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SUMMARY 

An infrared study has established that the [Rh(CO),Cl],-phosphine (L) sys- 
tems are composed of two series of complexes, mononuclear complexes X, of formula 
RhC1(C0)3 _,L, (n= 1,2,3) and d inuclear complexes Y, of formula Rh,C12(C0)4_,- 
L, (m = 0, 1,2,3,4). The new compounds Y 2 and Y 3 are sufficiently stable to allow ele- 
mental analysis but for the compounds X, and Y 1 proof of their structures has been 
obtained by chemical methods and by mass spectrometric investigations. Preliminary 
PMR studies indicate that quite fast and complex exchanges occur in the system. 
Reactions of Clz. HCl and CHJ molecules on dinuclear comple:ies are examples of 
oxidative additions to two coordinative metal centers. 

INTRODUCTION 

With organometallic carbonyl compounds, substitution reactions involving 
carbon monoxide and different ligands invariably lead to the formation of complex 
mixtures of derivatives. In addition, the composition of these mixtures may be con- 
siderably influenced by factors such as the relative concentration of the ligand to metal, 
the nature of the solvent, the temperature etc. In this paper it is shown that the com- 
position of mixtures obtained by the reaction of phosphines and pdichlorotetracar- 
bonyldirhodium [E&(CO),Cl] z is very dependent on factors of this kind and for this 
reason it has been found more convenient to consider these mixtures as “systems” 
made up of three basic components, i.e. RhCl, carbon monoxide and phosphine. Thus, 
the term Rh/CO/L “system” will be used to designate various mixtures studied in the 
following text. 

Among the most important derivatives found in any given “system” are 
square-planar complexes of type RhCl(CO)(PPh,), and RhCl(PPh&, the catalytic 
properties of which have been comprehensively studied and found to afford many 
related derivatives with other phosphines’*2*3*4. According to Wilkinson5, RhCl- 

* A short preliminary communication. published while the present paper was in proof, is to be found 
in: C.R. Acad. Sci. Ser. C, 273 (1971) 988. 
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(PPh& exists in solution as the square-planar derivative RhCI(PPh,)2(S) where S 
depicts a solvent molecule. From these solutions the dinuclear complex [RhCl- 
(PPh,)J, may be isolated, whose related pentafluorophenylphosphine derivative 
has already been reported6. 

More recently Belluco et a1.7 have reported and studied oxidative additions 
involving derivatives of the type RhCI(C0)2L where L= PPh,. Such dicarbonyl 
complexes are well known with L as a Lewis base containing a trivalent nitrogen 
atom as part of its structure_ However, as we have already pointed out’ the complex 
isolated by Belluco et aZ_ in the solid state most probably has a dinuclear structure*. 

In order to study the Rh/CO/L “system” in a comprehensive manner, the 
following different phosphine ligands have been used : triphenylphosphine, dimethyl- 
phenylphosphine and tris(dimethylamino)phosphine. These ligands were chosen 
because of the facilities they provide, either during the isolation of the derivatives, or 
in elemental analyses, or alternatively during nuclear magnetic resonance studies. 

RESULTS AND DISCUSSION 

1. Synthesis of dinaclear conzplexes of the general jbrnntla Rh2(CO),_ ,L,,C12 lrith n = 

293 
As reported recently8, carbon monoxide evolution has been observed during 

the attempted isolation of the products from the reaction of phosphines with p-di- 
chlorotetracarbonyldirhodium, when mild vacuum conditions were employed. Such 
conditions appear favourable, therefore, for the spontaneous decarbonylation of the 
“system”, and for this reason they were used with considerable success in the first 
two cases to be discussed below and also in a third case which will be discussed later 
(see paragraph 3). 

With triphenylphosphine as a ligand, present in the ratio L/Rh= I, in addition 
to the evolution of gases under the above conditions the precipitation of a yellow 
solid was also observed. A similar product was also obtained when an attempt was 
made to isolate the complexes formed during the reaction of a phosphine on ,+di- 
chlorotetracarbonyldirhodium, using a similar L/Rh ratio, by concentrating the solu- 
tion under vacuum and salting out. The solid derivative thus obtained is apparently 
similar to that isolated by Belluco et al.’ and described by them as the monosub- 
stituted mononuclear derivative trans-RhCl(CO),(PPh,). Additional confirmation 
ofthe identity of these two similar products was provided by the observation ofa single 
absorption C-O stretching band in the infrared spectrum at 1980 cm- 1 with the 
derivative obtained in our studies. The proximity of calculated percentages for the 
mononuclear and dinuclear derivatives-RhCl(CO),(PPh,) (C, 52.57; H, 3.28; Cl, 
7.78 ; P, 7.01%) and Rh2(C0)2(PPh&C12 (C, 53.21; H, 3.50; Cl, 8.28 ; P, 7.23 %)- 
makes it rather difficult to distinguish between these two structures on solely analytic- 
al grounds. Although our best analytical results for carbon, hydrogen, phosphorus 
and chlorine were almost identical to the values predicted for the dimeric structure, 
it should be pointed out that some samples were obtained which on analysis gave 
results similar to those reported by Belluco et al., for carbon, hydrogen and chlorine 

l Recent reinvestigations by these authors’ agree with our point of view, and we thank them for 
their personal communciation. 
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and which agreed with a mononuclear structure. The dinuclear structure of the com- 
plex has, in fact, been confirmed by molecular weight determinations in benzene solu- 
tion using osmotic pressure measurements from which molecular weight values of 
860f40 (calculated mol.wt. 857) were obtained. 

A similar dinuclear structure is obtained when trimethylphosphine is used as 
a ligand. In this particular case the “dinuclear” derivative Rh2(CO),(PMe,),C12 (C, 
19.79; H, 3.71; Cl, 14.64; P, 12.78 7;) is different, at least from an analytical point of 
view, from the possible mononuclear derivative RhCl(CO),(PMe3) (C, 22.18; H, 
3.32; Cl, 13.12; P, 11.46 ‘A). Once more, however, complete confirmation was achieved 
through molecular weight measurements of 480 t 10, the dinuclear structure requiring 
a calculated value equal to 485. 

The dinuclear structure of these two complexes must be attributed to the 
presence of Cl bridges such as exist in the structure of the unsubstituted chlorocarbonyl. 
The existence of a single C-O stretching band in the infrared spectra of both these 
compounds suggests a trans configuration for the CO groups. Indeed in the case of 
,u-dichlorotetracarbonyldirhodium [Rh(CO)2CI], the interaction constants between 
CO groups acting through a 

bridge are not zero’. This suggests that derivatives containing the same basic frame- 
work should be analyzed, from a vibrational viewpoint, not in terms of independent 
RhCI, (CO) and (PPhJ units, but in terms of the whole molecule. For cis-Rh,(CO),- 
L&I,, with C,, symmetry, two infrared active bands (A, and B,) are expected, while 
for the trrrizs-Rh,(CO)zL2C1z derivative, with C,, y s mmetry, an infrared active band 
(B,) and a Raman active band (A,) should be observed. 

The decarbonylation process in the Rh/CO/L “system” also occtirs at other 
L/Rh ratios; with L/Rh = 3/2, and under forcing conditions (see experimental section), 
carbon monoxide evolution again occurs and the Rh,(CO)(PPh,),Cl, derivative 
may be isolated. Unfortunately, however, the process cannot be extended to related 
derivatives for the conditions for decarbonylation would have to be too drastic and 
only decomposition products are formed. 

With triphenylphosphine at L/Rh = 3/2, the derivative obtained is only slightly 
soluble, but despite this fact the approximate mtilecular weight values pbtained by 
osmometry in benzene are compatible with a dinuclear structure. In this particular 
case, such a structure is a logical consequence of the use of a 312 ratio and is also 
implied by the results of elemental analysis. Again, an observed stretching frequency 
for the CO bond in the infrared spectrum identical with that for the dinuclear disub- 
stituted derivative, under the same conditions, is not an argument in disfavour of such 
a structure. Indeed in the monocarbonyl derivative Rh,(CO)(PPh,),Cl,, this fre- 
quency (1980 cm-‘) is characteristic of the C-O bond strength, whereas in the di- 
carbonyl derivative, Rh,(CO),(PPh&Cl,, it only represents a C-O (8,) extension 
mode : in this latter instance the frequency corresponding to the average bond strength 
constant would probably occur at a higher value”. 

2. A spectrographic stud) of the RhjCOjL “system” as a function of the variation in 
the L/Rh ratio 

Study of the reaction mixtures clearly indicates that the composition of such 

J. Organometal. Chem., 38 (1972) 
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mixtures is not solely attributable to the dinuclear complexes of the type discussed 
above, the carbonyl and well-known square-planar derivatives RhCl(CO)L,. In 
addition, the extreme sensitivity of the system to the CO pressure can be easily shown. 
If a 10m3M solution of [Rh(CO)&l]_ , and PMe, maintained under CO atmos- 
phere is cooled, the formation of red crystals may be observed. If the same solution 
(before cooling) is held under a slight vacuum, as occurs during pipetting, blue 
crystals are formed, although the red colour of the first crystallization product may 
be restored if carbon monoxide is bubbled through the solution before retooling. 
It therefore appears as if the “system” is capable of exhibiting absorbtion and desorp- 
tion properties towards carbon monoxide, and quite clearly this behaviour together 
with the associated variation in solution composition ultimately leads to the inter- 
esting crystallisation phenomena noted above. 

Because of the CO pressure effect, in order to study the Rh/CO/L “system” 
at different L/Rh ratios, a device which allowed the direct circulation of the reaction 
mixture into the observation cell for infrared spectral measurements had to be used, 
while a constant pressure of CO in contact with the solution was maintained_ This, 
and other operations, was achieved through the use of the apparatus described in the 
experimental section. 

In the first series of experiments, a 10m4M solution of the chlorocarbonyl in 
n-octane was treated with trimethylphosphine at L/Rh ratios of 0.40,0_65, 1.25, 1.50 
and 2 respectively. By direct observation of the infrared spectrum it is possible to 
follow the gradual changes in composition of the mixture of derivatives, until tinally 
when no further change in the observed spectrum occurs it may be assumed that the 
mixture has attained thermodynamic equilibrium under the experimental conditions, 
i.e. with a lixed initial L/Rh ratio and with the CO concentration corresponding to 
its solubility in octane. 

In most cases such equilibrium conditions were attained within the time 
interval necessary for the first spectrographic recording (i.e. within about one minute 
after mixing the reagents), thus indicating that the kinetics were rapid. In addition, 
it has already been noted above that by the re-introduction of CO into the system 
it should be possible to upset the equilibrium conditions and reverse the chemical 
reaction, and this fact when taken in conjunction with the attainment of saturated 
conditions involving CO and the solution in the experimental system suggests that 
in this particular study the equilibria involving the Rh!CO/L “system” are near to 
reversibility. 

For each particular ratio of L/Rh several spectra were recorded at equal time 
intervals (5 minutes) and the various L/Rh ratios adjusted to accord with the data 
obtained. The following figures illustrate typical results obtained during the course 
of this study. 

Spectrum 1: This depicts the spectrum of the tetracarbonyl complex over the 
range 2150 to 1900 cm-l, and illustrates the positions and relative intensities of the 
C-O stretching bands: 2103 s, 2088 vs, 2032 vs, 2002 m. 

Spectrum 2 : The introduction of ligand L at an L/Rh ratio of O-40 expands the 
above spectrum to that of a five-band system_ From the discussion below it will be 
seen that it is reasonable to assume that these bands are derived from the parent 
carbonyl and from two distinct complexes, X, and Y,. It is assumed that complex 
X, is characterized by CO stretching bands at 2092 vs and 2000 vs respectively, and 
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that complex Y I has the following absorption frequencies : 2088 vs, 2020 vs. 1995 vs. 
Spectra 345: These spectra may be obtained under similar experimental 

conditions to those ofspectrum 2 (in particular the same L/Rh ratio)_ but in addition 
observing the respective concentrations of the components of the system after suc- 
cessive 5 min intervals. It will be seen that the principal changes in the spectra may 
be attributed to an increase in the concentration of complex Y 1 and a decrease in that 
of Y, and X,. The system reaches equilibrium within 20 minutes or so. 

0 5 

During the establishment of the equilibrium the two bands which were oh- 
served at 2000 and 1995 cm-’ in spectrum 2, merged into one band and the related 
intensity variations of the bands at 2020 and 1995 cm-’ clearly demonstrate the cor- 
rectness of their proposed assignment to a single derivative called Y,. 

Spectra 6-7: Spectrum 6 is observed as soon as the L/Rh ratio is adjusted to 
a value of 0.65, and after 20 minutes or so, spectrum 7 is obtained. Since the concen- 
trations of the individual components in the system remain viitually unchanged 
during this interval of time, it may be assumed that equilibrium is attained in the 

J. Urgmromerul. Chm, 38 (1972) 
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0 6 

‘y 
0 7 

system during the time necessary for the first observation. i.e. instantaneously. Both 
spectra 6 and 7, with an L/Rh ratio of 0.65, differ from the observed spectra at L/Rh= 
0.40 because of the appearance of characteristic bands reiating to the dinuclear 

1 [Rh(CO)PMe,C1]2 and mononuclear RhCI(CO)(PMe,), derivatives. For reasons 
which will be explained later, these two derivatives will be called Y, and X, respective- 
ly. 

In general, the presence of carbonyl in small quantities and the formation of 
derivatives with an L/Rh ratio greater than one (Y2 and X,) in a system in which 
the initial value of this ratio is approximately OS, or at least in all cases less than one, 
is quite significant. It, in fact, implies that the L/Rh ratio should be at least less than 
one in the two compounds formed (X, and Y 1). 

Spectrum 8: On increasing the value of the L/Rh ratio to 1.25, virtually com- 
plete disappearance of carbonyl Y,, is observed_ Under these circumstances the dis- 
appearance of the absorption band at 2090 cm-’ corresponding to this compound 
upsets the apparent simplicity of the high frequency band and leads to the formation 
of a more complex spectral structure composed of bands at 2088 and 2092 cm-‘. 

Spectrum 9: Increasing the L/Rh ratio still further to 1.50, leads to a decrease 

J. Organometal. Chem, 38 (1972) 
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in intensity of the band at 2088 cm-’ in comparison with that of the 2092 cm-’ 
band. At the same time a decrease in the intensity of the band at 2020 cm-’ also 
occurs, and these features of the spectrum support the assignment of the band at 
2088 cm- ’ to they I derivative. At lower frequency values, an increase in the intensity 
of the band at about 2000 cm-’ is not related to any variation in the concentration 
of the constituent absorbing at 1995 cm -I but to that absorbing at 2000 cm-‘. The 
variations in the bands at 2092 and 2000 cm- ’ are therefore related and justify the 
assignment of these two bands to a single X, derivative. 

Spectra 10-l 1: These spectra are those observed when the L/Rh ratio is equal 
to 2; they confirm that compounds X, and X, are the only derivatives present_ 

It should be noted that spectrum 10 does not correspond to an equilibrium 
state, and that spectrum 11 shows the change in composition of the mixture towards 
an increasing amount of the X, derivative. 

In conclusion, therefore, it may be stated that as the L/Rh ratio in theRh/CO/L 
“system” increases up to 2, the existence of derivatives labelled X1, X2 and Y,,Y 1, Y2 
respectively has been observed. The natures of the complexes X,, Ye and Y, are 
known, but those of the complexes X, and Y, remain to be characterized. 

Similar results to those described above have also been observed with other 
ligands, especially with dimethylphenylphosphine and tris(dimethylamino)phosphine. 
The same general pattern as with trimethylphosphine has been observed. However, in 

TABLE 1 

THE VARIATION OF THE CO STRETCHING FREQUENCIES IN RELATION TO THE 
NATURE OF THE LIGAND 

L r, r, r, Xl x2 

PMe, 2088 vs 2020 vs 1995 s 1979 vs 2092 vs 2000 vs 1962 vs 
PMe,Ph 2088 vs 2022 vs ZOOOS 1980 vs 2092 vs 2003 vs 1964 vs 
PPI?, 2089 vs 2020~s 2000s 1980 vs 1980 vs 2090 vs 2005 vs 1959 vs 
TdP 2088 vs 2021 vs 1995 s 1978 vs 2088 vs 20@5 vs 1960 vs 

J. Organometal. Chem, 38 (1972) 
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these latter cases, most derivatives precipitated as soon as their concentration in 
solution increased to between 10m3 and 10-4mole/‘litre according to the individual 
species. It should be borne in mind that the spectra of the mixtures may provide some- 
what misleading information in some cases on the relative rates of the various proces- 
ses occurring in the system in that the spectra are related to concentrations and the 
latter may, in fact, be related by differences in the solubilities of the various species. 

Spectrographic data for the various derivatives are reported in Table 1. where 
the nomenclature used with L = PMe, (Y1, . _ _) is capable of extension to other ligands, 
thus obviously allowing the definition of other “types” of complexes. 

3. A study of’ the Rh/CO/L “sJstem” CIS a jkrtctior~ of the carbon monoxide comentm- 
tioii in solution 

As already noted above, the type and variety ofcomplexes present in the system 
is very sensitive to small variations in the CO pressure. A similar state of affairs has 
also been implied in Wilkinson’s observation regarding the carbonylation of the 
complexes RhCI(PPh,), (X3, L,Rh =3) and [RhCl( PPh,)J2 (Ys, L/Rh=2). In the 
presence of carbon monoxide the Y4 derivative is converted into the X, derivative, 
and we have further noted that the latter complex when in contact with carbon 
monoxide at a constant temperature of 60° is slowly converted to a mixture of com- 
plexes : Y,, Y 1r Yz, X, and X,. Thus, starting from the dinuclear form (Y4), carbonyla- 
tion first leads to the formation of the mononuclear X, derivative, and then to the 
further reorganisation of the system towards a mixture of complexes with a smaller 
L/Rh ratio. 

With L/Rh ratios of 3/2 and 1 in the system, the reverse reaction (decarbonyl- 
ation) may be observed. This reaction leads to the formation of the derivatives Y, 
and Y, respectively, starting from an initial system consisting of a mixture con- 
taining a significant quantity of the derivatives X, and X1. 

On the other hand, starting from the dinuclear complexes Rh2Cl,(CO)( PPh,), 
(Y,) and Rh,C12(C0)2(PPh,), (YJ the bubbling of carbon monoxide through the 
system leads initially to the formation of mixtures consisting mainly of X, and X, 
derivatives in the first case and Xi alone in the second case. In fact, with the latter 
compound (X1) at an LjRh ratio of 1, and at a temperature of 60” and a pressure of 
inert gas equal to atmospheric pressure, it is possible to achieve the evolution of one 
equivalent of carbon monoxide per gram atom of Rh simply by decreasing the pres- 
sure in the system by a few centimetres of Hg. Under these circumstances only Y, is 
formed. If the mixture is cooled down, however, and the pressure increased to 1 at- 
mosphere, absorption of one equivalent of carbon monoxide occurs and X, is reform- 
ed. This suggests that the following equilibrium exists between X, and Y, i.e. the com- 
pound Rh,Cl,(CO),L, : 

Rh,Cl,(CO),L, +2 co e xx, 

Secondly, it should be noted that when carbon monoxide is bubbled through 
solutions ofY, and Y, an increase in the concentration of species with smaller values 
of the ratio L/Rh is observed. This type of behaviour is not peculiar to rhodium 
derivatives as it frequently occurs in car-bony1 metal chemistry in general; in this case, 
however, it is relatively unimportant. On the other hand, the fact that the X, derivative 
is a carbonylation product of Y, is most significant. 

J. Organometd Chem_, 38 (1972) 
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When L/Rh=$, decarbonylation of mixtures containing YO, Y 1 and X, com- 
plexes occurs, and using experimental conditions of the kind discussed below (Ex- 
perimental section), leads to the formation of the Y 1 derivative only. Conversely, the 
carbonylation of Y, leads to the formation of a mixture of carbonyl and the X, 
derivative initially (and to the gradual formation of the unsubstituted carbonyl as 
the final product)_ 

It is therefore possible. in general, to summarize our observations by the fol- 
lowing equations : 

tco 
Rh,Cl,(CO)L, _ RhCl(CO)Lz +X1 

t2co 

Rh,Clz(CO)zL, V x X 1 

+co 
Y, _ X 1 + Rh2Cl,(CO), 

It should be remembered that only the Y 1 derivative is formed when L/Rh =& 

4. The characterization of the derivatives Y, and X,, a?ld mass spectronzetric imestiga- 
tions 

The results of the preceding study may be accounted for if we assign the di- 
nuclear structure Rh2C12(CO),L to Y, and the mononuclear structure RhCl(CO),L 

toXI. 

All Y1-type derivatives have little stability, even in an inert medium, and in 
such cases the accuracy of elemental analyses is somewhat suspect. For this reason 
all the trimethylphosphine and triethylphosphine derivatives have been studied by 
means of mass spectrometry”. 

The occurrence of parent ion peaks at mass numbers 436(438) and 478(480) 
respectively provide strong evidence in favour of the proposed formulae for both 
compounds, and this is further supported by the observation of Rh,Clz(CO),L, 
Rh,Cl,(CO)L and Rh,Ci2L fragments in the spectra*. On the spectra that we ob- 
tained from mixtures containing the Rh,C12(CO), carbonyl it was difficult to distin- 
guish other Y, fragmentation ions from carbonyl ones, but the Rh&l, mass peak 
intensity can only be explained if it is assumed to result partly from i.ons formed by 
the loss of one CO ligand and partly by the loss of one L ligand from the derivative 

Y,- 
Finally, a further argument in favour of the proposed formula for the Y, 

complex is provided by the observation of three bands in the CO stretching frequencies 
region of the IR spectrum (see Fig. 1). 

Because of their instability,X, derivatives could not be separated from solution 
and elemental analyses and mass spectroscopic analyses could not be performed. In 
this case, however, the carbonylation and decarbonylation reactions described above 
probably provide sufficient evidence in favour of the proposed formula. In addition, 
the observation of two CO stretching bands in the IR spectrum of these derivatives 

* This type of fragmentation involving the loss of CO groups is similar to that observed with non- 
substituted carbonyls. In the latter case, only the “Rh,Cl, core” of the complex eventually remained after 
successive fragmentations. 

J. Orgcmometal. Chem., 38 (1972) 
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Y 
1 

L = P’CBHS13 

Fig. 1. IR spectrum of Y,(PPha). 

suggests that the complexes possess a cis configuration similar to that observed by 
Hieber” in the p-toluidine compounds. 

It therefore appears that the Rh/CO/L “system” is composed of two series of 
complexes, a mononuclear series X, with the general formula RhCI(C0)3_,L, (II= I, 
2,3) and a dinuclear series Y, with the general formula Rh2CI,(C0)4_,L, (m=O, 1. 
2,3,4)_ Highly substituted derivatives can be obtained with high L/Rh ratios and for 
this reason it appears theoretically possible to skip from one series to another by 
changing the carbon monoxide pressure in equilibrium with the solutions. However 
when n=2, decarbonylation becomes difficult, and conversely, there appears to be 
no evidence for the existence of a Y. carbonylation product. 

In the foilowing, the symbolsX,(L) and Y,,,(L) will sometimes be used to define 
the derivatives X, or Y, respectively obtained with a given ligand L. 

5_ A preliminary PMR study of the Rh/CO/L “‘system” 
An attempt has been made to obtain additional characterization of X, and Y, 

derivatives by the use of PMR spectroscopy. This has only been partially successful 
because of the existence of exchange phenomena, which become too significant. 

RhCZ(CO)L2 derivatives; L= PMe, 
Ligand exchange has already been studied with RhCl(CO)(PPh& derivatives, 

where it appears to proceed by a rapid S,2 mechanism12. Deeming and Shawl3 have 
pointed out that exchange involving the complex RhCI(CO)(PMe,Ph), gives rise 
to proton resonance spectra which vary with the concentration of the free ligand. 
the proton spectrum consists either of a “virtually coupled” triplet split by Rh-H 
COUP~~II~, or of a doublet preceded by a singlet intermediate stage, depending on wheth- 
er slow or fast exchange reactions are occurring. this type of situation may be ob- 
served on addition of dimethylphenylphosphne to the solution, and the observations 
are in agreement with theoretical suggestions made by Fackler et aZ.‘4- 

J. Organometal. Chew 38 (1972) 
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The same phenomenon was observed in this study and has been used as the 
basis of a variable-temperature study using trimethylphosphine as the ligand. With 
an average concentration of ligand the initial spectrum consists of a doublet, but 
lowering the temperature leads to the coalescence of the signal to a singlet. Only with 
a low concentration of ligand (6 lO- 1 M of l&and per mole of complex) is the forma- 
tion of a triplet observed, with the characteristics described above. 

Since the coupling constant is related to the weighted average of the coupling 
constants for coordinated or uncoordinated phosphine under fast exchange condi- 
tions’ 3, it is possible to make some deductions regarding the following observations. 

The addition of a large excess of phosphine to a soIution of the complex 
RhCl(CO)(PMe,), leads to the precipitation of a highly unstable white product. The 
latter when separated by centrifugation and dried under nitrogen atmosphere, follow- 
ed by dissolution in a saturated hydrocarbon, exhibits an IR spectrum characteristic 
of the initial derivative, but its characteristic odour indicates that it obviously contains 
considerable quantities of free phosphine. The value of the average coupling constant 
for these solutions immediately gives the ratio between the complex X,(PMe3) and 
the dissolved free phosphine as very nearly equal to unity suggesting that the formula 
of the precipitate is RhCl(CO)(PMe,), and that this pentacoordinated species is 
probably a transition state of the exchange reaction**“. 

Dirruclear derivatives Y, and Yz 
Conclusive data regarding the two dinuclear derivatives Rh,C13(CO),(PPh3), 

and RhzCl,(CO)(PPh3)3, could not be obtained because of their low solubilities in 
solution. In contrast, however, the derivative Rh,ClJCO),(PMe,), exhibits a simple 
PMR spectrum consistin g of a doublet split by Rh-H coupling (in CH2Cl, 6 = - 2.13 
ppm ; J(P-H) = 10.7 Hz; J (Rh-H) = 1.3 Hz). The absence of a second-order struc- 
ture is indicative of relatively small J (P-P) coupling and is compatible with the pro- 
posed tram structure (see above) in which the two phosphorus atoms are linked with 
two different but equivalent rhodium atoms. 

Solutions containing X1 and Y, derivntives 
Since it proved impossible to study the complexes X, and Y1 separately in 

a pure state, they were analysed as mixtures with various L/Rh ratios. Figure 2 shows 
the results obtained with dimethylphenylphosphine when L,/Rh=OS and 1.25 re- 
spectively. As shown earlier by IR spectroscopy, at these ratios the system consists 
essentially ofa mixture ofX, and Y l compIexes andY, andX, derivatives. By analysing 
at the ratios mentioned above, we obtained confirmation of the variation of the ratio 
of the concentrations df these derivatives. It is, however, significant that the PMR 
spectrum shows only one doublet split by Rh-H coupling whereas the mixture 
certainly contains more than one complex (X1 and Y,, and possibly even Yz). Only 
at the higher ratio were small quantities of the disubstituted derivative observed in 
the PMR spectrum. At lower temperatures coalescence of the signal appeared, thus 
proving once again that jin exchange phenomenon occurs_ Unfortunately, even at 

l The stabilisation of this intermediate in solution through a mass-effect will probably have to be 
taken into account in the interpretation of the fast exchange spectra observed in the presence of a high 
concentration of ligand. 

3. Organontetal. Chem_, 38 (1972) 
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/% 

Fig. 2. Variable-temperature PMR spectra of the [Rh(CO)LCl],- phosphine “system“. with different L/Rh 
ratios (L= PMe,Ph). 

-80” this exchange proved to be too rapid to allow further study of this phenomenon. 
It appears, in general. that just as the system may be characterized thermo- 

dynamically in terms of a sequence of readily reversible reactions, it is characterized 
by a PMR spectrum which indicates the occurrence of fast exchange phenomena_ 

6. Oxidative addition reactions involving dimclear compounds 
The dinuclear nature of the new derivatives Y,, Y, and Y, having been 

demonstrated, an attempt has been made to determine whether the latter present 
oxidative addition possibilities similar to those of the known derivatives of Y, (with 
L = PPhs5 and L = P(C,F,),6). Some preIiminary results obtained with trimethyl- 
phosphine and triphenylphosphine Y Z derivatives are described here and are outlined 
in greater detail in Table 2. 

Chlorine addition 
Chlorine addition to the derivative Rh,C1,(C0)2(PMe,), is apparently effect- 

ed in two stages, but the red intermediate complex formed in the first stage could not 
be isolated or characterised. The final derivative, which possessed the stoichiometric 
formula RhCl,(CO)(PMe,) (I),exhibits a strong band in its IR spectrum at 2120 cm- ‘, 
which may possibly be connected with conversion of Rh’ to Rh”‘. The stoichiometry 
ofthe complex corresponds either with a pentacoordinated structure or with a bridged 
dimeric structure. Since the starting material possesses a stable dinuclear structure 
(aide infra) it seems more probable that the latter structure is more favoured*_ 

* in an attempt to verify this suggestion the possible zruns-conIigurafion of the CO groups of the 
compound has been studied by Raman spectroscopy but without any conclusive results. Molecular weight 
measurementS by conventional methods are precluded by the low solubility OC the compound. 
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The complex Rh2C12(CO),(PPh,)2 also reacts in a similar fashion with chlorine 
and affords a derivative of stoichiometric formula RhCl,(CO)(PPh,) (II) with a 
structure probably similar to that of the trimethylphosphine derivative. It is, however, 
notable that this latter chlorine derivative possesses an IR spectrum with similar 
characteristics to those of the complex of supposed formula RhCl,(CO),(PPh,) (III) 
obtained by Belluco et cd.’ from the allegedly dicarbonyl complex RhCl(CO)I(PPh,). 
Both complexes (II) and (III) are rather similar analytically, and furthermore it must 
be admitted that some of our analytical results were not too far removed from those 
for complex (III)_ This ambiguity obviously disappears when the related trimethyl- 
phosphine complexes are considered. 

Similarly, the results of bromine and iodine addition on complex Y?(PPh,) 
could be studied spectrographically. The CO stretching frequencies observed in these 
cases (bromine, 2105 cm- ’ ; iodine, 2094 cm-‘) are identical to those existing in the 
spectra of the related derivatives of the supposed complex RhCl(CO)I(PPh,); once 
more the existence of bridged dinuclear complexes is suggested. 

Hylrogen chloride ndditiorl 
The addition of dry hydrogen chloride to Y,(PPh3), which is relatively inso- 

luble in methylene chloride at room temperature, leads to the dissolution of the 
suspended compound in this solvent. From such a solution it was possible to isolate 
derivative (II), thus indicating that the oxidative addition which occurs in this case 
must involve both metal atoms of the bridged dinuclear complex. 

1Meth~l iodide ndditioiz 
The addition of methyl iodide to the supposed derivative RhCl(C0)2(PPh,) 

has already been discussed, and apparently leads to formation of the mononuclear 
derivative RhClI(CO)(COCH,)(PPh,) (IV). In view of the earlier confusion regard- 
ing this topic, it is appropriate to reconsider the reaction in general and to briefly 
examine whether the supposed complex (IV) is dinuclear and results from an oxidative 
addition to two metal centers. For the reasons discussed above, we have preferred 
to study the derivative YJPMe,). Addition of methyl iodide to this derivative results 
in a compound of stoichiometric formula Rh2C121(CO)(COCH,)(PMe,),- x CH,I 
(V) in which the presence of carbonyl and acetyl groups is confirmed by the presence 
of stretching frequencies at 2070 and 1687 cm-’ in the IR spectrum. The retention 
of the CHJ group is in keeping with the analytical results (when x=0.30 or so) and 
explained the apparent lack of reproducibility in the analyses of this compound as 
being due to a variation in the value of x. Elemental analysis data also exclude a 
mononuclear formula RhClI(C0) (COCH,)( PMe,) for derivative (V). The existence 
of this compound as a hexacoordinated derivative, and that it belongs to the type 
of complexes RhClI(CO)(COCH& synthesized by Heck15, is also excluded. Al- 
though the latter complexes also exhibit CO vibration spectra virtually identical 
with that of derivative (V), the compounds are completely different as far as their 
respective analytical requirements are concerned. 

The structure of compound (V) has been determined by PMR spectroscopy. 
The resulting spectrum at 60 MHz exhibits a. single peak (6 = - 3.60 ppm) which has 
been assigned to the acetyl group, and a triplet (6~ -2.38 ppm) attributed to coor- 
dinated phosphines. It is significant that the ratio of the two signals (of very nearly 6) 
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immediately favours the proposed dinuclear formula. As the separation between the 
two extreme peaks of the triplet (21 Hz) could not be assigned to J(P-H) coupling, 
the derivative was studied further at 100 MHz frequency (see Fig. 3). 

Fig. 3. PMR spectra of Y,CH,I observed at 60 MHz frequency (I) and at 100 MHz frequency (II). 

At this frequency, the separation increases to 28 Hz as would be expected if 
the triplet results from the superposition of two doublets coupling at or near IO Hz. 
From this it follows that derivative (V) must contain two phosphine ligands (per 
acetyl group) but in d$izrent magnetic environments. 

Thus, despite the fact that the low solubility of this derivative precludes the 
measurement of molecular weight, it is still possible to suggest the following basic 
structure for the compound: 

Since derivative (V) is simply and readily produced from Y,, it is suggested 
that the latter also possesses a structure very nearly that of the chlorocarbonyl. 

The existence of empty coordination sites in the structure which would also 
be available to a methyl iodide molecule, would further explain the presence of this 
residue in our analyses. A similar conclusion may be drawn regarding the structure 
of the derivative Y,(PPh3). Such coordination for methyl iodide has already been 
postulated in the complex RhClI(Me)(PPh,),(MeI)‘6. 

The above formuIa obviously implies the existence of two divalent rhodium 
atoms. This proposition is not incompatible with the diamagnetism of this compound 
as demonstrated by the observation of non-perturbed PMR spectra. Indeed, many 
Rh” complexes are known to be diamagnetic probably as a consequence of metal- 
metal interaction. With the compounds discussed here such interaction between the 
rhodium atoms, which is known to occur with the Ye compIex, is probably enhanced 
by the basicity of the complexing ligands. 

Finally, in order to explain the action of methyl iodide on bis(trimethyIphos- 
phine carbonyl p-chlororhodium), it may be assumed that, at least initiahy, oxidative 
addition occurs on two metal centers, folIowed presumably by insertion as the second 
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TABLE 2 

COMPARATIVE TABLE OF ANALYTICAL DATA 

Compounds IR (cm-‘) Analysis: fbund (c&d.) 

C H Cl I P 

Rh,CMC0MPPh,), 2112 vs 45.32 3.23 21.49 6.35 
(45.66) (3.00) (21.30) (6.21) 

Rh,Cl,I(CO)(COCH,)(PPh,),~ 2068 YS, 1717 vs” 45.60 3.12 6.80 14.81 5.94 
0.20 CHJ (45.32) (3.18) (6.85) (14.66) (5.98) 

Rh,CI,(CO)I(PMeJ)2 2120 vs 15.82 2.99 34.12 9.71 
(15.31) (2.87) (33.98) (9.89) Rh2CI,I(CO)(COCH,)(PMe,)z- 2070 vs. 1687 vs” 16.80 3.34 10.64 74 42 

0.30 CHAI (16.66) (3.27) (10.56) (24.54) $2, 
RhCI,(CO),( PPh,)* 2111 vs (45.60) (2.90) (20.20) (5.89) 
RhCI,(CO)JPMe,) (17.59) (2.64) (31.23) (9.09) 
RhCII(CO)(COCH,)(PPh$ 2065 vs, 1710 vs (42.10) (3.00) (5.90) (21.20) (5.16) 
RhCII(CO)(COCH~)(PMe,) (17.35) (2.89) (8.55) (30.60) (7.47) 
RhClI(CO)(COCH,)(PPh,), (54.29) (3.82) (4.10) (14.90) (7.19) 
RhCII(<O)(COCH,)(PMe,), (21.99) (4.27) (7.23) (25.86) (12.63) 

RhCII(CO)(COCH,)(PBu,)zc 2070 vs, 1670 vs 

’ In CH2C12. * See ref. 7 for comparative data. ’ See ref. 17 for comparative data. 

step.,, Oxidative addition on two metal centers is relatively unknown*, but might 

play-an important part in the activation of small molecules. 

EXPERIMENTAL 

Theligand P (CH,), was synthesized according to methods already described16. 
Pure hydrated rhodium chloride was purchased from “Comptoir des mitaux 

prkcieux”. Infrared spectra were recorded on a Perkin-Elmer model 225 instrument 
using hexadecane solutions and NMR spectra were recorded on Varian A60 and 
HA 100 instruments respectively. Molecular weights were measured by using a 
Mechrolab vapour pressure osmometer. Elemental analyses (C, H, Cl, I, P) were 
undertaken at the C.N.R.S. microanalysis laboratory. Raman spectra were obtained 
with a CODERG PHI spectrometer equipped with a Spectra Physics He-Ne Laser. 
The mass spectra were recorded on an AEI MS902 instrument. 

All reactions were carried out at room temperature under nitrogen atmos- 
phere unless otherwise stated. 

Apparatus for spectrographic investigations of reaction mixtures 
The apparatus, shown in Fig. 4, is composed of a thermostatted reactor con- 

nected With a gas circulation circuit, a reaction mixture circulation circuit connected 
with a spectrographic observation cell, and a Bunte burette_ Circulation and disper- 
sion of the gaseous phase through the sintered glass disc of the reactor allowed almost 

* To date, the only other case reported appears to be that concerning the formation of the derivative 
Rh2CirH4(PPh3), as studied by Wilkinson’. 
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Fis 4. Apparatus for the spectrographic investigation of reaction mixtures. B. Bunte burette; R,. thermo- 
statted reactor; R1, condenser: P,, pump for the circulation of solutions: PI. pump for the circulation of 
gases: th. thermometer; cellule LR, IR cell: e and s, entry and exit of aas. 

instantaneous equilibrium between carbon monoxide in the gaseous phase and in 
solution. 

As an example, the synthesis of triphenylphosphine tricarbonyl jc-dichlorodi- 
rhodium is described_ The introduction of low3 M Rh2(CO),Cl, and 10e4 M PPh, 
into 25 ml of n-octane at room temperature leads to the formation of a mixture of 
X,, Y, and Y, complexes in solution. Inert gas circulation using pump P2 allows 
carbon monoxide to pass into the gaseous phase and leads to an increase in the Y1 
concentration at the expense of that of X, and Y, ; a similar result is obtained by in- 
creasing the temperature. It is important to note that in order to obtain the Yi 
derivative in quantitative yield, carbon monoxide must not be circulated in a closed 
circuit (even at a low partial pressure) and that it must only be used in conjunction 
with an inert gas in an open circuit entering the system at “e” and leaving at “s”. 

Synthesis of indicidual compounds 

FL-dichlorotetracarbonyldirhodium [Rh(CO),Cil, 
,u-dichlorotetracarbonyldirhodium has been obtained from hydrated rhodium 

trichloride using the method of Wilkinson lg. 

2 RhCl,- 3 H,O+6 CO - RhZCl,(CO),+2 COCI, t3 Hz0 

However through the use of the following operation conditions it is possible 
to reduce the time necessary for the reaction from the normal requirement of at least 
one day to approximately one hour. 1 to 5 grams of hydrated rhodium was intimately 
mixed with an equal amount of Fontainebleau sand (quality 300 p) in a tube, the 
temperature of which was raised to 80” and through which a flow of carbon monoxide 
was maintained. After 8 to 10 minutes the condensation of steam ended, the latter was 
removed by heating with a Bunsen burner, and the reactor temperature was then 
raised to 140’ (by successive stages, each stage increasing the temperature by 1@ 
and lasting for half an hour), and finally kept at 140° for 3 hours. An average yield of 
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70?/, was obtained by constantly reusing the same sand. The infrared spectrum ex- 
hibits the following CO stretching frequencies: 2103 s, 2088 vs, 2032 vs, 2002 m. 

Bis(triphenyZphosphine carbonyl p-chlororhodium) [Rh(CO)(PPh,)Clj, 
10 ml of a toluene solution containing 5 - 10e4 mole of Rh,(CO),Cl, and 10s3 

mole of triphenylphosphine were placed in a Schlenck tube. The tube was then main- 
tained at reduced pressure (150 mmHg) for one to two hours. During this period 
decarbonylation of the reaction mixture occurs, the latter consisting mainly of the 
dinuclear monosubstituted derivative Y 1 together with some mononuclear derivative 
X, and free ligand, and a yellow solid precipitates. This solid was removed, dried and 
washed several times with hexane. (Found : C, 53.34; H, 3.70 ; Cl, 8.29 ; P, 7.20. C19H15- 
ClOPRh &cd.: C, 53.21; H, 3.50; Cl, 8.28: P, 7.23%) 

This elemental analysis corresponds to the formula (RhH,,C,.OPCl),, and 
indicating the presence of the CO ligand, the formula becomes [RhCl(CO)(PPh3)],. 
Since the rhodium atom is most certainly tetracoordinated in a + 1 oxidation state 
it is probable that 11 in this formma is equal to 2, a suggestion which has been verified 
by molecular weight measurements carried out osmometrically using benzene as a 
solvent (Found: molwt., 860240, calcd.: 857). 

Bis(trimethylphosphine carbonyl p-chlororhodium) [Rh(CO)(PMe,)Cl], 
The procedure used in this case was very similar to that employed for the tri- 

phenylphosphine derivative with the same L/Rh ratio. Trimethylphosphine reacts 
rapidly with chlorocarbonyl to again give a mixture essentially containing mono- 
nuclear monosubstituted and dinuclear derivatives X, and Y 1 respectively_ Although 
the removal of the ligand does not occur under the vacuum conditions employed it 
is essential not to use a solvent of too high a volatility (for example pentane). Decar- 
bonylation is favoured by the presence of the solvent so that it is essential that the 
reduction in the volume of the latter due to its high volatility should not impede the 
progress of the decarbonylation reaction. (Found: C, 19.82; H, 3.70; Cl, 14.62; P, 
12.53. C4H9C10PRh calcd.: C, 19.79; H, 3.71; Cl, 14.64; P, 12.78 %.) 

Bis(dimethylphenylphosphine carbonyl ,u-chlororhodium) [Rh(CO)(PMe,Ph)- 

Cl], 
This complex was synthesized using the same conditions as those described 

above. Its availability in the pure state was, however, impeded by the difficulty in 
removing the possible excess of ligand present and by the physical state of the product 
which was for-rued as a viscous unstable liquid. 

Bis[tris(dimethylamino)phosphine carbonyl ,u-chlororhodium] {Rh(CO)[P(N- 
M431 Cl> + 

This complex, wlrich was synthesised in a manner simiIar to that described 
above, is formed as a pale yellow solid. It has, however, little stability even in the solid 
state, and no attempt was made to obtain reproduci’oie analytica results. 

Tris(triphenylphosphine) monocarbonyl p-dichlororhodium Rh2(CO)(PPh3),CZ2 
This derivative may be obtained from reaction mixtures with L/Rh ratio 3/2, 

but the method involves a diffrcuh decarbonylation. In fact this derivative could only 
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be prepared by the evaporation at 40° in vacua under dry conditions, of solutions con- 
taining the reaction mixture in a solvent consisting of SO/50 toluene and rnethylene 
chloride. The operation had to be repeated several times in order to obtain complete 
decarbonylation. (Found: C, 60.38; H, 4.35; P, 8.77; Cl, 6.53. C,5H4&l,0P3Rh, 
calcd.: C, 60.50; H, 4.13; P, 8.52; Cl, 6.51x.) 

Chlorine addition to Rh,CI,(CO),L, (L = PMe,, PPh3) 
Dry chlorine was bubbled for a few minutes through a millimolar suspension 

of Y, in about 50 ml of CH2C12. The solid particles completely dissolved and an 
orange yellow solution was formed. This solution was concentrated and pentane add- 
ed when the derivative Rh2Cl,(CO),L2 was precipitated_ After drying, the latter 
existed as an orange yellow powder (see analysis in Table 2). 

Action of dry hydrogen chloride on Y,(PPh,) 
Hydrogen chloride was bubbled through Yz suspended in CH,Cl, for 5 

minutes until the solid particles dissolved and an orange yellow solution was formed. 
This solution was concentrated and pentane added. The orange yellow solid which 
precipitated was first filtered and then dried in vacua (for analysis see Table 2). 

Reaction of methyl iodide with Y2(L) (L=PMe3, PPh,) 

One millimole of Y, and an excess of CH,I were mixed in a Schlenk tube. 
After two hours in the dark, the solid dissolved and a red brown solution was formed. 
The latter was dried in vacua and the residue dissolved by methylene chloride. The 
addition of pentane led to the salting out of Rh,Cl,I(CO)(COCH,)L,, which on 
drying appeared as a brown powder (for analysis see Table 2). 
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