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Over the past few years some studies from this laboratory have been con- 
cerned with the activation of gas molecules (especially Ha, CO, and Oa) by 
solutions of rhodium(I) complexes both in aqueous and non-aqueous media 
(l-5 J. Studies involving catalytic hydrogenation of activated olefins using 
various rhodium compiexes have shown that yellow solutions containing Rhr- 
(olefin) species are formed in both aqueous and ~~-dimethyla~etamide (DMA) 
solutions f 1,4 1. in attempts to investigate potential oxygenation catalysts for 
olefins, such rhodium(I) solutions have been subjected to oxygen atmospheres 
at mild conditions (1 atm, 80” C). Aqueous acid chloride solutions containing 
Rh’(maleic acid) species [prepared by treating chlororhodate(II1) solutions 
with H, in the presence of maleic acid [I.]] are simply oxidized stoichio- 
metrically (Oa : Rh = I : 2) to orange solutions containing ~hlororhodate(III) 
species such as RhC115(H20)2-. The same net stoichiometric oxidation to 
rhodium(III) chlorides is observed [l] in DMA solutions containing LiCl, al- 
though an intermediate green colouration (h,,, 675 nm) is apparent at oxyge;r 
uptakes corresponding to a one equivalent oxidaGon: 
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The green solutions showed a room temperature E.S.R. signal (g = 4.63), and 
could contain some paramagnetic rhodium(II) species; however, no pure com- 
plexes could be isolated. It is worth noting that the diamagnetic rhodium(II) 
acetate Rhs(CHsCO& with bridging acetates and metal-metal bonding 161, 
the solvated diamagnetic ion [7] RhF, and the ion [S] Rhs(HaO)fz which 
is slightly dissociated into the paramagnetic monomeric form, all give rise to 
green solutions and the origin of the band in the 600 nm region, which is 
sensitive to the nature of terminal ligands (including solvents), has been dis- 
cussed in terms of an MO scheme implying a Rh-Rh single bond [9f. 

Solutions of the cyclooctene complex [RhCl(CsH,&], in DMA containing 
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LiCl, lose cyclooctene and adsorb 0s to form in situ a 1 : 1 molecular oxygen 
complex [ 53, Rh’O,; the solutions give an E.S.R. signal which was attributed 
to a Rh”-O~ species, and catalyse oxidations by O2 through free-radical 
peroxide processes [5]_ The catalytic activity of these initia.Ily orange solu- 
tions decreases with time, and is accompanied by the appearance of a greenish 
tinge (h,,, - 670 nm) and a new E.S.R. signal with components g, = 2.11, 
g, = 2.04, gs = 1.97 at 77K [5,10]. We have now isolated a rhodium(I1) com- 
plex giving rise to this paramagnetism, following some related studies on the 
interaction of O2 with solutions of the dicarbonyl anion f Z] Rh(CO)&IF. 

The reaction of oxygen with the dic~bonyldichlororhodate~I) complex in 
aqueous HCl solution yields [11,12] only Rh(III) products, initially Rh(CO)- 
Cl,“-- and then RhC16(H,0)2-. The corresponding reaction in the DMA-LiCl 
media [12], however, produces initially a rhodium(H) species (again via the 
RhrOs complex mentioned above) which has been isolated as a green tetra- 
phenyIarsonium salt [Ph~As]~[Rh2Cls(D~~A)~], (I). In DMA, (1) is slowly 
oxidized by O2 to give the known 1131 nonachlorod~hodate(III) anion, 
Rh,Clg- (2), which can also be readily isolated as the tetraphenylz+rsonium 
salt from DMA solutions of commercially available RhCls * 3H20. Details for 
the synthesis of (1) and (2j are given in the Syntheses section. 

THE [Ph,&s]3 [Rh2C19] COMPLEX (2) 

Previous preparative methods of (2) have involved either extraction of the 
anionic complex from aqueous media by organic solutions containing a quar- 
ternary ammonium halide salt [13], or direct addition of such a salt to an 
aqueous solution of chlororhodate(II1) species followed by solvent evapora- 
tion [13,14]. Visible spectral data in a number of solvents are given in Table 1; 
the extinction coefficients reported by Work and Good [33] are low and their 
product could contain some monomeric chIororhodate(II1) species which 
have similar absorption maxima but much smaller extinction coefficients [15]. 
Displacement of the absorption maxima and increased band intensities for 
Rh&lg- relative to RhClg- may be due 1161 to a charge transfer contribution 
to the d--d transitions resulting from distortion of octahedral coordination 
around the metal (see below). 

Work and Good [13] reported the X-ray diffraction powder photograph of 
[(CsHs)4N]s [Rh2C19] together with that of the corresponding nonachlorodi- 
chromate(II1) compound, and concluded that the two compounds were iso- 
morphous. The crystal structure of [Ph4As]s fRhzCl9 f has now been deter- 
mined in this department using Patterson and Fourier techniques [17]. PreIim- 
inary refinement of the structure to R - 0.08 based on about 3500 reflec- 
tions (MO-K,) hiil?t located the positions of the rhodium and chlorine atoms. 
Analogous to the CrsCli- ion [18], the ion contains two pyramidally distorted 
RhCla octahedra sharing a face (Fig. 1). The compound crystalhsed in the 
monoclinic system, space group P&/c, with lattice parameters Q = 13.23, 
b = 20.95, c = 26.23 A, and 0 = 103.63”; there are four formula units in the 
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TABLE 1 

Visible and IR spectral data of Rh2CIi- and Rh&lG(DMA)g- 

Rh,CIg- 

h max nm (El in DMAO 446 (410), 554 (145) 
CH.$&” 

C6Hsb 

444 (400). 546 (155) 
435 (310), 540 (100) 

CHsCNC 
CGH5NOzd 

440 (440). 544 (130) 
442 ( - 1, 546 ( - ) 

soiidc 450 ( - f, 555 ( - ) 

v(Rh-Ci) 0330(s), 319(s), 
6331(s), 

274(m) cm-l 
319(s), 277(m) 

Rh2C16(DMA);- 

h max nm (0 in DMA 670 (100) 

v( Rh-Ci) 330(s), 318(s) 272(w) cm-l 

a This work. b Ref. 13. c Ref. 14. d S.N. Ivanova et al., Russ. J. Inorg. Chem., 12 (1967) 
661. 

unit cell. The rhodiums are displaced from the octahedra centres, so that the 
Rh-CI distance is shorter when the Cl atom belongs to one octahedron 
[2.32(l) a], than when shared between two f2.36(2) li]; the Rh . . . Rh dis- 
tance is 3.11 li. The pyramidal distortion results in a Clb-Rh-Clb angle of 
N(2)” as compared to the Cl,-Rh-C& angle of 91(l)“; the C&,~Rh<l,(Cis) 
is 94(2)“, and the C&,-Rh-%l~ft??Z?Zs) angle is 173(3)*. A similar distortion 
(-4” ) from colinearity of the trans Cl,--metaFC1, system was found fl8] 
for Cs&rzCIS. The Rh-Cl-Rh angle iS 82(l)“. 

Only three v(Rh-CI) stretching modes are observed in the far ZR (Table 1) 
instead of the expected four for an ion of D sh symmetry (2 terminal, 2 bridg- 
ing); as suggested before [13], one band is thought to be obscured. 

Fig. 1. Structure of the RhzCl, %- anion. In text, C&, and Clt indicate bridging and 
tirminal chIorines. respectively; number in parentheses for bond distances and angles 
is the r,m.s.d. in the last figure quoted. 
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The molar conductivity of (2) in DMA at 23°C was 147 ohm-’ cm2 mole-‘. 
This is considerably lower than that expected for 3:1 electrolytes (200-250 
ohmU cm2 mole-’ ) [ 19) but this is attributed to the bulky nature and low 
mobility of both cation and anion. A molecular weight determination in di- 
methylformamide, DMF (M.Wt.380) shows that (2) is completely dissociated 
in polar aprotic solvents. A I : 1 electrolyte containing a binuclear rhodium 
anion, ~~R~~~~-phenyl~thr~i~ate~C~] has a molar conductance in DMF of 
about half that expected, and this was also attributed to the bulky anion [ZO]. 

THE [PhqAs12[ Fth2ClG(DMA)2] COMPLEX (1) 

The elemental analysis of the compound, and a broad IR band between 
1620-1540 cm-’ shows the presence of coordinated DMA; the broad band 
is probably due to the lowered v(C-0) and v(C-N) for coordinated DMA 
[19,21], overlapping with v(C-C) of the PhaAs+ cation. Similar u(C-C) vibra- 
tions were observed in the 1620 cm-l region for (2). 

Various data summarised below indicate a dimeric structure for the anion, 
and a plausible structure is shown in Fig. 2 with squcare planar RhC14 units 
sharing equatorial sites with one DMA ligand at tram axial positions. 

Group theory for the C 2h structure shown predicts three IR active o(Rh-Cl) 
bands. The far IR bands at 330 and 318 cm-l (Table 1) can be assigned to 
terminal stretching modes, and the weak band at 272 cm-’ to bridged chlorine 

The molar susceptibility of (1) determined by the Gouy method was 
380 X IO--+ c.g.s.u./Rh at 22” C, which corresponds to a magnetic moment of 
0.95 BM, although this is subject to some uncertainty owing to a large dia- 
magnetic correction (400 X lO-6 c.g.s.u./Rh). Nevertheless, the value is lower 
than the spin only value of 1.73 BM fox a single unpaired electron. 

Fig. 2. Plausible struc+.ure of the Rh&G(DMA)g- anion. 
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Unusually low magnetic moments for some monomeric rhodium(U) phos- 
phine (L) square planar complexes of the type truns-RhCi,L, have been attri- 
buted to intermolecular metal-metal interactions in the solid s&ate [22-24], 
and a similar type of interaction may exist in the rhodium(D) tetraphenyl- 
porphyrin complex Rh(TPP) (12 - 1.2 BM) [25]. If the unpaired electron on 
each rhodium of Rh2Cls(DMA)~- were present in a dxy orbital situated in the 
plane between the equatorial chlorides, a weak interaction may be possible 
between the half-occupied orbit&s on the metal atoms, and this could also 
lead to a reduction in the magnetic moment. The E.&R. spectrum of (1) in 
DMA (Table 2) is very similar to that of the species formed during ox,ygena- 
tion of [RhCI(CsH14)z]z in LiCl/DMA (see above), and analysis of the spec- 
trum of the latter [lG] indicated a structure with the odd electron occupying 
the t&, orbit& 

The molar conductivity of (1) (115 ohm-l cm2 mole-’ in DMA at 23’C) 
is consistent with the presence of a 2 : 1 electrolyte and the dimeric anion 
formulation. The range of conductivities for 2 : 1 complexes is reported 1191 
as 130-180 ohm-’ cm2 mole’- ‘, but considering the data for the 3 : 1 nona- 
chlorodirhodate(II1) system, a somewhat lower conductivity is expected. 

An observed molecular weight of 1050 in CHCI, is consistent with partial 
dissociation of (1) (M.Wt. 1359) into ions, and rules out a form~ation in- 
volving a monomeric anion. 

The rhodium(D) anion shows a characteristic absorption maximum at 670 
nm (E = 100) in DMA which imparts a greenish tinge to the solution. The 
origin of this band is uncertain. 

Figure 2 is based on molecular models which show that pseudo-octebedral 
symmetry around each Rh can be achieved. Z’runs coordination of the DMA 
at the axial positions above and below the planar Rh&lG skeleton results in 
blocking the vacant coordination site of the neighbouring Rh by the N-methyl 
group of DMA; this arrangement provides the closest possible contact with 
the Rh and N-methyl group. The apparent stability of (l), as for the trms- 

TABLE 2 

E.S.R. spectra of Rh2CIs(DMA)g- 

g1 g2 g3 gav g ( isotropic)a 

2.103 2.031 1.97f 2.035 
2.103 2.031 1.972 2.035 
2.114 2.048 1.969 2.042 
2.115 2.036 1.972 2.042 

2.036 
- 
- 

2.048 

This work b 
‘I% is work = 
Ref. 10d 
Re6. 4d 

a g (isotropic) determined at 25OC. 
b 81, g2, g3 determined at 77K in glass state in DMA or CH2CX2. 
c Solid state at 25OC. 
d From oxygenation of [Rh(C&4)2Cl]2 in DMA/LiCl it 77K. 



RhClsLs complexes, is thus attributed to a kinetic effect, i.e. blocking the 
vacant sites and thereby hindering approach of reagents. The RhClaLa com- 
plexes are formed only with bulky tertiary phosphines, where t-butyl or 
methyl groups block axial sites [ 22-243. 

Oxidation of (1) by 0, in DMA to (2) is accompanied by loss of the E.S.R. 
signals and the greenish colour. DMA solutions of (1) or (2) are reduced by- He 
eventually to the metal possibly by disproportionation of Rh(I), since in the 
presence of activated olefins the Rh(1) is stabilised as an olefin complex and 
catalytic hydrogenation of the olefin occurs f&26]. 

Preliminary experiments indicate that complex (I) may be a useful precur- 
sor for the synthesis of other rhodium(H) complexes. Treatment with acetic 
acid/acetate readily yields the well-known rhodium(I1) acetate; and addition 
of nitrogen bases (pyridine, dipyridyl, phenanthroline) to CHaCla solutions 
of (1) gives new species, as.indicated by the detection of three component 
E.S.R. spectra, significantly different to those obtained for (I), although pure 
complexes have not yet been isolated. 

SYNTHESES 

RhCIa-3HsO was obtained from Johnson Matthey Ltd. [Rh(CO)sCl] a was 
synthesised according to the literature [27]; the carbonyl dimer dissolves in 
DMA containing LiCl to give the Rh(CO)&l, anion 121. 

fPh&lz fRM&(DMAhI, (1). 

0.4 g [Rh(CO)&l]e and 1.0 g LiCl were dissolved in 35 ml distilled DMA. 
The initially yelfow solution was heated under O2 at 75°C for 10 h; the final 
brown solution was cooled to 2O”C, filtered (to remove LiaCOa), and treated 
with a methanolic solution (<5 ml) of 2.6 g Ph+&Cl. Treatment of the solu- 
tion at 0°C with ether yields a brown oil, which gives a fine green powder on 
addition of cold HaO. Filtering, washing with Hz0 and ether, and drying in 
vacua gives 0.7 g (50%) of (1). Calcd. for (1): C, 49.45; H, 4.27; N, 2.06; 
Cl, 15.67; Rh, 15.16%. Found: C, 49.23; H, 4.32; N, 1.74; Cl, 15.79; Rh, 
15.39%. 

fPk&l~fRh2CbI, (2). 

50 ml DMA containing 2.2 g RhCls-3HsO and 2.6 g LX1 was stirred in air 
at 80°C for 1 h, and then cooled to 20°C. 10 g Ph,AsCl dissolved in 5 ml 
CHaOH were then added. Treatment of the orange-brown solution with 150 
nil Hz0 gave a brown precipitate which was filtered, washed with cold Hz0 
and ether, and dried in vacua (yield 5.4 g, 77%). CaIcd. for (2): C, 51.60; 
H, 3.58; CI, 19.08; Rh, 12.30% Found. C, 50.23; H, 3.66; Cl, 18.91; Rh, 
12.18%. 
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