
Inorganica Chimica Acta, 168 (1990) 215-220 215 

The Oxidative Addition of Iodomethane to Thioacetylacetonatocarbonylphosphine- 
rhodium(I) Complexes 

J. G. LEIPOLDT, S. S. BASSON and L. J. BOTHA 

Department of Chemistry, University of the Orange Free State, Bloemfontein (South Africa) 

(Received July 4, 1989) 

Abstract 

The oxidative addition of iodomethane to 
[Rh(Sacac)(CO)(PX,)J, where X = phenyl, p-chloro- 
phenyl, p-methoxyphenyl and cyclohexyl has been 
found to follow second-order kinetics and give only 
the acylrhodium(II1) complex as product. The 
reactions proceed through an alkylrhodium(II1) 
intermediate. The reaction rate is influenced by 
the polarity of the solvent and by the electronic 
and steric properties of the phosphine ligand. 

Introduction 

We have recently reported on the oxidative addi- 
tion of iodomethane to [Rh(LL)(CO)(PX,)] and 

WWJ@‘KW,Ll complexes [l-4] (LL = p- 
diketones and cupferron and X = phenyl, p-chloro- 
phenyl and p-methoxyphenyl). Although the results 
were in favour of an ionic SN2 mechanism, a high 
pressure kinetic study showed that a concerted 
three-center c&addition mechanism is a viable 
alternative [5]. The latter mechanism is a well. 
known alternative especially in the case of homo. 
nuclear addend-molecules like dihydrogen [6]. 
In the case of the P-diketone complexes, [Rh@ 
diketone)(CO)(PX3)], the fmal alkyl complexes 
formed via an ionic intermediate and the acyl com- 
plex [2]. Both these intermediates were observed 
by means of IR time scans. In the case of the cup- 
ferron complex we isolated the alkyl complex and 
observed that the acyl complex is not an intermediate 
as in the case of the /3-diketone complexes but is 
formed slowly from the alkyl complexes [3]. It is 
thus clear that the reactions mechanism is influenced 
by the nature of the bidentate ligand. 

The formation of rhodium acyl species is impor- 
tant in a variety of homogeneous catalyzed pro- 
cesses such as in the Monsanto process for the syn- 
thesis of acetic acid [7]. In many systems the acyl- 
rhodium intermediates have been established by 
observation of the characteristic carbonyl stretching 
frequency at about 1700 cm-‘. In some cases the 
acyl complex is the final reaction product between 
a Rh(1) complex and CHsI. 
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The final isomer that is formed during the oxida- 
tive addition of CHsI (acyl or alkyl) should depend 
on the nucleophilicity of the ligands in the metal 
complex. In the case of [Rh(LL)(CO)(PX,)J com- 
plexes it is noticeable that the acyl complex is formed 
if one or both of the donor atoms of the bidentate 
ligand is a sulphur atom [8]. For LL = fl-diketones 
[ 1,2] cupferron [3] or 8.hydroxyquinoline [9] 
the final product is the alkyl complex. An explana- 
tion for this “oehaviour may be found in the capa- 
bility of the other donor atoms to stabilize the 
Rh(III)-acyl bond. It appears that the acyl com- 
plex is stabilized (relative to the alkyl complex) 
by more nucleophilic donor atoms (like a sulphur 
atom) of the bidentate ligand. To further understand 
the role of different donor atoms of the bidentate 
ligand in complexes of the type [Rh(LL)(CO)(PX,)] 
the oxidative addition of CHsI to [Rh(Sacac)(CO)- 
(PXs)] complexes (HSacac = thioacetylacetone) was 
investigated. 

Experimental 

Syntheses 

(Rh(Sacac)(CO)J 
A solution of [RhZClZ(CO)4] was prepared by 

refluxing a solution of 0.25 g of RhCls-3Hz0 in 
30 cm3 dimethylformamide for approximately 
30 min [lo]. An equivalent amount of thioacetyl- 
acetone (HSacac) (synthesized as described in the 
literature [ll]) was added to the resulting yellow 
solution. About 300 cm3 cold water was added to 
this solution to precipitate the [Rh(Sacac)(CO)Z]. 
The red precipitate was removed by centrifuging 
and washed twice with cold water. [Rh(Sacac)- 
(CO),] was recrystallized from methanol. The ‘H 
NMR and infrared data are listed in Table 1. 

[Rh(Sacac)(CO)(PX3)/ complexes 
The [Rh(Sacac)(CO)(PXs)] complexes (X = ChH5, 

p-CHs0C6H4, p-Cl&H4 and C6Hll) were prepared 
by adding an equivalent amount of the phosphine 
to a solution of 0.1 g of [Rh(Sacac)(C0)2] in 20 
cm3 acetone. The solution was evaporated to give 
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TABLE 1. ‘H NMR (in CDCla) and v(C0) (KBr disks) data for the different complexes 

Compound f~ (ppm) v(CO) 

CH30) CH3CG) -CH- COCH3 
(cm-‘) 

HSacac 2.13 2.34 6.29 

[ Rh(Sacac)(CO)z] 2.25 2.52 6.13 1966,2064 

[Rh(Sacac)(CO)(P@-CH30CeH&] 1.70 2.49 6.52 1968 

[ Rh(Sacac)(CO)(PPh3)] 1.67 2.52 6.56 1978 

[Rh(Sacac)(CO)(PGoC1C6H4)3)1 1.72 2.53 6.58 1981 

[Rh(Sacac)(CO)(P(C6H,1)31 a 2.48 6.59 1952 

[Rh(Sacac)(CoCH,)(I)(P(pCH3COC6H4)3)] 2.18 2.34 6.52 2.67 1717 

[ Rh(Sacac)(COCH&I)(PPh3)1 2.18 2.37 6.52 2.69 1716 

[Rh(Sacac)(CoCH3)(I)(P@CIC6H4)3)1 2.22 2.40 6.58 2.64 1719 

aOverlap with -C,$Ill signals. 

a fine yellow powder. The powder was dissolved in 
a minimum of cold acetone (about 5 cm3) and 10 
cm3 n-hexane was added to this solution. The solu- 
tion was allowed to evaporate at room temperature. 
A fine yellow crystalline precipitate was obtained 
for all the phosphines. The ‘H NMR and infrared 
data are given in Table 1. 

[Rh(Sacac)(COCH3)(I)(PX3)j complexes 
CH31 (2 g) was added to a solution of 0.07 g of 

[Rh(Sacac)(CO)(PX,)] in 13 cm3 of acetone. The 
mixture was sealed to prevent evaporation of the 
iodomethane. The reaction progress was monitored 
by means of infrared spectra (decrease of the Rh(I)- 
CO peak). n-Hexane (15 cm3) was added to the 
solution after complete disappearance of the 
Rh(I)-CO peak (about 60 min). The solution was 
allowed to evaporate at room temperature. A fine 
orange powder was obtained for all the phosphines. 
The ‘H NMR and infrared data are listed in Table 1. 
Anal for the triphenyl phosphine complex, [Rh- 
(Sacac)(COCH3)(I)(PPh3)] : talc. for C25Hz502- 
SPIRh: C, 46.17; H, 3.86; 0, 4.94; S, 4.93; P, 4.76; 
I, 19.52; Rh, 15.82. Found: C, 46.76; H, 4.07; 0, 
5.27; S, 4.64; P, 4.67; I, 19.40; Rh, 15.3%. 

Kinetics 
All the infrared measurements were done on a 

Hitachi model 270-50 spectrophotometer with a 
wave number accuracy of 2 cm-’ in the region em- 
ployed. The kinetic measurements were performed 
in a thermostated cell (kO.1 “C) with a 0.5 mm 
pathlength and NaCl windows. The reaction progress 
was monitored in the infrared region from the dis- 
appearance of the Rh(I)-CO peak as well as the 
formation of the Rh(III)-acyl’s carbonyl peak. 
The concentration of the Rh(1) complexes was about 
2 X 10V2 mol dme3 in all the cases. 

The visible spectrophotometric measurements 
were performed on a Hitachi model 150-20 spectro- 

photometer equipped with a thermostated (+O.l “C) 
cell holder. The concentration of the different 
Rh(1) complexes was about 2 X 10e4 mol dme3 for 
all the kinetic measurements. 

The concentration of the iodomethane was varied 
between 0.1 and 1.0 mol dme3 to ensure good 
pseudo-first-order plots of In(lA, - A,I) versus 
time. All the calculations wete performed on a Univac 
1100 computer using a non-linear least-squares 
program. 

Results and Discussion 

The two methyl groups in [Rh(Sacac)(CO)2] 
are not chemically equivalent. The ‘H NMR spectrum 
therefore shows two methyl signals, singlets at 6 = 
2.25 and 2.52 ppm ((CD3)2CO), for the bidentate 
ligand Sacac-methyl protons. The assignment (see 
Table 1) is according to that of HSacac [12] which 
is justified since the two metal-bonded carbonyl 
groups should have an equivalent effect on the two 
methyl groups. 

The ‘H NMR spectra of the [Rh(Sacac)(CO)- 
(PX,)] complexes also show two singlet methyl 
signals. The results of the crystal structure deter- 
mination of [Rh(Sacac)(CO)(PPh,)] [13] as well 
as nuclear Overhauser effects were used to assign 
these signals. The crystal structure determination of 
[Rh(Sacac)(CO)(PPh3)] showed that only the car- 
bony1 group tram to the sulphur atom in [Rh(Sacac)- 
(CO),] was substituted by PPh3 indicating that 
the sulphur atom of Sacac has a larger tram influence 
than the oxygen atom. The phenyl protons should 
thus have the largest association with the methyl 
protons nearest to the oxygen atom of Sacac. The 
methyl signal at 6 = 1.67 ppm showed the largest 
association with the phenyl protons and was thus 
accordingly assigned to the CH3C(0) group, see 
Table 1. The assignment of the methyl signals for 
the other complexes was done in the same way. 
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The microanalysis of the oxidative addition 
product of the reaction between [Rh(Sacac)(CO)- 
(PPh,)] and CHaI confirmed the expected composi- 
tion, i.e. C2sH2s02SPIRh. The ‘H NMR spectrum 
shows three singlets indicating an extra methyl 
group due to the oxidative addition of CHaI. Since 
a metal bonded CHa group is expected to couple 
with both the rhodium and phosphorous atoms 
(as was found in [Rh(cupf)(CO)(CH,)(I)(PPh3)] 

[31 and [Rh(acacXCH,XI)(P(OPh),)*l 141) the 
observed singlet points to methyl migration (car- 
bony1 insertion) resulting in the acyl complex 
[Rh(Sacac)(COCH,)(I)(PPha)] . The assignment of 
the methyl signal of the acyl group (see Table 1) 
is based on the observation that the methine hy- 
drogen atom shows an equal association with the 
methyl signals at 6 = 2.18 and 2.34 ppm and no 
association with the methyl signal at 6 = 2.69 ppm 
while the assignment of the methyl signals of the 
chelate ring (CH,C(O) and CH,C(S) groups) is 
based on the fact that the methyl signals of the 
CH,C(S) group was shifted to a lower field relative 
to those of the CHsC(0) group in the other com- 
plexes, see Table 1. The different phosphines do 
not have a large influence on the position of the 
different methyl and methane hydrogen signals. 

The carbonyl stretching vibrations, v(CO), in 
the vicinity of 1720 cm-’ also verify that the acyl 
complex is the final oxidative addition product in 
all the cases. No absorption in the infrared region 
between 2000 and 2100 cm-’ was observed as was 
the case for other Rh(III)-CO complexes such as 
[Rh(acac)(CO)(CH3XI)(PX3)1 PI and Wh(cupf)- 
WWbXNPW [31- 

All the [Rh(Sacac)(CO)(PXa)] complexes re- 
ported here are stable in the solvents used for this 
investigation, i.e. toluene, ethylacetate, chloro- 
benzene, acetone, 1,2-dichloroethane and aceto- 
nitrile. On the other hand, UV-Vis time scans 
(340-500 nm) for a methanol solution of [Rh- 
(Sacac)(CO)(PPha)] showed a slow decomposition 
with rate constant 1.17(4) X lo-’ s-l at 25 “C. 
The absorption changes in the afore-mentioned 
solvents were however negligible during a period 
of up to 3 h. 

Preliminary investigation (by means of infrared 
time scans in the region 1700-2200 cm-‘) of the 
oxidative addition of CHaI showed that the strong 
Rh(I)-carbonyl peak in the region of 1950-1990 
cm -’ disappears with the simultaneous formation 
of a very low intensity Rh(III)-carbonyl peak at 
c. 2060 cm-’ and a strong Rh(III)-acyl peak at 
about 1720 cm-‘. This disappearance and simul- 
taneous formation of these peaks (which not only 
demonstrate the presence but also give an indication 
of the relative concentration of the different species) 
is shown in the plot of absorbance versus time in 
Fig. 1. 

A 0.6 - 

Fig. 1. Typical infrared time scans of the CO peaks for the 

oxidative addition of CH$ to [Rh(Sacac)(CO)(PPh,)] in 
1,2-dichloroethane at 25 “C. A: Disappearance of [ Rh(Sacac)- 
(CO)(PPh3)] (u(C0) = 1978 cm-‘), B: formation of acetyl 

peak (v(C0) = 1720 cm-t, C: disappearance of ionic inter- 
mediate (v(C0) = 2060 cm-‘). 

350 400 450 

Wavelength (nm) 

500 

Fig. 2. Repetitive scans (2.5 min intervals) for the oxidative 

addition of CHJI (0.5 M) to [Rh(Sacac)(CO)(PPh,)] (2 X 
lo4 M) in acetone at 25 “C. 

It must be pointed out that the Rh(III)-CO peak 
at c. 2060 cm-’ is normally a high intensity peak 
as was for example found in the case of [Rh(acac)- 

(CWCW(IWPMl PI and [Rh(cupf)(CO)(CH& 
(I)(PPh,)] [3]. The low intensity Rh(III)-CO peaks 
thus indicate that these species remain at a very 
low concentration during the reaction and that they 
are rapidly converted to the final acyl complexes 
with u(C0) at about 1720 cm-‘. The smooth con- 
version of the Rh(1) complex to the Rh(III)-acyl 
complex is also seen in the UV-Vis time scans. 
Three isosbestic points (such as in Fig. 2) which 
remain throughout the reaction were observed for 
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TABLE 2. Isosbestic points in the reaction of [Rh(Sacac)- 

(CO)(PX3)] with CH3I in acetone at 25 “C 

X Isosbestic points (nm) 

P~Hd’Cdb 354 386 421 

C6HS 360 381 421 
p-ClC(jH4 364 370 417 
C6Hll 358 389 445 

the reaction of all the phosphine complexes. These 
isosbestic points are listed in Table 2. 

According to these results the following reaction 
scheme may be presented: 

[Rh(Sacac)(CO)(PX3)] + CH31 u = 1960-1990 cm-’ 

kl k-1 II 
Rh(III)-CO Complex v = 2060 cm-’ 

kz Ilk-2 
[Rh(Sacac)(COCH3)(I)(PX3)] v(C0) = 1720 cm-’ 

In this reaction scheme the value of k-2 must be 
small since the Rh(1) complex is completely con- 
verted to the final acyl complex even at a low con- 
centration of CHaI. The final complexes are also 
stable in solution and no conversion to the alkyl 
complex (as was found for the oxidative addition 
of CH31 to [Rh(acac)(CO)(PPh3)] was detected 
even after 400 times the half-lives of the reac- 
tions. 

The plots of ln(lA, -A,!) versus time for the 
disappearance of the Rh(I)-CO peak as well as for 
the formation of the Rh(III)-acyl carbonyl peak 
were linear for at least two half-lives while the plots 
of the pseudo-first-order rate constants versus [CH31] 
were linear with a zero intercept. The observed 
second-order rate constants (kobs) as determined 
from these data at 25 “C are listed in Table 3. It is 
clear that the rate constants as determined from 
the disappearance of the Rh(I)-CO peak and the 
formation of the Rh(III)-acyl carbonyl peak are 
the same within experimental error. 

The first three phosphine entries in Table 3 have 
the same cone angle 0 [14] and thus the same stereo- 
chemical demand. They should however influence 
the Rh(1) centre differently as a result of the dif- 
ferences in the electronegativity of the substituent 
groups. The second-order rate constants show about 
a ten-fold increase from the P(p-c1c6&)3 to the 
P(JJ-CH~OC~H~)~ complex. This tendency is direct- 
ly related to the u-donor ordering of P(p-CHaOC6- 
H4)3 > PPh3 > P@-c1c6&)3 and thus the rela- 
tive basicity of the Rh(I) complex. The carbonyl 
stretching vibrations (Table 1) which are a function 
of the electron density on the rhodium atom display 
the same dependence of the metal basicity on the 
a-donor ability of the phosphine ligand. It is thus 
clear that an increased electron density on the Rh(1) 
centre leads to an increase in the reactivity of the 
complex towards oxidative addition reactions. 

According to the electronic effect of the dif- 
ferent phosphines it is expected that the rate con- 
stant for the P(C6H11)3 complex should be larger 
than for the P@-CH30C&I& Complex. This would 
also be in agreement with the carbonyl wavenumbers 
of these complexes (see Table 1) which indicate 
the relative good a-donocity of the P(C6H11)3 ligand 
resulting in a strong Lewis base complex. The ob- 
served rate constant for the P(C6H11)3 complex is 
however of the same order as that for the P(JJ- 
c1c6&)3 complex. The relative low reactivity of 
the P(C6H11)3 complex may be ascribed to steric 
hindrance of the more bulky P(C6H11)3 ligand with 
a cone angle of 165” in comparison with the cone 
angle of 145’ for the other phosphines [ 141. It is 
thus clear that electronic as well as steric influences 
are important in determining the reactivity of these 
complexes towards oxidative addition reactions. 

It was possible to study the reactions by means 
of infrared spectrophotometry in only three solvents, 
i.e. 1,2-dichloroethane, acetone and ethylacetate. 
The reactions in the last two solvents could only 
be monitored in the 1950-2100 cm-’ region. The 
absorption of toluene and chlorobenzene is too 
high in the 1700-2100 cm-’ region while the sol- 
ubility of [Rh(Sacac)(CO)(PPh3)] in acetonitrile 
is too low. The reaction rate constants in these 

TABLE 3. Rate constants and activation parameters for the oxidative addition of CH3I to [Rh(Sacac)(CO)(PX3)] complexes in 
1,2dichloroethane at 25 .O “C 

X k ,-&a x 103 k obsb x 103 AH+ AS f 

(M-l s-l) (M-l s-l) (kJ mol-‘) (J mol-’ K-‘) 

PCH@Cd% 11.9(3) 11.8(6) 39.4(12) - 150(6) 

C6H5 5.52(8) 4.92(8) 46.5(30) - 134(11) 

p-ClC6H4 1.10(5) 1.10(5) 47.3(17) - 143(7) 

C6Hll 1.74(8) 

aRh(I)-CO peak data. bRh(III)-acyl carbonyl peak data. 
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TABLE 4. Effect of the solvent on the reaction rate constant for the oxidative addition of CHaI to [Rh(Sacac)(CO)(PPhs)] at 
25 “C 

Solvent k obsa x 104 k obsX104 
(M-r s-r) (M-l s-l) 

Eb Dnb AH+ AS+ 

t&J mol-‘) (J mol-’ K-‘) 

Toluene 2.17(4) 403 2.4 68.0(2) - 87(6) 
Ethylacetate 5.86(8) 5.47(5) 403 6.0 17.1 
Chlorobenzene 8.36(6) 406 5.6 
Acetone 30.0(6) 30.1( ) 397 20.7 17.0 50.7(9) - 122(3) 
1,2-Dichloroethane 55.2(8) 56.0(7) 402 10.1 -0.1 46.5(30) -134(11) 
Acetonitrile 82.7(7) 325 36.1 14.1 47.0(20) - 128(7) 

aFrom data at v(C0) = 1978 cm-l. bRef. 15. 

solvents were therefore determined by means of 
absorption measurements in the visible region. The 
plots of h&l, - At) versus time were also linear 
for at least two half-lives. The second-order rate 
constants were determined from plots of the pseudo 
first-order rate constants versus [CH31] which were 
also linear with a zero intercept and are given in 
Table 4. It is clear that the rate constants as deter- 
mined from the disappearance of the Rh(I)-CO 
peak at 1978 cm-’ are within the experimental 
error the same as those obtained frommeasurements 
in the visible region. A forty-fold variation of the 
rate constants was observed in the different solvents 
used. 

The results in Table 4 indicate that the reaction 
rates are not dependent on the donicity of the 
solvent as in the case for the oxidative addition reae 
tions of [Rh(cupf)(CO)(PPh,)] . A solvent-assisted 
path was however observed for the latter reaction. 
The effect of the solvent on the reaction rate how- 
ever clearly indicates a significant increase in the 
reactivity of [Rh(Sacac)(CO)(PPh,)] in more polar 
solvents. This can be taken as evidence that the 
function of the solvent is to ease the charge separa- 
tion during the formation of the transition state. 

This evidence is in agreement with the observa- 
tion that the volume of activation for the oxidative 
addition of CH31 to a similar Rh(1) complex [Rh- 
(cupf)(CO)(PPh3)] is much more negative in the 
more polar solvent methanol than in acetone [5]. 
A polar transition state 

pQ+ 
or I&‘......CH 3......IS- 

I II 

may thus accordingly be proposed. 
If these reactions proceed via transition state II 

the observed intermediate with v(C0) at about 
2060 cm-’ may be formulated as the ionic inter- 
mediate [Rh(Sacac)(CO)(PPh3)(CH3)]+I-. 

(1) 

If transition state I (for a concerted three-centered 
mechanism) is assumed c&addition of CH31 should 
occur and the observed intermediate may be for- 
mulated as the neutral complex [Rh(Sacac)(CO)- 

P~WWM(I)I . 
The crystal structure determination of [Rh(cupf)- 

(CO)(PPh,)(CH,)(I)] indeed proved that c&addition 
took place during the oxidative addition of CH31 
to [Rh(cupf)(CO)(PPh,)] . 

According to the kinetic results and the possible 
transition states the following mechanisms may be 
proposed. 

Transition state II 

[Rh(Sacac)(CO)(PPh3)] + CH31 

1 kl slow 

[Rh(Sacac)(CO)(PPh3)(CH3)]+I- 

I 
k, fast 

[Rh(sacacXCoCH3)(PPh,)0)1 

or 

Transition state I 

[Rh(Sacac)(CO)(PPh3)] + CH31 

1 
k, slow 

[Rh(sacac>(Co)(PPh3)(CH3)(1)1 

I kz fast 

[Rh(sacac)(CoCH3)~Ph3XI)I 

(2) 

According to these reaction schemes the observed 
second-order rate constants, kobs, are equal to kl. 

It may be noted that reaction (1) is essentially 
the same as the one proposed for the oxidative 
addition of CH31 to the corresponding /3-diketone 
complexes with the exception that no transformation 
from the Rh(III)-acyl complex to a final six- 
coordinated alkyl complex was detected in the 
present study [2]. The large negative values of 
M’ however may be indicative of transition state I, 
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reaction (2). To distinguish between transition states 
I and II we plan a detailed high-pressure kinetic 
study. It is clear that the alkyl intermediate (whether 
a five- or six-coordinated species) is quite reactive 
since the rate of disappearance of the rhodium(I) 
complex is the same as the rate of formation of 
the rhodium(III)-acyl complex. This may be ex- 
plained by the capability of Sacac (being a better 
nucleophile than /I-diketones) to destabilize the 
rhodium(III)-alkyl bond. 
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