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these assumptions for the experimental reagent concen- 
trations are given in the fourth column of Table 111. 

The experimental results of the initial rate studies 
are shown in the third column of Table 111. These re- 
sults are in good agreement with those expected on the 
basis of mechanism 5 if Coz(CO)7Ph2Ca accumulates 
(fourth column) and in very poor agreement with the 
requirements of any of the other interpretations (fifth 
and sixth columns). Therefore, it is concluded that 
the mechanism of reaction 1 is that given by eq 5 .  

Because the values for kl shown in Table I1 are ob- 
tained by extrapolation, they are not highly accurate; 
the evaluation a t  30" is rendered more inaccurate by 
the fact that the faster kinetic runs gave relatively 
severely curved pseudo-first-order rate plots. The 
temperature dependence given yields estimates for 
AHl* and ASl* of 16 f 2 kcal mol-' and - 14 f 7 eu, 
respectively. In  contrast, the activation parameters 
reported for CO exchange are AHex* = 23 =t 2 kcal 
m01-l and AS,,* = 13 f 4 eu. Since mechanism 5 
suggests that kl should also be the rate constant for CO 
exchange and hence that the same activation param- 
eters should be obtained in both studies, the poor agree- 
ment is somewhat disconcerting. 

Moreover, the disagreement is too great to be reason- 
ably ascribed solely to experimental error. This point 
is perhaps best appreciated by a consideration of the 
rate constants themselves. Over the temperature 
range + 5  to -20°, two different reports7s8 have given 
consistent values for the first-order rate constant for 
CO exchange, while, as noted above, the values for k1 
shown in Table I1 are in good agreement with the re- 
sult of earlier studies3 of reaction 1. Nevertheless, ex- 
trapolation of the CO exchange results to 20' gives an 

estimate of 23 X sec-' for the value of K 1  a t  this 
temperature. 

This apparent discrepancy between the results of the 
CO-exchange studies and those of the alkyne-substitu- 
tion studies can be given a plausible explanation. It 
need only be supposed that dicobalt heptacarbonyl also 
undergoes CO exchange, so that, on the average, more 
than one molecule of carbon monoxide is exchanged for 
every event of CO dissociation giving dicobalt hepta- 
carbonyl. Independent evidence exists for the occur- 
rence of reactions 4 (vide supra) ,  and these constitute a 
mechanism of the necessary type if the forward reaction 
of (4b) is presumed to be sufficiently rapid. (Since the 
rate of tetracobalt dodecacarbonyl production is pro- 
portional to  the equilibrium constant for (4b) this pro- 
posal does not conflict with the observed characteristics 
of reaction 3. On the other hand, the hypothesis that 
the rate-determining step of (1) is the reaction of the 
alkyne with c o ~ ( C 0 ) ~  can be excluded, since this leads 
to the prediction that a is proportional to the square of 
the carbon monoxide concentration.) 

That the temperature dependence of kl leads to a 
negative value of AS,' is unexpected. However, in 
view of the uncertainty associated with this value, the 
unknown role of the dicobalt octacarbonyl isomeric 
equilibrium in contributing to this value, and the ab- 
sence of evidence on the structure (or structures) of 
dicobalt heptacarbonyl, speculation on this result is un- 
warranted. 
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The most complete series of tertiary phosphine complexes of rhodium yet reported has been prepared. 
particular phosphine and the method of preparation, several different types of complexes may be formed. 

and RhHClzCO(PRa)2. 
of complexes is discussed. 

Depending on the 
These include, 

The chemistry inyolved in the preparation and interconversion of each of these types or classes 
Their properties, proof of structure, and factors affecting their relative stabilities are also given. 

RhC18(PR3)3, RhCl(PR3)3, RhHClz(PR3)3, RhHzCl(PRa)s, RhHCl*(PRa)z, [RhC1a(PRa)z] z, RhClCO(PR3)2, RhClsCO(PR3)x, 

Introduction 
A large amount of work has been reported on tertiary 

phosphine-group VI11 transition metal complexes, es- 
pecially those of triphenylphosphine. The catalytic 
activity of this type of compound is well known,2Ba and 
they have recently become the object of a great deal of 
interest by industry particularly with respect to their 

(1) W. P. Griffith, "The Chemistry of Rarer Platinum Metals," Mac- 
millan, iYew York, N Y , 1961, and  references therein 

(2) J A Osborn, J H Jardine, J F. Young, and G Wilkinson, J. Chem 
SOC. A ,  1711 (1966) 

(3) D Evans, J. Osboin, and G. Wilkinson, zbzd , A ,  3133 (1968) 

use as selective homogeneous catalysts. Because of 
this the preparation of a series of tertiary phosphine- 
rhodium chloride complexes was undertaken in the hope 
that subtle changes could be made in the properties of 
the compounds while still retaining the same overall 
features throughout the series. The reaction of rho- 
dium halides with various phosphines, however, results 
in many different types of complexes, in varying yields, 
depending on conditions and the properties of the par- 
ticular phosphine. Although several investigators, 
most notably Chatt and Shaw, have reported studies 
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mei-RhCla( PMe3)a 
mer-RhCl3(PEta)a 
nter-RhC1, (P  (n-Pr)3)3 
mer-RhCla (P (n-B~)3)3 
nzei-RhCl3(P (n-OCt)s)s 
mer-RhCls( P (z-Pr)g)3 
mer-RhC13(P(i-Bu)3)3 
nzer-RhClg( P (c-Hx)3)3 
mer-RhC13( P B z ~ ) ~  
mer-RhCls(PMezPh)3 
mer-RhC13(PEt2Ph)3 
mer-RhCla(PMePhz)a 
mer-RhCla(PEtPhz)a 
fuc-RhC13 (PMe3)s 

fuc-Rh CL (PMezPh)3 
RhCl(PMe3)v 

RhCl (P  ( T L - P ~ ) ~ ) ~  
RhCl( P (z-Pr)g)g 
RhCl(PMezPh)a 
P-RhHCln(PMe3)a 

a-RhHClz( PMepPh)3 
p-RhHClz(PMezPh), 

fa~-RhCl,(PEt3)3 

RhCl(PEt3)3 

/3-RhClz(PEt3)3 

a-RhHClz( PEtPhz)a 
p-RhHClz( PEtPhz)3 
RhHcl~(P(i-Pr)~)z 
Rh&1~(PMe3)4 
RhzC1~ (PEt3 14 
Rhd&(P(n-Pr)~ 14 

RhzCldP (n-Bu)3 )4 
RhnCls(P (n-Pent)a)a 
RhzCls(P(c-Hx)3)4 
RhzCl~(PBz3)a 
RhzClG(PMe&'h)a 
RhClCO(PMe3)z 
RhClCO (PEt3)z 
RhClsCO(PEts)n 
RhClCO(P (n-Pr)3 )Z 
Rh Cl3CO (P  (n-Pr )a ) Z  

RhClCO(P(n-Bu)r)s 
RhClaCO(P(n-Bu)3)z 
RhClCO(P(i-Pr)a)z 
RhC13CO(P(i-Pr)3)~ 
R ~ C ~ C O ( P ( C - H X ) ~ ) Z  
RhClsCO(P(c-Hx)s)z 
RhClCO(PBz3)z 
RhClaCO(PBz3)z 
RhClCO(PMe2Ph)s 
RhCld2O(PMe~Ph)z 
RhClCO(PEtzPh)z 
RhClzCO(PEtzPh)z 
RhClCO(PEtPhz)z 
RhClsCO(PEtPhz)z 
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TABLE I 
ELEMENTAL ANALYSES 

_------ % calcd 
C 

24.70 
38,35 
47.00 
52.97 
65.45 
47.00 
52.97 
61.73 
67.41 
46.21 
50.90 
57.83 
59.20 
24.70 
38.35 
46.21 
29.48 
43.86 
52.38 
52.38 
52.14 
26.81 
40.84 
48.91 
48.91 
61.70 
61.70 
43.64 
19.93 
32.34 
40,81 
46.95 
51.61 
56.14 
61.66 
39.57 
26.39 
36.89 
31.22 
46.87 
40.91 
54.31 
48.17 
46.87 
40.91 
61.10 
55.67 
66.63 
61.04 
46.12 
39.75 
50.57 
44.27 
58.55 
52.31 

H 
6.22 
8.04 
9.20 

10.00 
11.67 
9.20 

10.00 
9.49 
5.65 
5.33 
6.40 
4.86 
5.32 
6.22 
8.04 
5.33 
7.42 
9.20 

10.25 
10.25 
6.01 
7.00 
8.76 
5.81 
5.81 
5.67 
5.67 
8 .75  
5.02 
6.78 
7.99 
8.86 
9.53 
8.63 
5.17 
4.56 
5.69 
7.74 
6.55 
8.69 
7.59 
6.56 
5.81 
8.69 
7.59 
9.14 
8.33 
5.46 
5.00 
5.00 
4.31 
6.06 
5.30 
5.08 
4.54 

P 
21.23 
16.48 
13.46 
11.38 
7.03 

13.46 
11.35 
8.84 
8.27 

14,89 
13.12 
11.47 
10.90 
21.23 
16.48 
14.89 
25.34 
18.85 
15.00 
15.00 
16.80 
23.05 
17.59 
15.76 
15.76 
11.36 
11.36 
12.50 
17.13 
13.90 
11.69 
10.09 
8.87 
8.04 
7.57 

12.75 
19.44 
15.85 
13.42 
12.72 
11.10 
11.20 
9.93 

12.72 
11.10 
8 .51  
7.76 
7.99 
7.32 

13.99 
12.06 
12.41 
10.87 
10.41 
9.30 

of particular rhodium-phosphine complexes, 4-17 most 
have dealt with only one or two of the various types of 
compounds or dealt with only a limited number of dif- 

(4) J. Chat t  and B. L. Shaw, J .  Chem. Soc., A ,  1437 (1966). 
(5) J. Chat t ,  N. P. Johnson, and B. L. Shaw, ibid., 2508 (1964). 
(6) A. J. Deeming and B. L. Shaw, ib id . ,  A ,  579 (1969). 
(7) P. R .  Brooks and B. L. Shaw, i b i d . ,  A ,  1079 (1967). 
(8) J. Cha t t  and B. L. Shaw, Chem. Ind .  (London) ,  290 (1960). 
(9) J. Cha t t ,  G. J. Leigh, and D. M.  P. Mingos, J .  Chem. Soc. A ,  1674 

(1969). 
(10) M. A. Bennett, R.  J. H. Clark, and D. L. Milner, Inorg. Chem.,  6, 

1647 (1967). 
(11) S. Montelahici, A. van der Ent ,  J. A. Osbora, and G.'Wilkinson, 

J .  Chem. Soc. A ,  1054 (1968). 
(12) R. T. Heck, J .  Amer. Chem. Soc., 86, 2796 (1964). 
(13) M.  A. Bennett and P. A. Sungstaff, Chem. I n d .  (London), 846 (1965). 
(14) L. Vallarino, J .  Inovg.  NucZ. Chem.,  8 ,  288 (1968). 
(15) J .  J. Levison and S. D. Robinson, Chem. Commun., 1405 (1968). 
(16) S. 0. Grim and R.  A. Ferrence, Inovg.  Chinz. Ac ta ,  277 (1969). 
(17) A.  Sacco, R. Ugo, and A. Moles, J .  Chem. SOL. A ,  1670 (1966). 

c1  

24.31 
18.86 
15.41 
13.03 
8 .05  

15.41 
13.03 
10.12 
9.47 

17.05 
15.02 
13.13 
12.48 
24.31 
18,86 
17.05 
9.67 
7.19 
5.72 
5.72 
6.41 

17.59 
13.39 
12.03 
12.03 
8.67 
8.67 

14.31 
29,42 
23,86 
20.07 
17.32 
15.23 
13.81 
13.00 
21.90 
11.13 
9.07 

23.04 
7.28 

19.06 
6.41 

17.05 
7.28 

19.06 
4.87 

13.32 
4.57 

12.57 
8.00 

20.70 
7.10 

18.66 
5.95 

15.97 
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7 yo found---- 
C 

24 57 
38.34 
46.97 
53,07 
65.61 
46.88 
52.92 
61. 75 
67.57 
46.12 
50.78 
57.85 
58.95 
24.61 
38.01 
46.37 
29.58 
43.74 
52.49 
52.52 
52.44 
26.62 
40,69 
48.84 
48.60 
61,78 
61.56 
43.65 
19.78 
32.35 
41.05 
46.72 
51.47 
56.92 
61.71 
39,28 
26.44 
36.57 
30.91 
46.68 
41.19 
54,49 
48.38 
46.51 
41.26 
61.40 
55.85 
66.62 
61.13 
45.90 
79.41 
50.51 
44.05 
58,40 
51.99 

H 
6.05 
7.90 
9.20 
9.97 

11.53 
9.35 

10.15 
9.40 
5.55 
5.35 
6.55 
4.72 
5.02 
6.48 
8.28 
5.05 
7.08 
9.25 

10.22 
10.03 
5.89 
7.27 
8.65 
5 .68  
5 .68  
5.55 
5.57 
8.77 
5.24 
5.75 
8 .06  
8.68 
9.80 
8 .91  
5 ,29  
4.84 
5.89 
7.45 
6.47 
8 .81  
7.61 
6.26 
6.11 
8.71 
8.07 
9.49 
8 .56  
5.70 
5.31 
5.02 
4.41 
6.04 
5.42 
4.82 
4.21 

P 
21.10 
16.62 
13,35 

7.12 
13.33 
11.26 
8.99 
8.51 

. . .  

, . .  

, . .  

. . .  

. . .  
20.91 
16.56 

25.37 
18.93 

15.19 

22,91 
17.59 

. . .  

. . .  

, . .  

. . .  

. . .  

. . .  

. . .  
12.41 
17.35 
13,75 

. . .  

. . .  

. . .  

. . .  

. . .  

. . .  
19.33 
15,63 
13.22 

. . .  

. . .  

. . .  

. . .  
13.02 
10.97 

. . .  

. I .  

. . .  

. . .  
I . .  

. . .  

. . .  
, . .  

, . .  

. . .  

c1 
24.40 
18.72 

13.02 

15.49 

. . .  

. . .  

io: i 3  
9.21 
. . .  
. t .  

. . .  

. . .  
24.37 

. . .  

. . .  
9.78 
6.96 
5.88 
5 .97  
6.65 

17.65 
13.18 
11.79 
11.80 

, . .  

. . .  
14,39 
29,25 

, . I  

. . .  

. . .  

. . .  

. . .  

. . .  

. . .  
11.47 
9.24 

21.98 
7.17 

18.80 
6.14 

17.38 
7.10 

18.86 
. I .  

. . .  

. . .  

. . .  

. . .  

. . .  
I . .  

. . .  

. . .  

. . .  

ferent phosphines or have overlooked minor side prod- 
ucts. In this work an attempt was made to isolate and 
characterize as many of these products as possible in 
order to explain why various tertiary phosphines be- 
have so differently and to clarify the chemistry involved 
in the interconversion of the various types of complexes. 
In total, in addition to improving on some preparations 
which have previously been reported, 38 previously un- 
known compounds were synthesized. 

Experimental Section 
Reagents.-Tertiary phosphines were obtained from Strem 

Chemicals Inc., Danvers, Mass., and were used as received 
without further purification. Rhodium chloride trihydrate was 
obtained from Engelhard Industries, Newark, N .  J. All other 
solvents and reagents were commercially available and were of 
reagent grade or better. Solvents in general were deaerated 
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and dried over molecular sieves before use. Most preparations, 
especially those involving free phosphines, were conducted in a 
nitrogen atmosphere.18 

Infrared Spectra.-Spectra were taken with a Beckman IR-12 
grating infrared spectrophotometer either in Nujol mulls, as 
cesium iodide pellets, or in chloroform or methylene chloride 
solutions. 

Nmr Spectra.-A Varian A-60A spectrometer operated at  
approximately 30' was used to obtain nmr spectra. Carbon 
tetrachloride, deuteriochloroform, deuteriomethylene chloride, 
or deuteriobenzene was used as solvent. In all cases tetra- 
methylsilane was used as an internal standard. 

Elemental Analyses .-All elemental analyses were performed 
by Galbraith Laboratories, Inc., Knoxville, Tenn. These are 
presented in Table I. 

Preparation of Complexes. mer-Trichlorotris(trimethy1phos- 
phine)rhodium(III), mer-RhC13(PMe3)3. (Method A).-This 
complex was prepared by dissolving RhCla.3Hz0 (5.0 mmol) in 
ethanol and evaporating to dryness twice to remove water. The 
solid was taken up in 100 ml of ethanol-benzene and excess tri- 
methylphosphine (40.0 mmol) was added. The solution was 
stirred overnight at ambient conditions and evaporated to a small 
volume. Addition of hexane and cooling caused formation of a 
good yield of orange crystals (mp 230-245'). 

In similar fashion mer-trichlorotris(triethy1phosphine)rhodium- 
(111), me~-RhCla(PEtr)~, was obtained as orange crystals (mp 

mer-Trichlorotris(tri-n-propylphosphine)rhodium(III), mer-Rh- 
C13(P(n-Pr3))3. (Method B).-Excess tri-n-propylphosphine 
(30.0 mmol) was added to 100 ml of 0.03 M rhodium trichloride. 
This was evaporated to dryness and redissolved in 15 ml of 
benzene. Addition of hexane and cooling caused precipitation 
of orange crystals (mp 170-175'). 

In a similar fashion mer-trichlorotris(tri-n-butylphosphine)- 
rhodium(III), mer-RhC13(P(n-B~)3)3, as orange crystals (mp 
135-140"), mer-trichlorotris(tri-n-octylphosphine)rhodium(III), 
mer-RhCla(P(n-Oct)a)3, as dark yellow crystals (mp -20°), and 
mer-trichlorotris(triisobutylphosphine)rhodium(III), mer-RhC13- 
(P(i-B~)3)3, as orange crystals (mp 30-35') were prepared. 
mer-Trichlorotris(triisopropylphosphine)rhodium(III), mer-Rh- 

Cls(P(i-Pr)a)3. Method C.-A rhodium trichloride slurry in 
benzene (10.0 g-atoms of rhodium) was allowed to react with 
exactly a stoichiometric amount of triisopropylphosphine at  0".  
Evaporation of solvent and addition of hexane caused precipita- 
tion of dark orange solid (mp 40-50'). 

In a similar manner mer-trichlorotris(dimethylpheny1phos- 
phine)rhodium(III), mer-RhCla(PMe~Ph)a, as orange crystals 
(mp 215-220"), mer-trichlorotris(diethylpheny1phosphine)rho- 
dium(III), mer-RhCla(PEt~Ph)s, as yellow crystals (mp 185- 
190'), mer-trichlorotris(methyldiphenylphosphine)rhodium(III), 
mer-RhClt(PMePhz)s, as orange crystals (mp 170-173'), and 
mer-trichlorotris(ethyldiphenylphosphine)rhodium(III), mer- 
RhCls(PEtPhz)s, as orange crystals (mp 140-145"), were formed. 

mer-Trichlorotris(tricyclohexylphosphine)rhodium(III), mer- 
RhCla(P(c-Hx)a)a. Method D.-Rhodium trichloride (5.0 mmol) 
dissolved in 100 ml of methanol on slow addition of excess tri- 
cyclohexylphosphine (35.0 mmol) gave red crystals (mp 200- 
210'). Similarly, mer-trichlorotris(tribenzy1phosphine)rhodium 
(III), mer-RhClr(PBz&, was obtained as yellow crystals (mp 

fuc-Trichlorotris(trimethylphosphine)rhodium(III), fuc-RhCls- 
(PMe3)3. Method E!-Rhodium trichloride (5.0 mmol) was 
dissolved in ethanol and evaporated to  dryness twice to remove 
water. The solid was taken up in 100 ml of methylene chloride- 
ethanol and excess trimethylphosphine (30.0 mmol) was added 
to the suspension, stirred overnight a t  room temperature, and 
evaporated to dryness. The residue was washed with benzene, 
redissolved in chloroform, evaporated to dryness, and rewashed 
with benzene. A poor yield of yellow-orange crystals remained 
(mp 160-170'). 

Similarly prepared were fuc-trichlorotris(triethy1phosphine)- 
rhodium(III), fuc-RhCla(PEta)a, as yellow crystals (mp 160- 
170°), and fac-trichlorotris(dimethylpheny1phosphine)rhodium- 
(111), fuc-RhCla(PMelPh)a, as yellow crystals (mp 210-215'). 

100-1200). 

150-161'). 

(18) Extreme care must be used in working with the  lighter tertiary 
phosphines which are highly volatile, air sensitive, and toxic. Trimethyl- 
phosphine is an  exlvemely odoriferous compound which ignites on contact 
with air. 

The latter required extraction with tetrahydrofuran to obtain a 
pure product. 

Di-p-chloro-tetrachlorotetrakis (trimethy1phosphine)dirhodium- 
(III), RhZCla(PMez)a. Method F.-RhClr(PMea)s (2.0 mmol) 
dissolved in 100 ml of chloroform-ethanol was allowed to stand 
several days exposed to air. Cubic, deep red-orange crystals 
formed and were washed with hexane (mp 250-254'). 

Similarly prepared were the triethyl (deep red crystals, mp 
250-255'), tri-n-propyl (red crystals, mp 185-190'), tri-n-butyl 
(red crystals, mp 183-186'), tri-n-pentyl (brown powder, mp 
125-135"), tricyclohexyl (red crystals, mp 205-210°), and di- 
methylphenyl (red crystals, mp 220-225') derivatives of similar 
structure. 

Chlorotris(trimethylphosphine)rhodium(I), RhC1(PMe3),. 
Method G.-Ethylene a t  1 atm was bubbled through 100 ml of a 
refluxing 0.05 M ethanol-benzene solution of rhodium trichloride 
for 24 hr. The solution was cooled and excess trimethylphos- 
phine (30.0 mmol) was added. Nitrogen was vigorously bubbled 
through the solution for 2 days with additional solvent added as 
needed to replace that lost by evaporation. The dark red solu- 
tion was filtered and the filtrate was evaporated to dryness and 
pumped on under high vacuum. The solid was redissolved and 
the last three steps repeated to yield a red powder (mp 205-210O). 

Similar preparations yielded chlorotris(triethy1phosphine)- 
rhodium(I), RhCl(PEts)a, as a brown-red powder (mp 185-195'), 
chlorotris(tri-n-propylphosphine)rhodium(I), R h c l ( P ( ~ - P r ) ~ ) ~ ,  as 
a brown powder (mp 120-130'), chlorotris(triisopropy1phos- 
phine)rhodium(I), RhC1(P(i-Pr)a)a, as brown crystals (mp 
30-35"), and chlorotris(dimethylphenylphosphine)rhodium(I), 
RhCl(PMezPh)a, as a brown-red powder (mp 170-175'). 

Hydridodichlorotris(trimethylphosphine)rhodium(III), Rh- 
HClz(PMe&. Method H.-To a 0.02 M benzene solution of 
RhCl(PMea)a a stoichiometric amount of aqueous hydrochloric 
acid in ethanol was added. The solution changed to a light red 
color and the ir analysis indicated immediate formation of a 
hydride (M-H 1960 cm-l). Quickly evaporating to  a small 
volume causes a poor yield of yellow crystals (mp 210-219'). 
Excess hydrochloric acid or prolonged reaction results in forma- 
tion of RhC13(PMea)3. 

A similar method is used to obtain hydridodichlorotris(di- 
methylphenylphosphine)rhodium(III), RhHClz(PMezPh), as 
yellow crystals (mp 215-220'). With this phosphine two isomers 
may be obtained. The p form is obtained as above, and the a 
form is obtained by prolonged reaction with hydrochloric acid 
prior to the isolation of the product. The a isomer is collected as 
yellow-orange crystals (mp 160-165"). The p form of hydridodi- 
chlorotris(triethylphosphine)rhodium(I), RhHC12(PEt3)3, was 
similarly obtained as yellow-orange crystals (mp 140-200°) but 
the 01 form which was indicated by the ir spectrum (M-H 2090 
cm-l) could not be obtained pure. Both a-hydridodichlorotris- 
(ethyldipheny1phosphine)rhodium (111), RhHCls(PEtPh2)a (yellow 
crystals (mp 21 5-220'), and whydridodichlorotris(diethylpheny1- 
phosphine)rhodium(III), RhHClz(PEtPh2)a (yellow crystals, mp 
140-145"), were obtained by direct reaction of rhodium trichlo- 
ride in ethanol and the phosphine. The j3 form of RhHC12- 
(PEtPh2)a was obtained by treatment of RhCl(PEtPh2)a with 
hydrochloric acid to  give yellow crystals (mp 180-185'). 

Chlorocarbonylbis(trimethylphosphine)rhodium(I), RhClCO- 
(PMea)z. Method J.-A 0.02 M solution of RhCla(PMe3)a or 
RhLXa(PMe3)4 in benzene was treated with carbon monoxide a t  1 
atm for several hours. The red solution lightened to pale yellow. 
Evaporation to a small volume followed by addition of ethanol 
caused the yellow precipitate to form. Other complexes prepared 
in this fashion included the tri-n-pentyl-, tri-n-octyl, tribenzyl-, 
and dimethylphenylphosphine derivatives. 

Method K.-RhCl(PMe& (2.0 mmol) in ethanol-benzene 
solution (100 ml) immediately formed a yellow precipitate on 
contact with carbon monoxide. All derivatives for which the 
starting product RhC1(PR3)3 was available could be obtained in 
this manner, 

Method L.-[RhCl(CO)2]2 formed by the action of carbon 
monoxide on ethanol solutions of rhodium trichloride when 
treated with excess phosphine yielded the corresponding deriva- 
tive. 

Trichlorocarbonylbis(triethylphosphine)rhodium(III), RhC13- 
CO(PEta)a. Method M .-Treatment of RhC13(PEt& or Rh2Cle- 
(PEts)c with carbon monoxide in ethanol for a short period of 
time results in a mixture of monochloro- and trichlorocarbonyls 
(identified by ir spectra). Treatment of this mixture with 
chlorine in carbon tetrachloride resulted in complete conversion 
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to the trichloro complex. Evaporation t o  a small volume and 
cooling resulted in a good yield of yellow crystals. Similar 
preparations were used for the other trichlorocarbonyl analogs. 

Hydridodichlorocarbonylbis(triisopropy1phosphine)rhodium- 
(111), RhHC1pCO(P(i-Pr)a)z. Method N.-Carbon monoxide 
was bubbled through a 0.02 M ethanol-chloroform solution of 
RhHC12(P (i-Pr)t)p. Addition of ethanol and cooling caused 
precipitation of a yellow-orange solid. This was a mixture of 
the desired product and RhCICO(P(i-Pr)s)z (identified by ir band 
a t  1948 cm-1). Analyses done on several of these mixtures which 
had varying amounts of the 1948-cm-l impurity were consistent 
with mixtures of various proportions estimated by their ir spec- 
tra. Attempts to extract the 1948-cm-l product always resulted 
in formation of more of it, probably due to loss of HC1. 

Results and Discussion 
Table I1 summarizes the compounds that have been 

TABLE I1 
COMPLEXES PREPARED IN THIS  WORK^ 

Me3 2~ 13 2~ 1 H  IF 2 5  1Ivf 

Eta 2 A  23 1 G  I H  1 H  2F 2 K  2111 1 N  
n-Pra 2 B  1 G  2F 1 K  1X 
n-Bu3 2 B  23 2 L  131 I N  

n-Pent3 I F  15 
n-Octs IB 1 5  
i-Pr3 IC 1 G  1 A  I K  11% 1K 
i - B ~ 3  1~ 
c -Hx~  l o  I F  1 L  In1 1 N  

Bz3 I D  I F  15 1111 

MezPh 2c 23 1~ 1~ 1~ IF 2J 1 X  
EtzPh 2c 2 H  2 B  2 L  231 
MePhp 3 2K 2>1 1 N  
EtPhz 3 3 3 3 3  2~ 2111 IN 
Pha 3 3 3 3  3 3  
a Letter indicates method of preparation. 1 = new compound; 

2 = modified preparation of previously reported compound; 
3 = prepared as previously reported. 

prepared. These are discussed individually according 
to type of compound below. 

RhX3L3.-In general, the most common product from 
the direct reaction of rhodium trichloride with excess 
tertiary phosphine was m e ~ - R h C l ~ ( P R ~ ) ~ . l ~  For most 
trialkylphosphines this is the major product obtained 
from alcohol solutions. The two exceptions to this were 
tri-n-pentyl- and triisopropylphosphines. The failure 
to obtain the n-pentyl complex was probably due more 
to difficulty in crystallizing the product than to diffi- 
culty in forming it. The isopropyl derivative, however, 
can be obtained but is not the major product. The 
major product in this case is instead RhHC13(PR3)2. 
The reason for this singularity is not clear. Steric fac- 
tors are probably not the cause since both triisobutyl- 
and tricyclohexylphosphines, both of which should be 
more sterically hindered, behave normally. 

An excess of triarylphosphine, on the other hand, 
gives a reduced species RhC1(PR3)3 as the major prod- 
uct.’ Mixed arylalkylphosphines yield a hydrido com- 
plex, RhHClz(PR3)3. No exceptions were formed to 
this general behavior which is in accordance with the 
mechanism postulated by Sacco, et a1.,17 that the reac- 

tion occurs in three steps 
+L +[HI,  -C1- - HCl 

A B +HCl 
RhXs + RhXaLs RhHXzLs e RhXLs 

C 

With more basic (trialkyl) phosphines, the reaction 
stops a t  the first step. With less basic (triphenyl) 
phosphines, it goes completely to the third step. With 
phosphines of intermediate basicity (alkylaryl) it stops 
a t  the second step. Recently, Shaw and other+ have 
postulated that this is due to steric rather than elec- 
tronic factors. In  order to obtain the RhX3L3 com- 
plexes for triaryl- or mixed alkylarylphosphines, condi- 
tions must be carefully controlled and excess phosphine 
avoided. Even then only poor yields were obtained. 
Once prepared, however, these complexes exhibit mod- 
erate stability cqmparable to that of the trialkyl ana- 

Rh(PR3)3C18 may exist as one of two possible isomers. 
In the meridional isomer two of the phosphines are trans 
to  each other, while in the facial isomer all are cis. The 
mer isomer is therefore sterically preferred especially 
with the larger phosphines. This is borne out by our 

logs. 

c1 

Rh 
\ I  /p 

c1 

P’I \P c1 

c1 
c1 \ih/p 
a/ /  ‘P 

P 
mer fac 

inability to prepare the facial isomer for any but the 
smaller trimethyl-, triethyl-, and dimethylphenylphos- 
phines. Isolation of these three was facilitated by the 
difference in polarity between these isomers. In more 
polar solvents, formation of the fac isomer becomes 
favored. Thus, while in benzene very little f ac  isomer 
is obtained, in methylene chloride a 40% yield may be 
obtained for the trimethyl derivative. The assign- 
ments of these isomers has been substantiated by nmr 
as will be discussed below. 

RhXL-While triphenylphosphine reduces rhodium 
trichloride to the monochlororhodium( I) species, for- 
mation of this derivative by direct reaction for other 
phosphines is not possible. These complexes may how- 
ever be prepared by previously reducing the Rh(II1) 
with a volatile olefin such as ethylene. Addition of 
excess phosphine to the so-formed prereduced com- 
pounds followed by pumping off of the olefin under 
high vacuum has led to pure compounds. This method 
worked well for the more volatile phosphines but with 
the heavier ones purification was more difficult, prob- 
ably due to difficulty in removing unreacted phosphines. 
The only other compound of this type w a s  prepared by 
Sacco’s17 method of addition of aniline to the hydridodi- 
chloro complex. 

RhHX2L3.-This type of hydridodichloro complex 
could be obtained via one of two methods. As noted 
above, the mixed alkylarylphosphine complexes of this 
type could be made by direct reaction of the metal 
halide and the phosphine. The trimethyl- and tri- 
ethylphosphines as well as the mixed phosphines could 
also be prepared by oxidative addition of HC1 to the 
square-planar rhodium(1) complex RhC1(PR3)3. The 
tri-n-propylrhodium(1) derivative, however, on reac- 

(20) C. Masters, B. L. Shaw, and R.  E. Stainbank, Chem. Commun., 209 
(1971). (19) I n  this work, for simplicity, the only halogen employed was chloride. 
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tion with HC1 was oxidized instead to the trichloro 
complex RhCl3(PR3)8. The triisopropyl derivative 
lost a phosphine ligand forming the five-coordinate 
species RhHCL(PR3)z. 

The six-coordinate RhHC12(PR3)3 may exist in sev- 
eral isomeric forms. Nmr evidence presented below 
for the dimethylphenyl derivative indicates a meridional 
distribution of phosphines. This leaves the two pos- 
sible isomers. 

H 

\ I  /cl 
P 

P ’ P P  
C1 

CY 

c1 

P \Jh/H 

P’I \P 
C1 
P 

By analogy with the corresponding iridium com- 
plexes, IrHC12(PR3)3,21 the hydride trans to a phosphine 
should exhibit a lower M-H stretching frequency than 
one trans to a chloride. Oxidative addition of HC1 to 
RhCl(PR3)z gives initially the fl  complex (M-H, 1980 
cm-l) . When left standing in solution this gradually 
rearranged to yield the cy form (for PEt3, M-H 2090 
em-’; for PMezPh, M-H 2105 cm-1).22 These results 
argue strongly for a cis-addition mechanism for the 
oxidative addition of HCl, followed by a slower rear- 
rangement to the trans product ( ie . ,  the product which 
would be obtained from a trans addition). Cis addi- 
tion is known to occur in the reaction of H2 with 
RhCl(PPh3)3 to produce cis-RhHzCl(PPh3)3 (M-H 
2012, 2082 cm-l).l Table I11 gives the infrared prop- 

TABLE I11 
IR PROPERTIES OF RhHC13(PR3)3 COMPLEXES 

M-H str,a M-H str,Q 
Compd cm-1 Compd cm -1 

@-RhHC12(PMe3)3 1960 a-RhHcl~(PEtzPh)~  2115 
a-RhHCln(PEts)s 2090b c~-RhHClz(PEtPhn)s 2120 
P-RhHCln(PEta)a 1980 P-RhHClz(PEtPhn)a 1982 
a-RhHClz(PMe~Ph)3 2105 C Y - R ~ H C ~ S ( P P ~ ~ ) ~ ~ ~  2220 
@-RhHClz(PMezPh)a 1980 @-RhHC12(PPh3)s17 2120 

a CsI pellets. Ethanol-chloroform solution. 

erties of complexes of this type which were prepared, 
RhHX2Lz.-This unusual complex is the main product 

from the prolonged reaction of triisopropylphosphine 
with RhX3.3H20. This complex was puzzling since 
i t  did not have a detectable M-H stretch in the infrared 
region of 1900-2300 em-’. It is either too weak to be 
detected or obscured for some other reason. In  addi- 
tion, an nmr hydride band could not be found either. 
It was postulated as a hydride because on reaction with 
carbon monoxide in chloroform the carbonyl hydride 
RhHC12CO(PRa)s was formed along with RhClCO- 
(PR3)2. T h e  latter probably comes from the former by 
loss of HC1. The formation of the hydride could not 
have resulted from reaction with this solvent and as is 
discussed below is not subsequently formed from some 
other carbonyl-containing precursor. Therefore, the 
hydrogen must have already been present as a hydride 
in the starting complex. Simultaneously with this 
work a similar complex, RhHClz(P(tert-Bu) (a-Pr)2)2, 
was fully characterized by Shaw, et who also re- 

(21) J. Chat t  and B. L. Shaw, Chem. I n d .  (London) ,  931 (1960). 
(22) The a form of the triethyl derivative could not be isolated. Attempts 

(23) C. Masters, W. S. McDonald, S. Roper, and B. L. Shaw, Chem. 
t o  isolate a solid resulted instead in RhCla(PEta)a. 

Commun. ,  210 (1971). 

ported the nmr spectrum. The hydride had the ex- 
tremely high T value of 41.4. This is beyond the range 
a t  which we looked. A compound isolated by Sacco17 
which he postulates as having the a bridging Rh(1)- 
Rh(II1) structure, shown below, perhaps might also be 
better postulated as a hydride, RhHClz(PEt2Ph)z. 

c1 
PhEteP PEtzPh 

PhEtaP ’ \Cl’ 1 \PEtaPh 
c1 

Binuclear Complexes.-Very stable chlorine-bridging 
binuclear species are formed with most of the various 
phosphines when limiting phosphine is present. The 
most satisfactory way to obtain the binuclear complexes 
was to crystallize them slowly from solutions of RhX3L3 
which had been exposed to  air. Presumably, one 
phosphine is lost, perhaps v i a  oxidation to the phos- 
phine oxide leaving an unoccupied coordination site 
which is satisfied by bridging chlorines. The nmr 
spectra of the trimethyl and dimethylphenyl derivatives 
discussed below tend to suggest a trans arrangement of 
the phosphine ligands. Limited solubility, however, 
precludes making a definite assignment on this basis. 
The trans isomer would be the sterically favored one. 

This structure, however, is in apparent conflict with 
the results obtained by Shaw,6 who has reported a 
dipole moment for the n-butyl derivative of 11.5 D. 
Since large single crystals of the benzyl derivative were 
available, a preliminary single-crystal X-ray analysis 
was performed on it. The space group was found to 
be P22/c with a = 13.2 A, b = 19.7 8, c = 14.6 8, and 
p = 102”. The density determined by flotation was 
1.45 f 0.05 g/cm3 compared to a calculated value of 
1.463 g/cma for two dimeric units per unit cell. As- 
suming no disorder, the only dimeric structure with 
which these data are consistent is one in which the 
dimer is centrosymmetric. Therefore, regardless of 
whether the phosphines were cis or trans, the dimer 
must still have a zero moment. This also eliminates a 
bent structure as is common in Rh(1) bridging species. 
This means that the moment measured in solution must 
have arisen from dissociation of the dimer into mono- 
meric units which presumably have a solvent molecule 
occupying the sixth coordination position. If this is 
the case, the trans structure is no longer in conflict with 
a high measured dipole moment. We, therefore, feel 
that the structure depicted is the most likely one for all 
of these derivatives, a t  least in the solid state. 

Reaction with COS-The determination of the struc- 
ture of many of the compounds discussed above was 
assisted by noting the products formed in their reaction 
with carbon monoxide. The reaction of the rhodium(1) 
complexes RhCl(PR& with CO gave quite cleanly the 
well-known RhClCO(PR3)Z. These compounds could 
also be obtained by direct reaction of RhC13’3H20 
with CO and excess phosphine or by reaction of the 
phosphine with rhodium carbonyl chloride dimer, 
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[RhCI(C0)2]2. In all cases the only product is the 
trans isomer. Treatment of the rhodium(II1) com- 
plexes, either the monomers or dimers, with CO resulted 
in a more complicated product mix. The trimethyl-, 
tri-n-pentyl-, tri-n-octyl-, tribenzyl-, and dimethyl- 
phenylphosphine derivatives were completely reduced 
by CO yielding only the monochlorocarbonyl complex. 
The triethyl, diethylphenyl, and ethyldiphenyl com- 
plexes yielded a mixture of the monochloro complex and 
the trichloro complex, RhC13CO (PR3)2. The tri-n- 
butyl derivative was not reduced a t  all giving only the 
trichlorocarbonyl. Reaction of CO with the triiso- 
propyl complex yielded a mixture or both the mono- 
chloro complex and the hydridodichloro complex Rh- 
HCl2CO(PR3)z. The latter type of complex is also ob- 
tained along with the rhodium(1) monochloride by re- 
action of CO with RhHClz(PEt3)3. Independent ex- 
periments have shown that under reaction conditions 
RhHC12CO(PEt3)2 could not be formed from RhCICO- 
(PEt3)z or RhC&CO(PEt3)2. Therefore, the hydride 
must already be present in the starting complex for the 
hydridocarbonyl to form. Because of this the forma- 
tion of the triisopropyl derivative RhHClzCO(P(i-Pr)3)2 
was construed as evidence for the formulation of Rh- 
KClz(P(i-Pr)3)2 as a hydride, not as a Rh(1)-Rh(II1) 
dimer. 

The following mechanisms for the reactions of CO 
are therefore proposed 

+ co - HC1 
RhHClzLa ----t RhHClzCOLz + RhClCOLz 

RhXaLs + RhC13COLz + RhClCOLl 
+ co - [a1 

-L 
+CO 

RhXLa RhClCOLz 
-L 

A list of the carbonyl complexes which were prepared is 
given in Table IV. 

TABLE IV 
IR DATA FOR CARBONYL COMPLEXES ---- Str, cm-l--- 
Compd c-0 M-H 

RhClCO(PMe3)z 1958" 
RhC13CO(PMe3)zC 2055b 
RhClCO(PEt3)z 1960" 
RhClsCO(PEts)z 2060" 
RhHC1z(PEt3)zC 2050* 2095 
RhClCO(P(n-Pr)3)z 1958" 

RhClC0(P(n-Bu)~)z 1955" 
RhClaCO(P(n-Bu)3)2 2078" 
RhClCO (P (%-Pent ) 3 ) 2 ~  1955b 
RhClCO(P(n-Oct)3)2C 1940b 
RhClCO (P ( ~ - P T ) ~ ) ~  1948" 
RhC1,CO (P ( i - p ~ ) ~ ) ~  20604 
RhHCl&O(P(i-Pr)3)2c 2037 2119 
Rh C1 CO (P ( C-HX )3 ) z  1950" 
RhClaCO (P  (c-Hx),)~ 2055a 
RhClCO(PBz3)z 1970" 
RhC13CO(PBza)z 2095Q 
RhClCO(PMe2Ph )2 1963" 
RhC13CO (PMe9Ph)z 2085a 
RhClCO(PEtzPh)P 1953a 
RhClsCO(PEtzPh)z 2089" 
RhClCO (PEtPhe)z 1960a 
RhClaCO(PEtPhz)e 2107" 

RhC13CO(P ( T L - P ~ ) ~ ) ~  2070" 

a CsI pellets. Ethanol-chloroform solutions. e Not isolated 
as pure so1ids.f 

Nmr.-The nmr spectra are in general characteristic 
of the particular phosphine, but only minor differences 
can be detected, in most cases, between various types 

I I I 
120 100 60 

120 IW E O  60 
I I 

Figure 1.-Nmr spectra of trimethylphosphine complexes. 

I 1 I I 
450 150 100 50 

Figure 2.--Nrnr spectra of dimethylphenylphosphine complexes. 

of compounds for a given phosphine. The exceptions 
to this are the complexes of the phosphines which have 
a methyl substituent, PMe3 and PMezPh. Shaw and 
~ o w o r k e r s ~ ~ - ~ ~  have already shown the usefulness of 
proton nmr for the determination of structural isomers 
by observation of the phenomenon of "virtual cou- 
pling" of trans phosphines. Due probably to overlap 
of the same metal orbital, the phosphorus atoms of 
trans phosphines couple with the CY hydrogens with 
equal strength. Thus, an CY hydrogen is split into a 

(24) P. R. Brooks and B. L. Shaw, J .  Chem. SOC. A ,  1079 (196i). 
( 2 5 )  J. M. Jenkins and B. L. Shaw, ibid., A ,  1407 (1966). 
(26) J. M. Jenkins, TVI. S. Lupin, and B. L. Shaw, ib id . ,  A ,  1787 (1966). 
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I I 
I do I 

10 400 300 200 

3 RhClCO( PEta)e 

Figure 3.-??mr spectra of trialkylphosphine complexes. 

triplet by the two phosphorus atoms rather than the ex- 
pected doublet (dlP, S = l / 2 ) .  Figures 1 and 2 give the 
proton nmr spectra for several of the different types of 
complexes for PMe3 and PMe2Ph phosphines, respec- 
tively. Figure l a  is the spectrum for mer-RhCb(PMe3)~ 
which is a 1 : 2 : 1 triplet and a 1 : 1 doublet which over- 
lap. The triplet is a t  T 8.39, J(P,,,,,-H) E 8.0 Hz ,~ '  
and the doublet a t  7 8.42, J(P,,-H) S 8.5 Hz. This 
is consistent with both cis and trans phosphines being 
present in a 1 : 2 ratio. fac-RhCl3(PMe&, Figure lb, 
exhibits a doublet a t  7 8.42, J(P,(,-H) S 8.5 Hz. The 
unequal area of these two peaks is due to a small amount 
of Mer impurity which is present. This spectrum is 
consistent with all cis phosphines. trans-RhClCO- 
(PMe3)2, Figure IC, exhibits only a well-defined 1 : 2 :  1 
triplet, shifted slightly [probably because this is a rho- 
diurn(1) species rather than rhodiurn(III)], a t  r 8.70, 
J(Pz,,,s-H) S 7.5 Hz. The spectrum of the sparingly 
soluble Rh2Cle(PMe3)4. Figure Id, is quite noisy but 
looks more like a triplet than a doublet and is centered 
closer to r 8.39 characteristic of the trans phosphines. 

(27) J(P-H) is defined as the separation of the outermost lines. 

4 a  I I  

Rhi 

I ' - 1  , I  
150 100 0 

Figure 4.-Nmr spectra of trialkylphosphine complexes. 

This then suggests the structure which has been dis- 
cussed above. 

Similar assignments have been made by Shaw7 for 
the PMepPh complex mer-RhC13(PMezPh)3, Figure 2a, 
and are in this case even more clear-cut since the dou- 
blets and triplets do not overlap. Again, both the posi- 
tion and the shape of the methyl hydrogen resonance 
for Rh2Cle(PMezPh)4, Figure 2b, are more consistent 
with trans phosphines than with cis. The nmr spectra 
for other selected complexes are given in Figures 3 
and 4. 



702 Inorganic Chemistry, Vol. 11, No. 4 ,  1972 

Conclusion 
Some fairly general procedures have been worked out 

for the preparation of several different types of com- 
plexes for a variety of phosphine ligands. Unfortun- 
ately, the differences in the electronic and steric prop- 
erties of the various tertiary phosphines are so large as 
to preclude any completely general procedures. In 
spite of this, however, several series of complexes were 
prepared. There do not seem to be any really dis- 
cernible trends within these groups with respect to sta- 
bility, color, melting points, or carbonyl stretching fre- 
quencies. 

Whereas 
most of the rhodium(II1) species appear to be six-coor- 
dinate as expected] the five-coordinate RhHClZ(P(i- 
Pr)& is the most stable complex of this ligand. It was 

Several interesting anomalies were noted. 

ZIEGLER, BURLITCH, HAYES, AND RISEN 

also of interest to note that this compound is capable of 
decarbonylating both alcohols and carboxylic acids to 
form RhClCO (P (GPr) 3)~. 

The oxidative addition of HC1 to RhC1(PR3)3 to 
yield the hydride compound RhHCls(PR3)3 was ob- 
served to proceed via a cis addition followed by a less 
rapid rearrangement to the product which would occur 
from trans addition. 

Finally, evidence has been obtained for the structure 
of the dinuclear complexes. These are postulated as 
the dinuclear, chlorine-bridged isomer with all trans 
phosphines. 
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The vibrational spectra of the recently studied Zn[Co(CO)a]z and its congeners Cd[Co(CO)r]z and Hg[Co(CO)a]z have been 
measured in the infrared (33-4500 cm-1) and laser-Raman (h = 0-4000 cm-1) regions. The infrared and Raman funda- 
mentals are assigned on the basis of DSd symmetry, under which no coincidences are allowed, but infrared-Raman band 
“pairs” are observed which are separated by interactions across the metal-metal system. The normal-coordinate analyses 
of these species also demonstrate significant coupling across the trinuclear M-M’-M bond and permit evaluation of vibra- 
tional coupling of coterminal metal-metal bonds as well as the strengths of the M-Co bonds. The metal-metal force con- 
stants are nearly identical, although they fall in the order k(Zn-Co) 2 k(Cd-Co) 2 k(Hg-Co). This result is discussed 
in terms of the reported trends in k(M-Co) from very approximate treatments and reported mass spectral results. 

Introduction 
The Hg, Cd, and Zn derivatives of Co(CO)d-, 

M [Co(CO)4]2, have occupied an interesting position 
in the study of metal-metal bonded compounds. 
Their relatively early known existence4J has made 
them the subject of several vibrational spectroscopic 
investigations,6-12 of which the earliest6-8 were attempts 
to elucidate the structures of the compounds. Sub- 
sequent X-ray crystallographic con- 
firmed the spectroscopic conclusions of a linear, un- 
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(8) K. Noack, Helu. Chim. Acta, 47, 1555 (1964). 
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supported Co-AI-Co bonding framework. The more 
recent interest in the nature of metal-metal bonding 
in such systems has prompted  report^'^-'^ of the low- 
frequency vibrational spectra of the M [Co(CO)4]2 
compounds, with particular emphasis on those bands 
which primarily involve M-Co stretching vibrations. 
Using vibrational frequency data and localized mode 
calculations with varying approximations in the cal- 
culations, several a ~ t h o r s ~ ~ ~ ~ ’ ~ 6 , Z O  have reported for 
these compounds metal-metal “force coFstants” which 
range from a high7 of 2.6 and 2.3 rndyn/A for k(Hg-Co) 
and k(Cd-Co), respectively, to a lowzo of 0.77 mdyn/A 
for k(Cd-Co). The several approximate treatments 
give the order of force constants to be K(Hg-Co) > 
k(Cd-Co) or k(Zn-Co) > k(Hg-Co) > k(Cd-Co). 

Recently J. M. B.z1j22 reported studies of the ionic 
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