that once n-bonding has occurred between the metal and the first 
axial ligand, there is insufficient electron density in the V* orbitals of the 
other metal atom to allow formation of a second axial metal-ligand 7~ bond. 
Therefore the thermodynamic stability of the bis adducts [Rh,(O,CR),L,] is 
determined primarily by the basicity of the coordinating donor atom 11211. 

Drago et al. [ 1191 measured equilibrium constants and enthalpy of coordi- 
nation for various axial ligands (Table 15). The earlier experiments were 
performed in benzene and indicated a greatly decreased acceptor capability 
for coordination of the second base relative to the first, while enthalpies for 
coordination of the first and second base were the same. Competition from 
benzene solvent molecules for axial sites was proposed to explain the 
unexpectedly large entropy effects. The experiments were repeated in meth- 
ylene chloride and the results indicated a decreased acceptor capability and 
decreased enthalpy of coordination of the second base. In agreement with 

TABLE 15 

Thermodynamic and enthalpy data for the formation of 1 : I and 2: 1 base adducts of 
rhodium(I1) butyrate in benzene and methylene chloride solutions (with permission from ref. 
119; data in the preliminary communication by the same authors are slightly different [ 1061) 

Base C,H, soln 

K, K2 -AH, I --AH, , 

(kcal mall ‘) (kcal mol. ‘) 

CH,CN 

C,H,N 
N-Me imidazole 
Piperidine 
Tetrahydrothiophene 
Caged phosphite 
4-Picoline N-oxide 
Me,SO 

1.7(0.2)x lo3 
1.6(0.2)x 10’ 
ca. 1 X 10’ 
ca. 1 X 10” 
1.7(0.1)X 10’ 
9.1(0.7)X 10’ 
2.4(0.3)x IO5 
1.1(1.0)X 10” 

2.7(0.2)x 10 
2.4(0.2)x IO4 
8X 104 
6x lo4 
1.9(0.3)X 104 
2.6(0.1)x lo4 
2.9(0.3)x IO2 
5.5(0.3)X 102 

5.1(0.2) 
ll.2(0.2) 
12.4(0.7) 
13.2(0.3) 
1 l.O(O.3) 
12.9(0.2) 
ca. 7.0 

6.6(0.2) 

8.3(0.4) 
ll.2(0.3) 
10.5(0.5) 
12.5(0.4) 
10.3(0.4) 
I 1.3(0.2) 
ca. 8.0 

6.5(0.4) 
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Bear et al. [ 1211, these results have been taken to indicate a u-inductive effect 
which provides an efficient mechanism for decreasing 7~ back-bonding sta- 
bilization by reducing the acidity of the metal centre and probably lengthen- 
ing the metal-ligand bond [ 1191. Christoph et al. have interpreted their 
results similarly and have concluded that the rhodium-phosphorus r-inter- 
actions in phosphine and phosphite adducts of the rhodium(I1) carboxylates 
should be weaker than usual, because of the unusually long Rl-P distances 
[61]. Bursten and Cotton however, have concluded that ligands of the general 
type PR, do not 7~ back bond to rhodium in these systems [ 1181. Drago [ 1201 
sees no direct basis for comparison of his results with the Xa calculations of 
Bursten and Cotton [ 1181 on [Rh,(O,CH),(PH,),], since these authors have 
no experimental data on PH, as a ligand. 

The variation of the stabilities of the adducts formed from different 
rhodium(I1) carboxylates and a given ligand has been related to the inductive 
effect and lipophilicity of the carboxylate side chain [ 121,128]. The more 
hydrophobic character of the propionate species exerts a desolvating effect at 
the two axial positions, resulting in a more rapid ligand exchange. 

(ii) Replacement of carboxylate bridges 

By other bridging ligands 
In a limited number of cases involving carboxylic acids of suitable boiling 

point, exchange of the carboxylate ligands can be performed by heating the 

CH ,Cl z soln. 

Kl K2 --AH,:, - Ah: I 

1.15(0.05)X 103 1.1(0.1)x10 
1.115(0.001)x 10’ 9.88(0.05)x lo3 
ca. 1X108 2.1 x 103 

ca. 1X10’ 1.2x 103 

(kcal mol- ‘) 

7.8(0.6) 
14.6(0.2) 
13.7(0.4) 
13.2(0.2) 

(kcal mol- ‘) 

6.8(1.5) 
8.5(0.2) 
9.9(0.5) 
8.9(0.2) 

8.2(0.3)x lo4 1.89(0.045)x 10’ 8.6(0.3) 5.7(0.5) 
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rhodium(I1) carboxylate [Rh,(O,CR),] under reflux in the appropriate neat 

carboxylic acid R’COOH. The stepwise exchange of acetate in 
[Rh,(O,CMe),] by trifluoroacetate has been followed by NMR and inter- 
mediates have been identified using mass spectrometry [33] (Scheme 2). 

[ Rh,(O,CMe)J + 2 CFJOOH --) [ {Rhz(O,CMe),}(CF,COOH)~ 

[ {Rh,(O,CMe),}(CF,COOH)~ 2 [ {Rh2(0,CMe)j(0,CCF,))(CF,COOH)~~ 

1 k, , Lk2 

[{Rh,(0,CMe),(02CCF,):}(CF,COOH)~ 

L k3 

[{Rh,(O,CCF,),}(CF,COOH)~ 2 [ {Rh,(O,CMe)(O,CCF,),}(CF,COOH)& 

Absolute rate constants (see-‘): k, = 7.2 x 10-4, k, = 1.4 X 10-3, k, = 6 x 

10-5, k,= 2x 10-5, k5=k6=k7=0. 

Scheme 2 

Since each substitution involves essentially the same process all rates should 
be similar after allowing for statistical factors; however a considerable 
variation is observed. Assuming there is no change in metal-acetate bond 
energies upon trifluoroacetate substitution, the ratio should statistically be 
1.0 : 0.75 : 0.50 : 0.25; however k, (1.4 x 10-3) is found to be twice as large as 
k, (0.72 X 10e3) and k, and k, are much smaller (6 x 10m5 and 2 x lo-’ 
respectively) than expected. These results indicate that a tram effect is 
operating in the second step of the reaction and dominates over the u-bond 
strengthening which should occur as each successive trifluoroacetate group 
increases the effective positive charge on the metal. The third and fourth 
substitutions are progressively more difficult with no evidence of a labilizing 
tram effect in the fourth stage, and with the thermodynamic stabilization of 
the metal-acetate bonds being the controlling factor. As the reaction pro- 
ceeds the concentration of free acid builds up to a significant level thus 
helping to suppress the final substitution step. 

When rhodium(I1) formate is heated with an excess of concentrated 
sulphuric acid at 80°C for 1 h, the bridging formate groups are replaced by 
sulphates to yield [Cs4(Rh,(S0,),(H20),}~ 2 H,O]. The brown solution 
which forms is cooled with ice and treated with a concentrated aqueous 
solution of caesium sulphate to precipitate a dark green crystalline solid. 
When rhodium(I1) acetate is used the reaction proceeds more slowly; after 
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4 h at 100°C a considerable amount of mixed rhodium sulphate-acetato 
complex [Rh,(O,CMe),(SO,),]*- is formed [ 1321. 

A similar procedure is used to synthesise rhodium(I1) phosphate 
[Rh,(H,PO,),(H,O),]. Heating rhodium(I1) acetate in concentrated phos- 
phoric acid at 150°C for several hours followed by dissolution of the mixture 
in water, filtering the solution and evaporating at 1 lo-150°C yields a 

mixture of K~2(H2PO~)J(H20)21 and [{~2(02CMe)2(H2P0,)2}(H20)21 
as dark green rhombic crystals. To obtain the pure orthophosphate the finely 
ground crystals may be treated once or twice more with phosphoric acid. The 
compound can be precipitated from the aqueous solution by concentrated 
perchloric acid as the tetrahydrate [Rh,(H,PO,),(H,O),] - 4 H,O which 
loses the crystallization water at 100-l 10°C [ 1331. X-ray diffraction studies 

and other physical measurements have been used. to characterise these 
compounds [ 134,135]. 

Rhodium(I1) carbonate Na,[Rh,(CO,),], - 2.5 H,O is formed when 
rhodium(I1) acetate suspended in sodium carbonate solution is heated to 
near boiling for lo-15 min [94]. The rhodium(I1) bicarbonate complex is 
believed to be formed when slightly more than an equivalent amount of 

perchloric acid is added for complete protonation of [Rh,(CO,) 4]4- and the 
solution is quickly evaporated to dryness [94]. 

Products which include fully and partially exchanged complexes are 
prepared by fusing rhodium(I1) acetate with cY-pyridone at 160°C under 
argon for 15 min, then removing excess ligand by vacuum sublimation at 
110°C. Separation of the various complex products is achieved by crystalli- 
sation from acetonitrile or methylene chloride [44,45]. 

All four carboxylate ligands can be exchanged by thioacetate or thio- 
benzoate when rhodium(I1) formate is treated with thioacetic acid and 
thiobenzoic acid respectively [77,136]. 

It has been reported that when [Rh,(O,CCCl,),] in butanol is treated 
with the ligand 2,4-dithiouracil (dtuH) at 60-70°C for 3 h, the carboxylates 

exchange with the ligand yielding the diamagnetic [Rh2(dtu),(H,0)2] 
species; a lantern structure is proposed but has not been confirmed [ 1371. 
However, attempts to introduce bridging diary1 triazene [ 101~1 and pyridine- 
2-thiol (LH) groups [ 1381 by anion exchange led only to formation of axial 
adducts [Rh,(O,CR),(LH),]. 

By chelating ligands 
Heating of [Rh,(O,CMe),] with dimethylglyoxime (dmgH) in alcohol 

under nitrogen leads to replacement of two or four acetate groups by 
dimethylglyoxime ligands to yield cis-[Rh,(O,CMe),(dmg),] and 
[Rh,(dmg) 4] respectively, each of which contains chelating dmg ligands 
[49-5 11. 
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The carboxylates can also be partially exchanged by P-diketones such as 
acetylacetone, trifluoroacetylacetone and hexafluoroacetylacetone yielding 
the mixed complexes [(RhJO,CMe),( ,&diketonate),}( HLO)Z] [52]. 

In most cases however, direct replacement of carboxylate by chelating 
ligands is not observed. Instead the compounds are prepared from 
[Rh,X,(allyl),] (X = Cl. Br) by treatment with a suitable heterocyclic com- 
pound and a carboxylic acid in absolute ethyl alcohol in an inert atmosphere 
at 100°C [47,48]. The products [Rh,(0,CR)2(N-~N)2X2] ha\,e binuclear 
structures with bridging carboxylate. chelating N-N ligands and axial ligands. 
The structure of these products (where N- N = 1.10 phenanthroline or 
2,2’-bipyridyl; X = Cl, Br) has been discussed earlier (Section C, Figs. 7-- 10). 

(iii) Destruction of the luntern 

The strong rhodium-rhodium bond of the rhodium(II) carboxylates is 
fairly resistant to chemical attack, but some chemistry of these dimeric 
species leading to disruption of the lantern structure has been reported. 

The observation by Bear and co-workers that reaction of cysteine with 
rhodium(I1) carboxylates causes breakdown of the carboxylate cage liberat- 
ing acetate ions [139.140], led Pneumatikakis and Psaroulis to attempt 
isolation of the products from this and related reactions 1901. The amino 
acids L-cysteine, L-cysteine methylester and L-penicillamine. all of which 
contain free -SH groups were used. When the rhodium(II) carboxylate is 
mixed with aqueous solutions of the ligands LH at a molar ratio of 1 : 4 at 
room temperature, dark red solutions result. from which the complexes 
analysing for RhL, can be isolated on addition of excess acetone. Infrared, 
magnetic moment measurements (1.8-1.9 pB) and ESR results [p, = 1.955. 
g, = 2.020 a n gs = 2.035 for [Rh(O-MeCys-),I indicate that the products d 
are mononuclear low spin rhodium(II) compounds with a square planar 
configuration. Mononuclear products [Rh(MNT),]‘- are also observed when 
rhodium(H) carboxylates are treated with maleonitriledithiolate dianion 
(MNT) [(CN),C,S,12- 11411. Treatment of rhodium(I1) formate with thio- 
xine (quinoline-8-thiol) also leads to a mononuclear rhodium(I1) product 
[Rh(CyH,NS),] [142]. In contrast the reaction of rhodium(I1) carboxylates 
with the thioether amino acids, S-methylcysteine. S-ethy-lcysteine and 
methionine leads to simple adduct formation [90]. 

It was originally believed that treatment of rhodium( II) carboxylate with a 
strong non-complexing acid such as trifluoromethylsulphonic. perchloric or 
p-toluenesulphonic acid afforded “Rh:’ (aq)“. Despite attempts to precipi- 
tate the cation with a wide variety of anions of various sizes and charges. and 
to obtain crystals by various cooling or evaporation techniques in different 
solvents, a simple salt could not be isolated 1271. Later studies have shown 
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that the aquation products of acid hydrolysis of rhodium(I1) acetate are 

W-dWW.I(a~ (4-n)i-(n = 2,3) [91,143]. The formation of mixed com- 
pounds [Rh,(O,CMe),{OC,H,CO,(H)},] by treatment of solutions of this 
type with salicylic acid has been taken to indicate the presence of these 
partial hydrolysis products [144]. The true hydrated Rhy species can be 
generated by the reaction of Cr2+(aq) with [Rh(H,0),C1J2+ [ 1451 and is 
believed to be [Rh,(H,0),(H,0),14+ in which two of the water molecules, 
presumably axial, are more labile and can be replaced by entering ligands 
such as acetate or sulphate ions giving [Rh,(H,O),(SO,),] and 
[Rh,(H20),(0,CMe),12+ [146]. Elution of Rhy on a cation exchange 
column with 2 M (NH,),SO, leads to [(NH4)4Rh2(S04)4. 4.5 H,O] [94]. 

(iv) Redox reactions 

Chemical oxidation-reduction 
The action of dilute (1 : 1) HCl on the amine adducts of the rhodium(I1) 

carboxylates and thiocarboxylates merely leads to the removal of the amine 
with the formation of the corresponding hydrated or anhydrous carboxylates 
or thiocarboxylates; however, concentrated HCl slowly converts the 
rhodium(I1) carboxylates into red [RhC1,13- [77,78]. Treatment of the 
carboxylato compounds with HCI or HBr(g) in acetone or ethanol produces 
an insoluble residue of rhodium metal and a solution from which a 
rhodium(II1) compound formulated as “(Ph,As)RhX, - 2 H,O” (X = Cl, Br) 
is precipitated on addition of Ph,AsCl . n H,O [147,148]. 

The oxidation of rhodium(I1) acetate by ozone in acetic acid gives the 
trinuclear basic rhodium(II1) acetate [Rh,O(O,CMe),(H,O),]+ [ 1491. When 
chlorine gas, lead dioxide or cerium(IV) sulphate are added to a blue-green 
solution of rhodium(I1) acetate, oxidation products of unknown constitution, 
orange or violet in colour are produced, e.g. an orange solid is obtained when 
chlorine gas is bubbled through a solution of rhodium(I1) acetate in methanol. 
The solution reverts back to its original colour with time but can be more 
quickly restored by addition of a piece of amalgamated mossy zinc [91]. 

The reaction of rhodium(I1) acetate with arene sulphinic acids RSO,H 
(R = Ph, C,H4CH3-p) [I501 in refluxing THF or methanol under aerobic 
conditions leads to cleavage of the rhodium-rhodium bond with formation 

of PW,W,l; when Na+O,SR- is used the unstable adduct Na,[Rh,- 
(02CMe),(RS0,),] initially formed reacts further to give 
Na,[Rh,(OH),(H,O),(RSO,),] .4 H,O for which two dimeric structures 
have been proposed (Fig. 35). Both structures are consistent with the IR 
spectrum, conductivity measurements, analytical and molecular weight data; 
in the absence of an X-ray structure determination it has not proved possible 
to distinguish between them [150]. 
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Fig. 35. Proposed structures for Na,[Rhz(OH),(H,0),(RS02),].4 H,O (with permission 
from ref. 150). 

When dithioacetic acid reacts with rhodium(I1) acetate, a rhodium(II1) 
complex [Rh(CH,CS,),] [ 15 l] contaminated with other products is obtained. 
It has been suggested that the Rh-Rh bond is broken as a result of the 
reaction of dithioacetic acid leading to an extremely unstable rhodium(I1) 
complex or a rhodium(I) species which is then auto-oxidised to a rhodium(II1) 
compound. Reactions with sodium dithiocarbamates NaS,CNR, yield anal- 
ogous rhodium(II1) complexes [I 81. 

Rhodium(I1) acetate reacts with organomagnesium compounds MgR, 
(R = CH,, CH,SiMe,) in the presence of trimethylphosphine at 0°C with 
the formation of monomeric rhodium(II1) complexes [Rh(CH,),(PMe,),] 
and [Rh(CH,SiMe,)((CH,),SiMe,}(PMe,),]; a metal-containing ring is 
formed in the latter complex as a result of removal of hydrogen from a 
methyl group of a CH,SiMe, ligand [ 1521. 

Treatment of a methanolic solution of “Rhy ” * with a slight excess of 
triphenylphosphine, followed by a stoichiometric amount of the ligand LH 
(L = diethyldithiocarbamate; LH = 2-mercaptobenzothiazole. 2-mercapto- 
pyridine, and toluene-3-thiol) leads to formation of [Rh”‘L,(PPh,),]BF, 
[ 1531. These products probably arise by initial reduction of Rh(I1) to Rh(1) 
by triphenylphosphine. Since the reactions are accompanied by the forma- 
tion of triphenylphosphine oxide, an extra two moles of triphenylphosphine 
per “Rh:* ” are required to complete the reduction (the oxygen is thought to 
arise from water in the methanolic solvent): and this is followed by oxida- 
tion to rhodium(II1) in the presence of the anionic ligands [ 1531. 

Neutral rhodium(II1) complexes of stoichiometry RhL,(PPh,),, (n = 1. 2, 
3) have been obtained from “Rh:+ “, triphenylphosphine and an excess of 
ligand LH (LH = diphenylphosphorodithioic acid [Ph,PS,H], diethoxyphos- 
phorodithioic acid [(Et0)2PS,H]; or L-= thiocyanate [SCN--1) in methanol 
[153]. 

Rhodium(I) carboxylates of stoichiometry Rh(OCOR) (PPh,), (R = alkyl, 
aryl or substituted alkyl) have been obtained by the interaction of the 
dirhodium(I1) cation “Rht’ ” with a stoichiometric amount of triphenyl- 

* “ RhO,’ ” is now known to be [Rh2(0,CMe),]‘4 -‘I+ (n = 1. 2). 
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phosphine and an excess of the lithium salt of the appropriate carboxylic 
acid [153]. On addition of a saturated methanolic solution of triphenylphos- 
phine to the protonated solution “Rhy “, the colour changes from green to 
red and after standing for some hours an orange solid precipitates. The IR 
spectrum of the solid indicates the presence of BF,- and PPh, and the 
elemental analysis is consistent with the formula Rh(PPh,),BF, [27]. Further 
evidence for this formulation is provided by a quantitative reaction with 
LiCl to afford RhCl(PPh,),. An alternative formulation preserving the 
rhodium(I1) oxidation state and involving loss of an (YH atom from one of 
the phenyl rings to give a Rh-C bond has been considered, but is not 
supported by the experimental evidence [27]. Interaction of Rh,(O,CMe), 
with Ar,Mg (Ar = Ph, MeOC,H,) and PMe, in diethylether produces the 
rhodium(I) compounds Rh(Ar)(PMe,),, for which a distorted four coordi- 
nate planar structure (Ar = Ph), and a five coordinate geometry involving 
coordination of the methoxy group oxygen to rhodium (Ar = MeOC,H,) 
have been proposed [ 102aJ. The interaction of [Rh,(O,CMe),] with sodium 
amalgam in THF in the presence of an excess of PMe,, under H, (3 atm), 
leads to the decomposition of the carboxylate [102b]. 

Wilkinson and co-workers reported that although bubbling carbon mono- 
xide through the protonated green methanolic solution of rhodium(I1) acetate 
caused no colour change, the subsequent addition of excess triphenylphos- 
phine to this solution produced an orange colour and crystals of 
[Rh(CO)(PPh,),]BF, precipitated [27]. In contrast, James et al. report the 
destruction of the lantern by carbonylation of rhodium(I1) propionate in the 
presence of aqueous fluoroboric acid under relatively mild conditions (atmo- 
spheric pressure and 75°C) to give Rh,(CO),, in very high yield [154a]. 

Reaction of [Rh,(O,CMe),(MeOH),] with 20 atm. of CO in 1-butanol 
results in the appearance of a strong band in the IR at 2083 cm-’ which 
suggests simple adduct formation [Rh,(O,CMe),(CO),] [ 154b]; more vigor- 
ous treatment (300 atm. of CO and 120°C) results in the formation of 

Rl%(CO),,. 

Electrochemical oxidation-reduction 
A potentiometric titration of rhodium(I1) acetate with ceric sulphate 

indicates that 1.03 equivalents were consumed per dimer, while in a similar 
spectrophotometric titration, 1.05 equivalents were required [91]. Cyclic 
voltammetric experiments confirmed the existence of a redox process. A 
chloride ion associates with the oxidised Rh(II)/(III) species to give 

tRh,(O,CMe),Cll; saturation with respect to absorption changes is reached 
in 0.1 M NaCl and the change in the spectrum is much more marked than 
for the parent rhodium(I1) acetate where concentrations of the order of 2 M 
NaCl are needed to produce a significant effect. The oxidised species can be 
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held by a cation-exchange resin from which it can be quickly removed by a 
strong non-complexing acid or salt. The species is unstable and dispro- 
portionates to rhodium(I1) acetate and a yellow rhodium(II1) species [91]. 

The redox reactions of a series of rhodium(I1) carboxylates have been 
investigated in both aqueous and non-aqueous media at platinum and 
mercury electrodes. A typical cyclic vol tammogram of [ Rh 2( O,CC, H 5 ),I 
oxidation at a platinum electrode in H,O-0.1 M KC1 is shown in Fig. 36. 
Both peak shape and current dependence on scan rate are indicative of a 
diffusion controlled one electron transfer. Potential separations between the 
anodic peak Up,, and the cathodic peak potential Upi,.c were in the range of 60 
to 90 mV at 20 to 100 mV s- ’ but increased with sweep rate. The ratio of the 
cathodic to the anodic peak current li,c/Zp,n was unity at all scan rates 
indicating the absence of coupled chemical reactions. Diffusion controlled 
one-electron oxidation of the species [Rh,(O,CR), ] containing a variety of 
R groups produces the binuclear cations [Rh2(02CR),]’ which dispro- 
portionate to rhodium(I1) carboxylate and rhodium(II1) products. In con- 
trast, the controlled reduction appears to involve several slow steps yielding 
an extremely stable monomeric rhodium(I) complex [ 1551. Cyclic voltamme- 
try at a hanging mercury electrode gave a separation between the cathodic 
peak, and half-peak potential, O;, - L/r,*, of 125 mV. The absence of a 
reverse reduction peak and the cathodic shift of peak potential with increase 
in scan rate confirmed the irreversibility of the reaction. Using the experi- 

-20 L- / 1 ‘_-A 
08 09 p-1o 1.1 1.2 

lJ(Vvs SC.E) 

Fig. 36. Cyclic voltammogram showing oxidation of 8.8 X 10m4 M Rh2(02CC2H,), in 
H,O/O.l M KC1 at a platinum electrode. Scan rate = 0.05 V s- ’ (with permission from ref. 

155). 
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mental UP - U& = 125 mV, a value of 0.38 for WI, was obtained from 
which it may be inferred that (Y = 0.38 and n, = 1, i.e., the initial reduction 
step involves a rate determining single electron reduction 

[Q (WR),] + g [Rh,(O,CR),] A [Rh,(O,CR),]- 2 reduction product 

The shape of the polarographic wave indicates an irreversible charge transfer 

( u3,4 - U,,4 = 120 mV) (Fig. 37) [155]. 
Oxidation of [Rh,(O,CR),L,] becomes more favourable as the interac- 

tion of the axial group L becomes stronger which indicates that the HOMO 
levels are destabilized with increasing ligand binding ability [ 105,106]. Drago 
et al. [106] found that [Rh,(O,CC,H,),L] (L = u donors, piperidine, N- 
methyl imidazole and 4-picoline N-oxide) were stabilized by 6-7 kcal upon 
oxidation, while significantly less stabilization of adducts of 72 acceptor bases 
(L = acetonitrile, dimethylsulphoxide and phosphite) was observed. They 
interpreted this result in terms of 7r back-bonding; the oxidised adduct of a 
?r-acceptor base has lost an electron involved in 7~ back-bonding, thus 
rendering it less stable than the neutral adduct. 

The half-wave potentials are dependent on the nature of the substituent R 
for [Rh,(O,CR),] [ 1051. The Taft polar substituent constants bear a linear 
relationship with the half-wave potentials which indicates the expected 
stabilization of the higher oxidation state by electron donating substituents. 

Fig. 37. Polarogram showing reduction of 8.8X 10e4 Rh,(O,CC,H,), in H,O/O.l M KC1 
(with permission from ref. 155). 
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With the strong electron withdrawing group CF,, the lower oxidation state is 
stabilized to such an extent that oxidation of rhodium(H) trifluoroacetate is 
not observed up to the positive end of the potential limit of the solvent. 

In order to verify the overall number of electrons involved in each step, 
Bear and co-workers oxidized and re-reduced [Rh,(O,CR),] at controlled 
potentials [155]. The lack of pH dependence and spectroscopic evidence 
indicate that the lantern structure remains intact in the one-electron reversi- 
ble process. Spontaneous reduction of [Rh,(O,CR),]’ was found to be 
facilitated by anions such as halides which have axial coordinating ability 
towards the rhodium(U) lantern structure, The relatively high potential 
associated with the oxidation (ca. + 1.0 V with respect to the standard 
calomel electrode) indicates that the neutral species is thermodynamically 
more stable than its oxidation product. 

Mechanisms have been proposed for anation of [Rh,(O,CMe),]+ by Cl-, 
reduction of [Rh,(O,CMe),Br] by Br- and oxidation of [Rh,(O,CMe),J by 
Cl,, (Schemes 3-5 respectively) [87,156]. Detection of short-lived mixed 
valence bromide adducts have been performed by rapid-scanning stopped 
flow spectrometry. 
Scheme 3. Anation of [Rh,(O,CMe),]+ 

[Rh,(O,CMe),]‘+ Cl-=: [Rh,(O,CMe),Cl]O (5) 

[ Rh,(O,CMe),C1]O + Cl- + [ Rh,(O,CMe),Cl,] .~ (6) 

The “vacant” axial coordination sites on the rhodium atoms are probably 
occupied by water. 
Scheme 4. Reduction of [Rh,(O,CMe),Br] 

[Rh,(O,CMe)J + + BY + [ Rh,(O,CMe),Br]’ 

[ Rh,(O,CMe),Br]’ + Br- + [ Rh,(O,CMe),Br,] _ 

(7) 

(8) 

[ BrRh,(O,CMe),Br] _ + [ Rh,(O,CMe),Br . . . Br] - (9) 

[ Rh,(O,CMe),Br . . . Br] _ -+ [ Rh,(O,CMe)d + Br, ( 10) 

[ Rh,(O,CMe)dj + + Br; + [ Rh,(O,CMe)d + Br, (11) 

The “vacant” axial coordination sites on the rhodium atoms are probably 
occupied by water. Steps (7) and (8) are anation of [Rh,(02CMe),]+ by Br- 
and are analogous to anation by Cl-. Step (10) is rate determining. 

Scheme 5. Oxidation of [Rh,(O,CMe),] 

[ Rh,(O,CMe)d + Cl, ---f [ Rh,(O,CMe)dj + + Cl; (12) 

[ Rh,(O,CMe)J + Cl; -+ [ Rh,(O,CMe),Cl . . . Cl] _~ (13) 



[ Rh,(O,CMe),Cl -a . Cl] - + [ Rh,(O,CMe),Cl] + Cl- 

Step (12) is rate limiting. 
Alternatively an inner sphere mechanism has been proposed 

[ W(O,CMe)dl + Cl, + [ W(O,CMe],Cl,] 
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(14 

(15) 

[ Rh,(O,CMe),Cl,] + [ Rh,(O,CMe),Cl] + Cl (16) 

Cl + cl- + cl; (17) 

M. APPLICATIONS 

Rhodium(I1) carboxylates have a number of practical applications, the 
most promising being their anti-tumour activity (see next section). They have 
also found use as catalysts in organic reactions and as a stationary phase in 
gas chromatography. 

Rhodium(I1) carboxylates catalyse the decomposition of a-diazoesters 
giving rise to stereoselective insertion yielding cis-enoates [ 157,158]. The high 
efficiency of rhodium(I1) carboxylates as catalysts in the cyclopropanation of 
substituted ethylenes [17a] and dienes [ 17b] is dependent on their solubilities, 
with the soluble butanoate and pivalate proving most efficient (Eqn. 18). 

Rl, YR3 
,c=c, + N+H-COORS 

Rh2(02CR)4 R,, ,R3 14) 

R2 R4 * R&,-F\R, (3) (18) 

dc’COOR 

However, the solubility of the reagents and catalyst are not the sole factors 
responsible for the observed efficiency, since rhodium(I1) trifluoroacetate, a 
very soluble complex, is not particularly effective (yield of products is 
lo-15%). Steric hindrance at the carboxylate group does not affect the yield, 
but the electronegativity of this group may be a determining factor. The high 
efficiency of rhodium(I1) carboxylates in promoting the cycloaddition of 
carbenes generated from diazoesters to acetylenes [ 159,160], carbodiimides 
[ 16 1,162] and aromatic molecules including benzene, toluene, xylenes, tri- 
methyl benzene and indan [163] has also been observed. The insertion of 
these carbenes into the hydroxylic bond of alcohols [ 1641, or more generally 
into the polar X-H bonds of phenol, thiophenol, isomeric butyl mercaptans, 
aniline and acetylacetone [165a] are also catalysed by rhodium(I1) carboxy- 
lates, giving high yields in specific reactions under relatively mild conditions. 
The rhodium carboxylate catalysed insertion of carbenes into C-H bonds of 
alkanes has also been reported [165b]. 

Rhodium(I1) carboxylate catalysed reactions of benzhydryl6-diazopenicil- 
lanate and other diazo compounds with alcohols [ 1661, thiophene [167a, 167b], 
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aromatics [168] and furan [ 1691 have also been studied. Reaction of di- 
azopenicillanate (a) in ethanol, t-butyl alcohol and benzyl alcohol containing 
Rh,(O,CMe),(H,O), gave thiazepines (b) (R = Et. ‘Bu. PhCH,) as the 
main products [ 1661. 

N2 s m N 
0 

‘,_ 
CO&H PhZ 

(a, Cb) 

A reaction scheme for the carbenoid ring expansion of thiophene to 
2H-thiopyran, in its rhodium(I1) carboxylate catalysed reaction with benz- 
hydryl 6-diazopenicillanate (a) has been proposed [167a,b]. It is postulated 
that the thiophene attacks the upper face of the p-la&am but the stability of 
the thiophenium ylide allows time for inversion through to the lower face as 
the reaction proceeds (Scheme 6). 
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Scheme 6. Carbenoid ring expansion of thiophene to 2H-thiopyran 

The ring expansion of thiophene mentioned above, is the heterocyclic 
analogue of the Budhner reaction. For comparison the Buchner reaction was 
carried out between benzhydryl 6-diazopenicillanate (a) and anisole. using 
[Rh,(O,CMe),(H,O),] as a catalyst [ 167aJ (Scheme 7). The anisole (a or p) 
attacks the upper face of the rhodium-complexed carbenoid to give the 
dipolar species (c) and (d). Collapse of each of these can take place to give 
the two possible norcaradienes (e, e’) and (f, f’) respectively, but subsequent 
ring opening of each pair of stereoisomers leads to a single cycloheptatriene. 
The observed specificity in the formation of the products (g) and (h) stems 
from the initial attack of anisole from the p-face of the penicillanate. It is 
thought that the bulky rhodium catalyst is complexed at the less hindered 
a-face of the p-lactam ring, preventing attack from this side. and that 
collapse of the intermediate dipolar species (c) and (d) is faster than 
inversion at C,. This is in contrast to the thiophene reaction, where inversion 
does occur. 

Rhodium(U) carboxylates have been employed as catalysts in the synthe- 
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- (h) 
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R’. R2 = H. OMe (d) (f. f’) 

Scheme 7. The Buchner reaction between benzhydryl 6-diazopenicillanate (a) and anisole. 

sis of various antibiotics (via cyclisation of diazo compounds) [170a] and in 
the synthesis of natural products (via conversion of a-diazo-/I-hydroxyketo 
compounds to the corresponding /3-diketones) [ 170b]. 

Rhodium(I1) carboxylates act as homogeneous catalysts in the hydrogena- 
tion of olefins in a wide variety of solvents [16a]. A mechanism involving 
heterolytic cleavage of dihydrogen has been proposed [ 16b] (Scheme 8). 

I& (O&Me), + H, 2, HRh,(O,CMe), + H++ O&Me- (19) 

HRh 2 (O&Me), + olefin 2 HRh,(O,CMe),(olefin) (20) 

HRh,(O,CMe),(olefin) + Rh,(O,CMe),(alkyl) (21) 

H++O,CMe- 

Rh,(O,CMe),(alkyl) + Rh Z (O,CMe), + paraffin 

Y ‘: H 
‘Cl 

,H.. 
,’ ._ 

\I----Rh(02CMe),Rh , 

I”\ 

kh~0&-Me~3Rh----~~ ; 

/“\ 

Rh;02‘MeiRh 

( I ) (J) (k) 

Scheme 8. Catalysis of hydrogenation of olefins [ 161 

(22) 

The proton activation step [eqn. (19)] is supported by the observed inverse 
dependence on added acid. Hui et al. [16] speculated that the most facile 
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route to hydrogenation would be obtained when the olefin is r-bonded to 
the rhodium hydride as shown in intermediate (i)? since coordination of the 
olefin to the nonhydridic rhodium site as shown in intermediate (j) would 
probably involve transfer of the hydride through a considerable distance 
rather than an olefin insertion into the Rh-H bond. Alternatively, a bridged 
hydride species (k) may be involved. Insertion of the olefin into the 
metal-hydride bond is followed by proton attack on the intermediate metal 
alkyl, which completes the catalytic cycle (eqns. 21 and 22). 
[Rh,(02CH),(N-N),Cl,] (N-N = phenanthroline) also catalyzes the hydro- 
genation of olefins, but has been reported to be less effective [48]. 

The oxidation of cyclohexene using catalytic mixtures of [Rh,(O,CR),] 
and vanadium or molybdenum epoxidation catalysts has been investigated. 
The proposed reaction mechanism involves rhodium(I1) carboxylate promo- 
ted autooxidation of the olefin to yield cyclohexenyl hydroperoxide, fol- 
lowed by epoxidation to 2-cyclohexen-l-01. The selectivity of the system 
seems to be controlled by the nature of R [171a]. Rhodium(I1) carboxylates 
also catalyze hydrosilylation of terminal olefins, dienes, cyclic ketones and 
terminal acetylenes [ 171b]. The catalytic hydrogenation of I-hexene by 
methanolic solutions of [Rh,(O,CCH,),_,,]-‘i (X = 1, 2) intercalated into a 
swelling mica-type silicate (hectorite) has also been observed [ 17 lc.d]. 

Rhodium(I1) carboxylates suspended in squalene act as a stationary phase 
for gas chromatography [ 1721. The observed “inverse” steric effect (olefin 
coordination strengthens as alkyl substitution at the double bond increases) 
has been attributed to an increase in the donor capacity of the r orbital 
which more than offsets the steric hindrance caused by the alkyl sub- 
stituents. The low steric effect is in accord with the open nature of the axial 
site. 

N. ANTI-TUMOUR ACTIVITY 

Prior to 1960 there was very little systematic work on the anti-tumour 
activity of complexes of the platinum group metals. Rosenberg’s accidental 
discovery in 1965 that “inert Pt electrodes” cause the filamentous growth of 
bacteria [173a] led to the recognition and subsequent clinical application of 
cisplatin, cis-Pt(NH,),Cl, [ 173b] and prompted investigation of the reactiv- 
ity of other platinum metal complexes with biological systems, and in 
particular with tumour cells. There are several general articles which discuss 
the antitumour activities of cisplatin and other metal complexes [ 174- 1761. 

Amongst the most promising of the second generation platinum metal 
anti-cancer compounds are the rhodium(I1) carboxylates. the activity of 
which was first reported by Bear and co-workers in 1972 [ 131. These 
compounds were shown to increase the life span of mice bearing Ehrlich 
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ascites [15], and leukaemia P388 tumours [180] and in favourable cases to 
produce complete regression [ 1781. This discovery has prompted investiga- 
tions into the chemical properties and biological effects of the rhodium(I1) 
carboxylates, which have shown that species containing unprotonated amino 
groups, including adenine, nucleotides and polynucleotides, single stranded 
DNA, RNase A, bovine serum albumin and certain amino acids (notably 
histidine and methionine), bind tightly but reversibly in the axial position 
[ 131,177]. In contrast to these N- and O-donors which form labile axial 
adducts with rhodium(I1) carboxylates, sulphydryl compounds such as cy- 
steine and glutathione react to liberate carboxylate ions and bind irreversibly 
with the rhodium [179]. It has not been determined with certainty which, if 
either of these two reactions is responsible for the observed anti-tumour or 
other biological activity. Bear and co-workers investigated the effects of 
rhodium(I1) carboxylates on the activity of seventeen enzymes; all those 
having essential sulphydryl groups in or near their active site were found to 
be irreversibly inhibited, while the enzymes without essential sulphydryl 
groups were not affected. The reaction of the carboxylates with -SH 
enzymes closely parallels the toxicity and anti-tumour activity displayed by 
these compounds. A close “numerical” correlation has been observed be- 

I I 1 I I I I 

1 2 3 4 5 6 
Dose (moles/kg) x104 

Fig. 38. Correlation between concentration of rhodium(I1) carboxylate required to inactivate 
the sulphydryl enzyme LDH 50% in 1 min (y axis) and the therapeutic dose of rhodium(H) 
carboxylate which results in maximum survival rate of mice bearing Ehrlich ascites tumour 
cells (x axis): 0 rhodium(H) methoxyacetate; n rhodium(H) acetate; 0 rhodium(H) pro- 
pionate (with permission from ref. 179). 
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tween the concentration of a particular rhodium(H) carboxylate necessary to 
cause 95% deactivation of a sulphydryl enzyme (relative to control) in a 
specified time interval, and the dose of a rhodium(I1) carboxylate which 
results in maximum survival rate in tumour bearing mice (Fig. 38). The 
above correlation is much better than that with the binding strength of 
amino group ligands [ 1791. Thus in vitro studies suggest the interaction with 
the sulphydryl group to be related to anti-tumour activity. However, whether 
appreciable inactivation occurs for the same enzymes in viva has yet to be 
determined [ 178a, 1791. 

In vivo studies have shown rhodium(I1) carboxylates to inhibit DNA and 
protein synthesis but minimal inhibition of RNA synthesis has been ob- 
served [l77,178a]. The inhibitory effect of rhodium(I1) propionate and 
butyrate on DNA synthesis involving Ehrlich cells in vivo at different times 
after drug administration has been studied (Fig. 39). Cytosine arabinoside 
(15 mg kg-‘) was used as a positive control in the study. This drug inhibited 
thymidine incorporation into DNA by more than 90% at 1 h after adminis- 
tration; activity subsequently declined to ca. 10% after 24 h. In contrast, 
neither rhodium(I1) propionate (2 mg kgg I) nor butyrate (0.6 mg kg-‘) 
showed appreciable inhibition of DNA synthesis 1 h after the drug was 

Post - drug (hours) 

Fig. 39. In vivo inhibition of DNA synthesis by rhodium(H) carboxylates: O-O--O = 
rhodium(H) butyrate (0.6 mg kg-‘); 0. ‘0.. .O = rhodium(I1) propionate (2 mg kg-‘); 
-A-A-A = cytosine arabinoside (15 mg kg-‘). A 30 min labelling time of thymidine-5- 
methyl-jH (specific activity, 10 microcuries mmol- ‘) was not included in post-drug intervals. 
Each point represents the average of three mice per group (with permission from ref. 177). 
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given. However, the degree of inhibition increased as a function of time to 
greater than 90% at 24 h [177]. 

Initial investigations indicated that rhodium(I1) carboxylates were potent 
inhibitors of RNA polymerase from Escherichia cofi in vitro [ 15,177]. How- 
ever, studies on intact tumour cells have shown that rhodium(I1) complexes 
have a slight stimulatory effect on the incorporation of uridine into RNA 
[ 14,177]. RNA synthesis studies yielded the results shown in Fig. 40. 
Rhodium(I1) propionate and butyrate both exhibited a slight inhibition of 
RNA synthesis as measured by uridine-5-3H incorporation, 1 h after the 
drug was given. However, after 1 h there was a continuous increase in 
uridine-5-3H incorporation in the drug treated groups which was up to 1.5 
times that noted in the controls approximately 11 h after the drug was given. 
After this time there was a gradual decrease in the incorporation; however, 
the amount was still greater than in the control group 24 h later. It has been 
conjectured that either rhodium(I1) carboxylates actually stimulate the RNA 
synthesis of Ehrlich tumour cells in vivo, or they may interfere with the 
uridine precursor pools so that more uridine-5-3H is incorporated in the 
acid-insoluble nucleic acid [ 1771. 

Rhodium(I1) carboxylates appear to play an indirect role in the inhibition 

.Of 0 4 a 12 16 
Post -drug (hour) 

Fig. 40. In viva inhibition of RNA synthesis by rhodium(U) carboxylates; O-0-0 = 
rhodium(I1) butyrate (0.6 mg kg-‘); 0 . . . 0 * . . 0 = rhodium(I1) propionate (2 mg kg-‘). 
A 30 min labelling time of uridine-5-3H (specific activity, 10 microcuries mmol-‘) was not 
included in post drug intervals. Each point represents the average of separate determinations 
on three mice (with permission from ref. 177). 
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of DNA synthesis, possibly by inhibition of enzyme(s) essential for its 
synthesis [178a]; DNA polymerase (Y which is particularly active in copying 
“activated” double stranded DNA is strongly inhibited by reagents which 
block sulphydryl groups, while DNA polymerase p is resistant to such 
reagents and DNA polymerase y requires sulphydryl containing compounds 
for maximum activity. Stabilization of rhodium(I1) carboxylate toward the 
-SH reaction has been achieved by introduction of polyadenylic acid 

(poly(A)) [ 1801 which binds the rhodium axial site more strongly than ---SH 
groups and also stabilises the rhodium(I1) carboxylate by chelate effect. 
Administration of rhodium(I1) carboxylate/poly(A) mixtures gave an in- 
crease in the life span of treated mice (relative to those treated by complex 
alone). The survival study involved 8 groups of 10 Swiss mice, each im- 
planted intraperitoneally with 6.7 X lo6 Ehrlich cells. The LD,, of 1.5 mg 
kg- ’ of rhodium( II) propionate, mixed with various concentrations of 
poly(A), was administered 24 h after tumour implantation and continued 
once daily for 6 days; results appear in Table 16. For an adenine : rhodium(I1) 
propionate ratio of 10 : 1 or 20 : 1, the percent increase in life span (IL%%) 
increased from 190 for rhodium(I1) propionate alone, to 280 for the poly(A) 
complex, while the number of 50-day survivors increased from two to five. 
The poly(A) is thought to slow down the extracellular deactivation of the 
rhodium(I1) complex by the -SH reaction, which makes the drug available 
over a longer time period for tumour kill [ ISO]. 

The inhibition of DNA synthesis in vitro follows an order of 
methoxyacetate < acetate -C propionate -C butyrate [ 15,177]. The time- and 
concentration-dependent inhibition of the proliferation of exponentially 

TABLE 16 

Rhodium(II) propionate-poly(A) survival data against Ehrlich ascites a 

Ratio of adenine moiety of 
poly(A) to rhodium(H) 
propionate 

Mean survival 

time (days) 

ILS s No. of 50 day 
survivors 

0:l 37.0 190 2 
10: 1 45.1 279 5 
20: I 45.2 280 5 
40: I 39.7 212 1 
60: 1 38.3 201 2 
Saline controls 12.9 0 
Saline-poly(A) controls 12.7 0 

” With permission from ref. 180. 
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TABLE 17 

Proliferation of L1210 cells in suspension culture a 

Rhodium(H) carboxylate Cells/ml X 10 - 5 

6h 12 h 18 h 24 h 48 h 72 h 

Control 2.8 3.4 4.4 5.7 16.0 32.0 
Methoxyacetate 140 PM 2.2 2.7 3.3 4.0 8.3 17.0 

210 yM 1.9 2.2 2.7 3.2 3.8 7.7 
270 PM 1.8 1.9 2.0 2.1 1.3 1.0 

Acetate 19 PM 2.2 2.8 3.5 4.2 10.0 23.0 
32 PM 2.1 2.4 2.7 2.9 2.6 4.2 
4P PM 2.0 2.1 2.0 .1.9 1.3 1.1 

Propionate 1.0 /.LM 2.3 2.7 3.4 3.8 7.0 17.0 

1.4 PM 2.2 2.3 2.4 2.4 1.9 3.4 
1.9 PM 2.1 2.1 2.0 1.9 1.2 1.5 

Butyrate 0.31 PM 2.4 2.6 2.6 2.6 2.2 4.2 
0.60 pM 2.1 2.1 1.8 1.4 0.75 0.75 

1.23 PM 2.0 2.0 1.5 1.2 0.58 0.57 

’ With permission from ref. 14. 

growing L1210 cells by the rhodium(I1) carboxylates is shown in Table 17. 
The lipophilicity (partition coefficient) which increases with increasing carbon 
chain length of the rhodium(I1) carboxylates correlates well with the anti- 
tumour activity and toxicity [181]. The thermodynamic stability of the 
rhodium(I1) carboxylate adducts follow the same order as above; thus the 
increased stability of rhodium(I1) propionate adducts over those of 
rhodium(I1) acetate may have some bearing on biological activity [129]. The 
order of stability of these complexes could not be interpreted in terms of an 
electronic effect, since the expected increase of strength of the axial bonds 
between rhodium(I1) methoxyacetate and biological molecules over that of 
the acetate or propionate, is not realised [ 13 11. Bear and co-workers mea- 
sured the enthalpies and entropies of formation of 1 : 1 and 1 : 2 adducts of 
rhodium(I1) carboxylates with imidazole and found that the difference in the 
stability of the imidazole adducts was not large enough to account for the 
observed variation in their biological activity [ 129,130]. Results indicate that 
the more lipophilic drugs are absorbed by the cells to a greater extent. 
However, the simple extension of the carboxylate R chain beyond penta- 
noate is not effective in increasing the therapeutic effects of the drug. The 
observed decrease in the anti-tumour activity, toxicity and therapeutic ef- 
ficacy of the hexanoate suggests that either steric problems arise or that the 
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rhodium(I1) compounds must exhibit some intermediate degree of water 
solubility to be effective [ 1811. 

When L1210 cells have been exposed to inhibitory concentrations of 
rhodium(I1) carboxylates, the drug effects are not readily reversed [ 141. 
These results suggest that reversible axial ligation is not responsible for the 
biological activity; however. recent work by Farrell [98] contradicts this view. 
He investigated the simple 1 : 1 adducts of rhodium(II) carboxylates with 
adenine and adenosine, and assigned the binding sites as N(7) of the purine 
ring. The similarity in the properties of these species with those of rhodium(I1) 
acetate/DNA solutions were taken to indicate the same binding site fat 
DNA, and the specificity of the reaction was interpreted as being due to the 
presence of favourable hydrogen bonding interaction of the exocyclic amino 
group of adenine and acetate ligand (see Section G). Farrell suggests that the 
reactivity of these compounds is dictated by the presence of intramolecular 
hydrogen bonding interactions, and that these results are important in the 
understanding of the mechanism of transition metal anti-tumour activity. 

In an investigation by Bear et al. [177] the rates of exchange of the 
trifluoroacetate ion for one carboxylate ion of rhodium(I1) acetate, pro- 
pionate and butyrate were determined by NMR spectroscopy. The 
pseudo-first order rate constants at 20°C were 1.4, 1.5, and 1.3 X 10-j s _ ’ 
for the acetate, propionate and butyrate, respectively. Since these experimen- 
tal results indicate that all three exchange reactions occurred at essentially 
the same rate, the vast differences in biological activity of the rhodium(I1) 
carboxylates cannot be accounted for in terms of the differences in exchange 
rates. 

In view of the reaction of -SH groups with rhodium(I1) carboxylates, 
addition of non-toxic sulphydryl compounds may allow detoxification of 
large doses of the drug. Survival studies against the ascites P388 tumour have 
shown that not only does detoxification occur when high doses of glutath- 
ione are injected intraperitoneally 15 min after the injection of a toxic 
rhodium(I1) propionate dose. but that in addition, substantial enhancement 
in the anti-tumour activity results [ 1801. 

No definite relationship between the redox and anti-tumour activity of the 
rhodium(I1) carboxylate complexes has been found [ 1551. However, the 
complexes [Rh2(0,CR),]+ which contain rhodium in the formal oxidation 
state of 2.5, have properties which make them interesting in terms of their 
potential as anti-tumour agents. Survival studies using [Rhz(OzCR),]’ do 
not show a marked increase in effectiveness (Table 18). These charged 
species are more hydrophilic than the parent rhodium(l1) compound. to 
which they revert over a period of time or on reaction with sulphydryl 
groups [ 1 SO]. 

Most anti-cancer drugs induce chromosome damage in treated cells: 
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TABLE 18 

Survival times of BDF, mice implanted with 1 x 10” P388 cells: the complexes were adminis- 
tered twice daily on days l-9 in 0.2 mls of normal saline a 

Complex Dose (mg kg-’ Mean survival 

per day) time (days) 
ILS 5% 

~,(O,CC,H,), 

[W(WC,W,I+ 

Control 

2.0 Toxic - 

1.6 Toxic - 

1.2 15.2 69 
0.8 16.0 78 
2.0 Toxic - 

1.6 17.0 89 
1.2 16.8 87 
0.8 15.9 76 
- 9.0 - 

a With permission from ref. 155. 

cisplatin has been shown to induce the DNA-DNA and DNA-protein 
cross-linking which leads to chromosome lesions [ 1821. In contrast, 
rhodium(I1) butyrate only slightly increased the incidence of chromatid gaps 
and breaks [178a]. 

Hall et al. [178b] have recently reported poor response of rhodium(I1) 
carboxylates with leukaemia L1210 and melanoma B16 tumours in mice; 
both tumours are recognised as having some predictive value for possible 
human use, thus the success of rhodium(I1) carboxylates as a rival of 
cisplatin has been called into question. 

0. CONCLUSIONS 

In the past two decades a vast amount of interest has been shown in the 
rhodium(I1) carboxylates with respect to their reactivity, electronic proper- 
ties and application. It is now generally agreed that the rhodium-rhodium 
bond order is unity, although no adequate explanation for the short Rh-Rh 
bond length and high v(Rh-Rh) stretching frequency exists: some authors 
now feel that the formal bond order is not a useful index of the metal-metal 
interaction. The nature of the rhodium-axial ligand bond and the effect of 
removal of an electron from the Rh-Rh bond upon formation of 
[Rh,(O,CR),]+ are still matters of controversy. Experimental and theoreti- 
cal work in this area is still being pursued for carboxylates as well as for 
other binuclear rhodium(I1) compounds containing a wide variety of bridg- 
ing ligands including carbonate, sulphate, dihydrogen phosphate, oxy-pyri- 
dine anions etc. (continued on p. 199) 
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In contrast to rhodium, iridium does not appear to form dimeric carboxy- 
late compounds at all readily; although numerous attempts have been made 
to prepare compounds of this type, none has been reported to date. A 
binuclear iridium(II) carboxylate might be expected to show a stronger 
metal-metal interaction than the rhodium(II) carboxylates. An experimental 
procedure similar to that first used to prepare rhodium(II) formate has been 
applied to iridium, i.e., treatment of H2[IrC16] with formic acid in ethanol 
containing HC1; however the product of this reaction has been formulated as 
an iridium(III) compound H[Ir(OECH)2C12] [183]. An iridium(II) carboxy- 
late [Ir(O2CR ) 2 (AsPh 3) 2 (CNC6 H 4 Me)] [ 184] has been prepared, but it ap- 
pears to be a mononuclear paramagnetic complex with tetragonally distorted 
octahedral geometry. 

Cobalt(II) is also reluctant to form binuclear carboxylate complexes; only 
one example [Co2(OECC6Hs)4(quinoline)2] [185,186] has been properly 
characterised. An X-ray diffraction study has revealed a metal-metal separa- 
tion larger than that found in the binuclear carboxylates of Cr(II), Cu(II) or 
Rh(II). The long Co-Co distance (2.832 ,h,) is consistent with the weaker 
metal-metal interaction which one would expect for a first row transition 
metal. 

ADDENDUM 

Since the completion of this article, several papers on rhodium(II) 
carboxylates and related complexes have appeared. 

X-ray diffraction structural investigations on rhodium(II) carboxylate-ni- 
troxide radical adducts [Rh2(O2CCF3)aL2] and [Rh2(O2CCF3)4(H20)2LP2] 
(L = 2,2,6,6-tetramethyl-4-hydroxy-piperidinyl-l-oxy [TEMPOL] and L ' =  
di-tert-butyl nitroxide [DTBN]) have been reported [201]. Although the 
nitroxyl groups do not coordinate directly to the rhodium atoms, the nitroxyl 
oxygen atoms participate in hydrogen bonding to the most acidic proton in 
each structure. In the former structure the TEMPOL ligands coordinate 
axially to the lantern structure via the 4-hydroxyl oxygen atom. The nitroxyl 
oxygen atoms participate in intermolecular hydrogen bonding with the 
hydroxyl groups from adjacent dinuclear molecules, linking the 
[Rh2(O2CCF3)4(TEMPOL)2 ] molecules into zigzag chains through the 
crystal. The latter structure is comprised of [Rh2(O2CCF3)4(H20)2 ] and 
DTBN molecules. The two water hydrogen atoms participate in hydrogen 
bonding interactions with the nitroxyl oxygen atoms of the DTBN mole- 
cules. D T B N  molecules  are s i tuated be tween  ne ighbour ing  
[Rh 2(O2CCF3) 4 (n  2 O) 2 ] molecules. The structural parameters measured for 
these complexes in conjunction with data reported for other RhE(OECCF3) 4 
diadducts (Table l) help to establish that the inductive effect of the CF 3 
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group is less effective than that of the axial ligands in perturbing the Rh-Rh 
ground state. X-ray diffraction crystallographic data has also been reported 
for [Rh,(O,CPh),Py,] [202] and [Rh,(O,CH),Cl,(bipy),].2H,O [203]. The 
latter compound has been further characterized by infrared and electron 
spectroscopy and conductivity measurements. 

Drago et al. [204] have pursued their study of the thermodynamics of base 
binding in systems containing metal-metal bonds. Comparison of the 
butyrate and perfluorobutyrate complexes of rhodium(H) and molybde- 
num(H) indicate that the increase in the carboxylate group electronegativity, 
decreases the relative importance of r-back bonding in the dirhodium 
system, although such a change has little influence on the inductive transfer 
to the second metal resulting from coordination of base to the first metal. 
The inductive transfer of electrostatic properties of the base are less effective 
through the longer Rh-Rh bond than through the MO-MO bond. However 
the greater polarizability of the Rh-Rh bond produces a more marked 
difference in the covalency of the 2 : 1 and 1 : 1 adducts of rhodium carboxy- 
lates than that found for the corresponding dimolybdenum systems. 

The novel rhodium(I1) trifluoroacetamide dimer [Rh2{0(NH)CCF,),] 
[205,206] has been characterised by electrochemical and spectroscopic means. 
Reversible one-electron oxidation was observed in all the solvents investi- 
gated, except for pyridine and acetonitrile/pyridine mixtures, where a rapid 
chemical reaction followed the oxidation. Reduction was observed only for 
the solutions in THF and was irreversible. The ease with which 

uwwwCCw,I is oxidized suggests that the HOMO of the Rh-Rh 
bonding scheme is destabilized relative to that in the analogous trifluoro- 
acetate dimer [Rh,(O,CCF,),], which has previously been shown to be 
resistant to oxidation. Bear et al. [207] also prepared the novel rhodium(I1) 
N-phenylacetamide compounds [Rh,{O(NMe)CPh),(H,O)] and [Rh, 
(O(NMe)CPh),]. They used ‘H and i3C NMR to establish that the former 
exists in a 2 : 2 configuration while the latter adopts a 3 : I configuration (cf. 
the 3 : 1 configuration reported by Cotton et al. for the a-oxypyridine 
dirhodium compounds [44-461). Electrochemical oxidation proceeds in two 
steps without destroying the dimeric structure; characterization of the prod- 
uct of the second oxidation step by electronic spectroscopy is in progress. 

The reactions of [Rh,(O,CCH,),(H,O),] and [Rh,(O,CH),] with K,SO,, 
K,S,O, and SO, have been investigated [208]. Adducts of the rhodium(I1) 
carboxylates with the sulphur-containing ligands are initially formed, but 
when the solutions are heated or left to stand for a long time, the carboxylate 
groups are replaced by sulphite groups, leading to formation of polynuclear 
rhodium compounds which have been investigated by X-ray photoelectron 
spectroscopy, and assigned as rhodium(III) species. 

Porai-Koshits and co-workers have reported an X-ray diffraction analysis 
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of the related compound [I$(H,PO,),(H,O),] [209], which revealed a 
Rh-Rh distance of 2.487( 1) A. They feel that this result supports the former 
single Rh-Rh bond model, and suggests that the Rh-Rh bond length is 
mainly determined by steric conditions, such as the “bite” of the bridging 
group. (This view is contrary to that expressed by Christoph and Koh [8] and 
Norman and Kolari [9]; see Section J.) 

A brief review on bimetallic rhodium(I1) complexes containing details on 
Rh-Rh bond length, bond order, molecular vibrations and chemical be- 
haviour has appeared [210]. 

Finally, further studies on the rhodium(I1) carboxylates catalyzed synthe- 
sis of antibiotics have been reported. The reaction of 4-thiaazetidinones with 
diazomalonates in the presence of a catalytic amount of rhodium(I1) acetate 
yields carbon-introduced products at the C, position of the P-lactams [211]. 
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