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The substitution reactions of carbonyl groups in [ Rh( CO),Cl] 2, Rhacac- 
(CO),, Rhoxq(CO), (acac = acetylacetonate, oxq = Shydroxyquinolinate) by 
cis-cyclooctene, leading to the formation of [Rh(CsH14)(CO)Cl]2, Rhacac- 
(C8H14)C0, Rhoxq(CSH14)C0 respectively, are described. Other monoolefins 
examined do not displace carbonyl groups from rhodium(I) complexes. Mixed 
carbonyl-cyclooctene complexes are also formed in the ligand exchange re- 
actions [Rh(C0)2Cl]2 + [Rh(CsH1&Cl]2 and Rhacac(CO), + Rhacac(C8H1&. 
On reaction with triphenylphosphine and triphenylstibine the mixed com- 
plexes give Rhacac(L)CO and Rhoxq(L)CO. (Stibine derivatives of this type 
have not previously been obtained). The chemical and spectroscopic evidence, 
as well as the thermodynamic data cited from the literature indicate that 
cyclooctene exhibits comparatively strong donor properties. 

Introduction 

The reactions of rhodium(I) carbonyl complexes with cyclic dienes are 
described in a number of papers [ 141; so far the behaviour of cyclic mono- 
olefins in these reactions has not been studied. The examination of published 
data on the interaction of cyclic dienes with rhodium(I) cis-dicarbonyl com- 
plexes enables three distinct cases to be noted: 

(i) The addition of diene to form a pentacoordinated,adduct. Such ad- 
ducts are formed in the reaction of rhodium(I) carbonyl chloride with some 
conjugated dienes, both cyclic and acyclic. The example is [Rh(C0)2C1]2 - X,3- 
chd* [l]. 

* Abbreviations used: chd = cyclohexadiene, cod = cyclooctadienc, nbd = norborna- 
diene, nb = norbornene, dmf = dimethyl formamide, acacH = acetylacetone, oxqH = 
8-hydrbxyquinoke, Ph = phenyl. 
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(ii) The displacement of one carbonyl group. The only example of such a 
reaction is described [Z] for the conjugated diene 1,3_cyclooctadiene behaving 
as a monodentate Iigand: 

JZhoxq(CO)z + 1;3-cod + Rhoxq(l,3-cod)CO 

In the presence of HCl coordinated 1,3cyclooctadiene isomerizes to 1,5- 
cyclooctadiene, the process being accompanied by the displacement of the 
second carbonyl group (reaction of type (iii)). 

(iii) The displacement of the both carbonyl groups. such reactions are 
characteristic of non-conjugated dienes having a structure favouring bidentate 
bonding. The products of these reactions, for example, are [Rh(l,&cod)Cl]2 
131, tRh(nbd)Cl], 143, Rhoxq(l,5_eod) [ 21. Reactions (iii) may be thought to 
include the reactions (i) and (ii) as consecutive stages. 

We attempted to displace the carbonyl groups from rhodium(I) dicarbonyl 
complexes by some cyclic monoolefins. 

Results and discussion 

Prolonged refluxing of rhodium(I) car-bony1 ctioride with cyclopentene, 
cyclohexene or trans-cyclododecene gives solutions from which on evaporation 
the main mass of initial substance is isolated unchanged. After heating it with 
norbomene (in benzene) a yellow microcrystalline substance containing one 
mole of norbomene per rhodium has been isolated from the solution. TR spec- 
trum of the substance in the carbonyl stretching region [Y(CO) = 2074,2019, 
1694,1835 cm-‘] is similar to that of the adduct of rhodium carbonyl chloride 
and 1,3-cyclohexadiene 111. The reaction appears to proceed without the car- 
bony1 group displacement. 

From the reaction with cis-cyclooctene (2 h refluxing in benzene or cy- 
clooctene) a yellow crystalline substance of the formula Rh(CsH14)(CO)Cl can 
be isolated by evaporation of the solution in vacua. In the carbonyl stretching 
region the substance exhibits an intense absorption band of complex shape 
(main maximum at 2003 cm-‘, sharp maxima of low intensity at 2027,1965 
cm-‘). There is no splitting in the spectra of the solutions; in CH&12, and DMF 
v(C0) is 2007 and 1998 cm-‘, respectively_ Under the action of sodium acetyl- 
acetonate this product is turned into Rhacac(CsH,g)CO, which gives grounds 
for assigning to it the symmetric structure : _ 

OCX~5gX314 

H,,C, Cl CO 

The reaction of the above dimeric complex with an excess of triphenyl- 
phosphine gives ttans-Rh(PPh&COCl. 

As with carbonyl chloride, the heating of acetylacetonatodicarbonyl- 
rhodium(I) and oxyquinolinatodicarbonyhhodium(I) with different cycloolefins 
leads to the formation of monocarbonyl derivatives only in the case of cyclooc- 
tene. 

The acetylacetonate complex Rhacac( CsH14)C0, identical with that men- 
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tioned above, is a yellow crystalline substance exhibiting v(CO) bands at 2602 s, 
1973 m and 1937 w cm-’ (Nujol mulls). There is no splitting in the spectra of the 
solutions: v(C0) 2005 cm-’ in hexane, 1993 cm-’ in DMF. The action of 
triphenylphosphine and triphenylstibine on Rhacac(CsH1q)CO leads to the 
dispIacement of cyclooctene and the formation of yellow monocarbonyl com- 
plexes Rhacac(PPh3)C0 with Y(CO) 1981 cm-’ and Rhacac(SbPh3)C0 with 
v(C0) 1960 cm”. The former is readily obtained under the action of triphenyl- 
phosphine on Rhacac(CO)z 153 ; by reaction of the dicarbonyl complex with 
triphenylstibine the authors [5] isolated the product of red colour with v(C0) 
of 1969 cm-’ to which was ascribed the hexacoordinated formula Rhacac- 
(SbPh&CO. 

The oxyquinolinate complex is a yellow crystalline substance with v(CO) 
1974 cm-’ (in CH2 Cl* 1980 cm-‘). With triphenylphosphine it gives a well- 
known product Rhoxq(PPh3)C0 [2,63. Based on the X-ray data [7] of the 
identical substance formed under the action of triphenylphosphine on dicar- 
bony1 complex, it can be asserted that cyclooctene in Rhoxq(CsH1e)CO is 
tram with respect to the nitrogen atom. Triphenylstibine displaces cyclooctene 
from the oxyquinolinate complex to form Rhoxq(SbPhJ)CO [Y(CO) 1950 cm-‘]. 

A ligand exchange reaction leading to the formation of mixed carbonyl- 
ethylene dimer has been described IS]: 

[Rh(COMWs + IRWW-L),C11~ --f WWGHdtCO)C112 

The carbonyl-cyclooctene complex can be obtained analogously by the inter- 
action of equimolar amounts of [Rh(CsH14)2C1]Z [9,10] and [Rh(CO),C1]2 
in benzene. Analytical and IR data show that the.product of this reaction is 
identical with the substance formed by direct displacement of carbonyl groups 
from rhodium(I) carbonyl chloride by cyclooctene; in reaction with sodium ace- 
tylacetonate this product gives Rhacac(C8H,a)C0. 

Similar reactions of ligand exchange in bridged dimeric complexes of rho- 
dium(1) have been described [11,12]_ No exchange between monomeric com- 
plexes Rh(n-CSHs)( C&H& and Rh(x-C,H,)(PF& has been established [ 12b]. 
In this connection it is of interest to know just how essential the bridged struc- 
ture of initial substances is for the course of such reactions. In order to ascer- 
tain the feasibility of the ligand exchange between monomeric complexes we 
have carried out experiments on the interaction of Rhacac(CsH1& and 
Rhacac(CO)z. It appears that in DMF the exchange proceeds quantitatively 
and practicalIy instantaneously. In the spectrum of the solution recorded im- 
‘mediately after mixing of the components, there is one absorption band with 
v(C0) 1993 cm-‘, the position and intensity of which are exactly the same as 
in the spectrum of the standard Rhacac(C8HlG)C0 solution of equal concen- 
tration. In methylene chloride and benzene the reaction also takes place but 
not quantitatively. Thus, the monomeric complexes enter into the ligand ex- 
change reactions as well. The mechanism of these peculiar reactions is not yet 
understood. 

The whole set of reactions described here are represented in Scheme 1, 
which also shows the carbonylation reaction proceeding when carbon monoxide 
is purged through the solutions of bis( cyclooctene) complexes, leading to the 
formation of dicarbonyl derivatives. 
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The ability of cis-cyclooctene to displace carbonyl groups from rhodium(I) 
complexes distinguishes it from other olefins mentioned. Also available ther- 
modynamic and kinetic data are indicative of the relatively strong tendency of 
cyclooctene to complex with transition metals. The stability constants [13,14] 
for cyclooctene complexes of Ag’ and Cu’ are markedly above those for the 
derivatives of most other olefins, including acyclic ones. The same relation 
holds for enthalpies [ 141. The dissociation stage which limits the rate of the 
reaction; 

(n-C,H,)Mn(CO),(olefin) + PPh3 + (n-CSH,)Mn(CO)2PPh, + olefin 

in case of cyclooctene has proved [15] to be slower than equivalent reactions 
with other olefins except for norbornene and ethylene. 

Another distinguishing feature of cyclooctene, its ability to reduce rho- 
dium(III) chloride to form [Rh(CsH1&Cl] 2 (see Scheme l), has been noted by 
us [lSj while studying the interaction of rhodium chloride with a number of 
cycloolefins (cyclobutene, cyclopentene, cyclohexene, norbomene, cyclooctene, 
cyclododecene). Other authors [lo] have reported analogous behaviour of cy- 
cloheptene and norbomene. According to our data [16], however, the product 
of the reaction of rhodium chloride with norbomene is in fact a bridged rho- 
dium(III) complex of the formula [Rh(C7H9)( C7H1&l&, with the C7H9 
group being present as a bidentate, formally single-charged ligand (possible of 
homoahylic type). 

It can be seen that cyclooctene exhibits unexpected similarities to a ligand 
of quite different nature, namely triphenylphosphine, both in its ability to dis- 
place carbon monoxide from dicarbonyl complexes, and in its ability to reduce 
rhodium@) (Scheme 2). 

The “phosphine-like” behaviour of cyclooctene in these reactions suggests 
that the donor properties of cyclooctene are more pronounced than those of 
other cycloolefins examined. On the other hand, the differences inherent in the 
products formed, which are associated with the inability of cyclooctene to- 
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SCHEME 2 

RhacacKOI, 

Ol- 

Rhoxq(CO)p 

[RhK012Cij 
2 

RhC13 

L=W14 

excess L_ 
co cc 
%HY 4 

L=PPh?J 

excess L . c8;x;,xIo, phIx;h3 
8 14 

cleave chloride bridges in dimeric complexes, point to the fact that cyclooctene 
is markedly inferior to triphenylphosphine in its donor properties. 

Both of these conclusions are in agreement with the data [15] on v(C0) 
frequencies in the spectra of (7r-C5H5)Mn(C0)2L compounds. There are two 
v(C0) frequencies in the spectra of the above compounds, one of them being 
more sensitive to the nature of L. The value of this latter frequency in the spec- 
trum of cyclooctene complex (1894 cm-‘) falls in between Y(CO) values in the 
spectra of the derivatives of the other olefins (1920-1911 cm-‘) and triphenyl- 
phosphine (1878 cm-’ j. In all cases the carbonyl stretching frequencies in the 
spectra of rhodium(I) cyclooctene complexes have been also proved to be higher 
than in the spectra of their triphenylphosphine analogues (Table 1). The same 
difference has been noted 1171 for the mixed carbonyl cyclooctene complexes 
of iridium(I). 

The data obtained make it possible to compare the interaction of rhodium- 
(1) carbonyl chloride with ligands of three different types: Amines; am [IS], 
tertiary phosphines, PR, [19,20], and olefins, C=C (Scheme 3). 

TABLE 1 

CARBONYL STRETCHING FREQUENCIES IN THE SPECTRA OF RHODIUM<I) MONOCARBONYL 
COMPLEXES 

Compound 

RhCOLClZ 

RhacacCOL 

RhoxqCOL 

L U(CO) <cm-‘) 

Nuiol mull Soltttion in CHICIZ 

PPh3 1980 

Cd314 2003 2007 

PPh3 1981 1982 

c8H14 2002 1999 

PPh3 1955 1969 

c8H14. 1974 1980 
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SCHEME 3 
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The comparison shows that: 
(i) a-Donor ligands with no n-acceptor properties (am) cleave the chloride 

bridges and are unable to displace the carbonyl groups; 
(ii) Ligand with dominating n-acceptor properties (C=C) displace the car- 

bony1 groups and are unable to cleave the chloride bridges; 
(iii) Ligands with rather distinct a-donor and n-acceptor properties (PR,) 

are capable of both types of interaction (in addition, it is possible that high 
trans-activity of phosphine ligands shows up in the formation of the end prod- 
uct Rh(PR&COCl). 

Analogous observations relating to the differences between bidentate 
ligands, namely diamines and diolefins, have also been made 1211. Differences 
in the direction of substitution reactions in platinum(l1) complexes under the 
action of cr-donor and n-acceptor ligands have been noted [22 J. 

Experimental 

Method (aa). A solution of [Rh(CO)&lJ2 (I g) and ks-cyclooctene (3 ml) 
in benzene (30 ml) was refluxed for 2 h. The oily residue, formed after removal 
of solvent in vacua, was dissolved in heptane and the solution again evaporated. 
Dissolving and evaporation were repeated several times untill a yellow or orange 

crystalline precipitate was formed (3..05 g, 70%). The substance is soluble in 
benzene, toluene, chlorinated hydrocarbons, somewhat less so in acetone, etha- 
nol, ether, hexane (Found: Cl, 12.98; Rh, 37-60. [Rh(GH,JCOCI], ealcd.: 
Cl, 12.83; Rh, 37.16%). 

M&hod (6). A solution of [Rh(CO)&l& (0.5 g) in cydooctene (8 ml) 
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was refluxed for 2 h. (The formation of small amount of rhodium metal was 
observed). The solution was filtered, diluted with equal volume of heptane, and 
evaporated in vacua. Dissolution and evaporation were repeated several times 
to give a crystalline product (0.36 g,-60%). (Found: Cl, 12.99; Rh, 37.30%). 

Method (a). A solution of RhacacfCO), (1 g) and cyclooctene (5 ml) in 
benzene (120 ml) was reflexed for 16 h. The moment of reaction completion 
was determined in the following way: Small samples were taken from the solu- 
tion and if the reaction was not completed, red-green needles of initial complex 
were isolated on evaporating the samples. After the reaction was complete, the 
solution was evaporated in vacua, the oily residue dissolved in hexane and again 
evaporated. After the three-fold repetition of this latter operation the residue 
crystallised on trituration with aqueous ethanol (-10% of water)_ The resultant 
yellow product (1.07 g, 88%) is soluble in conventional organic solvents. Re- 
crystallization from ethanol-ether gave the substance as yellow crystals. (Found: 
C, 49.30; Rh, 30.42. Rhacac(CsH14)C0 calcd.: C, 49.11; Rh, 30.29%) 

Method (b). To a solution of [Rh(C,H14)COC1]2 (0.5 g) in benzene 
(25 ml) was added Naacac (0.33 g). The reaction mixture was refluxed for 2 h. 
The solution was filtered and evaporated in vacua to an oily state. The reaction 
product was isolated as in Method (a). Yield: 0.7 g, 70%. 

Rhcxq(C,H,,)CO 
To a suspension of Rhoxq(CO)z (1 g) in benzene (120 ml) was added cy- 

clooctene (8 ml). On refluxing (16 h) the initial substance dissolves completely. 
The disappearance of the initial dicarbonyl complex in the solution points to 
reaction completion. The evaporation (in vacua) of an orange solution gave a 
yellow crystalline substance which was then transferred onto the filter and was- 
hed with hexane. Yield: 1.22 g, 95%. (Found: C, 55.80; Rh, 26.94. Rhoxq- 
(CsHl4)CO calcd.: C, 56.20; Rh, 26.75%) 

Action of PPh3 
(a) [Rh(C&4)COC1]2 (0.1 g) was dissolved in ethanol (3 ml) and triphenyl- 

phosphine (0.14 g) was added. A yellow crystalline precipitate was immediately 
formed and ethanol added to the solution for the complete isolation of the pre- 
cipitate. The product was washed with ethanol, ether and identified by its IR 
spectrum as Rh(PPh&COCl. 

(b) Rhacac(CsH14)C0 (0.1 g) was dissolved in hexane (3 ml) and triphe- 
nylphosphine (0.08 g) was added. The yellow precipitate was filtered, washed 
with hexane, and identified by its IR spectrum as Rhacac(PPh,)CO. 

(c) Rhoxq(CsHi4)CO (0.1 g) was dissolved in benzene and triphenylphos- 
phine (0.07 g) was added. l’he orange-yellow crystalline precipitate was isol- 
ated by adding hexane to the pre-evaporated solution: the precipitate was was- 
hed with hexane and identified by its IR spectrum as Rhoxq(PPhJ)CO. 

Rhacac(SbPhJC0 
‘i’o a solution of Rhacac(C&H&CO (0.5 g) in hexane (15 ml) was added 

triphenylstibine (0.52 g). The orange precipitate was washed with hexane. 
Yield 0.84 g, 100%. (Found: Rh, 17.21. Rhacac(SbPh,)CO calcd.: Rh, 17.68%) 
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Rhoxq(SbPh3)CO 
To a solution of Rhoxq(C8H14)C0 (0.5 g) in acetone (30 ml) was added 

triphenylstibine (0.46 g)_ The orange solution was evaporated and the orange- 
yellow substance (0.81 g, 100%) was isolated by adding hexane. (Found: Rh, 
1’7.40. Rhoxq(SbPhs)CO &cd.: Rh, 16.93%) 

The synthesis was carried out in dry argon. To a solution of RhCl, - 3Hz0 
(1 g) in aqueous ethanol (20 ml) was added cyclooctene (3 ml). The sealed 
ampoule containing the reaction mixture was allowed to stand for 16 h at 50” 
(a rotatory thermostat). The crystalline precipitate (0.54 g, 40%) of yellow 
colour was washed with ether and dried in vacua. (Found: Cl, 10.00; Rh, 29.01. 
[Rh(C8Hlrl)2C1]2 c&d.: Cl, 9.90; Rh, 28.73%) The procedure described was 
proposed by M.R. Galding (our laboratory). 

The synthesis was carried out in dry argon. To a solution of freshly prepared 
[Rh(CSH1&ClJ2 (0.6 g) in benzene (50 ml) was added Naacac (0.3 g). The 
reaction mixture was refluxed for 1 h. The solution was filtered (a small amount 
of brown precipitate remained on the filter) and evaporated in vacua. The dry 
residue was dissolved in ether and again evaporated_ A yellow crystalline sub- 
stance was isolated. Yield: 0.64 g, 90%. The product is soluble in conventional 
organic solvents. (Found: Rh, 24.95. Rhacac(C,H,& calcd.: Rh, 24.41%) 

Ligand exchange reactions 
(a) [Rh(C0)2Cl]2 + [Rh(C&T14)2ClJ2 _ The reaction was carried out under 

argon. To a solution of [Rh(CO),Cl]2 (0.21 g) in benzene (20 ml) was added 
[Rh(CsH1&Cl]2 (0.4 g). After 1 h stirring the solution was filtered and evapo- 
rated in vacua. The oil formed was triturated with aqueous ethanol_ The yellow 
crystalline precipitate was filtered and dried in vacua. The product, [Rh(C,H&- 
COCII1, (0.4 g, 65%) was identified by its IR spectrum and by reaction with 
Naacac. 

(b) Rhacac(CO)2 + Rhacac(C,H,,), . To a solution of Rhacac(CO), (0.61 g) 
in DMF (5 ml) was added Rhacac(CsH14)2 (0.100 g). 

The IR spectrum of the solution recorded immediately after mixing exhi- 
bits one carbonyl absorption band the intensity and frequency of which are 
similar to those of v(C0) band in the spectrum of the standard solution of 
Rhacac(C8H1.,)C0 (0.097 g in 3 ml DMF). On carrying out the reaction in 
methylene chloride and benzene the spectra of the solution (CH&l,) and the 
precipitate (isolated from C6H6) exhibit the starting dicarbonyl complex absorp- 
tion band along with v(C0) band of the monocarbonyl product. 

Interaction of cyclooctene complexes with CO 
(a) Through a solution of Rhacac(CsH1& (0.1 g) in benzene (10 ml) a 

stream of CO was passed for 1 h. The reaction product, Rhacac(CO)Z, was 
identified by IR spectrum of the dry residue. 

(b) Through a solution of [Rh(C8H1&Cl]2 (0.1 g) in benzene (10 ml) a 
stream of CO was passed for 1 h. The reaction product, [ Rh( CO)&l J *, was 
identified by IR spectrum of the dry residue. 
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Interaction of [Rh(C0)&112 with norbornene 
To a solution of [ Rh( CO),Cl], (1 g) in benzene (30 ml) was added nor- 

bomene (5.4 g). The solution was refluxed for 3 h, then filtered (for separating 
small amount of metal) and evaporated in vacua to the minimum volume. By 
adding hexaue a lighbyellow microcrystalline precipitate was isolated. Yield 
0.4 g. (Found: Cl, 11.5; Rh, 35.10. [Rh(CO)&l(nb)‘jZ calcd.: Cl, 12.30; Rh, 
35.70%) 

[Rh(nb)(nb-II)ClJ, 
To a solution of RhC13 - 3Hz0 (1 g) in aqueous ethanol (30 ml) was added 

norbomene (6 g). The solution was refluxed for 2 h and evaporated in vacua 
to the oily state. The residue was dissolved in the minimum volume of carbon 
tetrachloride whereupon a brownish-red microcrystalline product was isolated 
by adding hexane. Yield 0.66 g, 50%. (Found: Cl, 19.80; Rh, 28.85. [Rh(C!,H,)- 
(C,H,,)Cl& calcd.: Cl, 19.67; Rh, 28.53%) The reaction proceeds similarly both 
in air and in argon. 

IR spectra were recorded using an TKS-14A model spectrophotometer 
with IA? and NaCl prisms. Rhodium(I) carbonyl chloride [23] and acetyl- 
acetonatodicarbonylrhodium(1) and oxyquinolinatodicarbonylrhodium(1) [6, 
241 were synthesized according to previously-described procedures. 
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