
Inorganica Chimica Acta, 143 (1988) 223-227 223 

Kinetics and Mechanism of the Oxidative Addition of Iodomethane to 
/3-Diketonatobis(triphenylphosphite)rhodium(I) Complexes 

G. J. VAN ZYL, G. J. LAMPRECHT, J. G. LEIPOLDT* 

Department of Chemistry, University of the Orange Free State, Bloemfontein 9300, South Africa 

and T. W. SWADDLE 

Department of Chemistry, University of Calgary, Calgary, T2N IN4, Canada 

(Received June 9, 1987) 

Abstract 

The kinetics and mechanism of the oxidative addi- 
tion of CHJ to [Rh@-diketone)(P(OPh)&] com- 
plexes was studied in acetone medium at various 
temperatures. The experimental rate law is R = 
k[Rh(&diketone)(P(OPhj)23 [CH31]. The order of the 
effect of the /3-diketone on the reactivity of the com- 
plexes is acac > BA > DBM > TFAA > TFBA > 
HFAA indicating that electronegative substituents of 
the fl-diketone decrease the reactivity of the com- 
plexes towards oxidative addition reactions. The 
volume of activation for some of the reactions was 
determined in various solvents. The large negative 
values of the volume and entropy of the activation 
indicated a mechanism which occurs via a polar 
transition state. 

Introduction 

The kinetics of the oxidative addition reactions of 
transition metal complexes with d* or d” electron 
configurations with alkyl halides have been extensive- 
ly reported in recent years. The impetus for these 
investigations has been to gain a greater under- 
standing of the electronic and steric factors in- 
fluencing these reactions, which is a vital step in the 
functioning of many of these compounds as homoge- 
neous catalysts. 

In these reports various factors, which have a large 
influence on the rate of the oxidative addition reac- 
tions, have been investigated. The inhibitory effect 
of electron withdrawing ligands on the reactions rates 
has been reported by several authors [l-4]. The 
electronic effect of different substituents on the fl- 
diketone on the rate of the oxidative addition reac- 
tion has been determined [3] for the reaction: 

[Rh(P-diketone)(CO)(Pph3)1 + CHJ ---+ 

[Rh@-diketone)(CO)(PPh,)(CH3)(1)] 

*Author to whom correspondence should be addressed. 
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The inhibiting effect of the strong electronegative 
CF3 groups on the reactivity of the metal complex is 
explained by the fact that electron density is 
removed from the metal, making the complex a 
stronger Lewis acid and thus less reactive in an 
associative mechanism [3]. 

Ugo et al. [5] showed that steric effects are also 
an important factor in controlling the rate of the 
oxidative addition reaction. The influence of the 
solvent on the reaction rate has also been extensively 
investigated [ 1, 3, 4, 51. These electronic and steric 
effects, as well as the solvent effects, support the idea 
of a polar transition state [3-61. The concept of a 
polar transition state is also supported by large 
negative values of the entropy of activation [3,5,7], 
as well as large negative values of the volume of 
activation [7]. All these above-mentioned factors 
indicate that the oxidative addition reactions of Ir(I) 
and Rh(1) complexes with alkyl halides occur via an 
associative (SN2) addition mechanism [3, 6,7]. 

The majority of the complexes studied contained 
at least one carbonyl ligand [l-S, 71 and it is found 
that many of these oxidative addition reactions are 
complicated by an alkyl-acyl conversion reaction 
[l, 3, g-101. This paper reports the oxidative addi- 
tion reaction of [Rh(&diketone)(P(OPh)3)21 com- 
plexes with CHJ and without the presence of a car- 
bony1 ligand a less complex mechanism is thus 
expected. In the present study the fldiketones: 
acetylacetone (acac), dibenzoylmethane (DBM), 
benzoylacetone (BA), trifluoroacetylacetone (TFAA), 
trifluorobenzoylacetone (TFBA) and hexafluoro- 
acetylacetone (HFAA) were used to determine the 
effect of the substituents on the reaction rate. 

Experimental 

The [Rh@-diketone)(P(OPh)3)2j complexes were 
prepared by methods described earlier [l 11. Iodo- 
methane (Merck) was always used as freshly distilled 
samples, while the solvents used were reagent grade. 

0 Elsevier Sequoia/Printed in Switzerland 



224 

One of the oxidative addition products, [Rh(acac)- 
(P(OPh)&(CH,)(I)] was prepared as follows. A large 
excess CHsI (-3 cm”) was added to [Rh(acac)(P- 
(OPh),),] in 5 cm3 acetone. The reaction mixture 
was sealed and set aside for ca. 24 h. The yellow solu- 
tion was evaporated under reduced pressure to 
remove the solvent and excess methyliodide. The 
resulting yellow precipitate was dissolved in about 
3 cm3 acetone. The solution was filtered and the reac- 
tion product was reprecipitated by the dropwise addi- 
tion of water. Analysis for RhC42H400sIPZ (cal- 
culated values in parentheses) Rh, 10.7 (10.7); C, 
52.77 (52.3); H, 4.48 (4.2); 0, 13.5 (13.3); P, 6.46 
(6.4); I, 13.6 (13.2%). 

The stereochemistry of [Rh(acac)(P(OPh)3)2- 
(CH3)(I)] was determined by ‘H NMR spectra, 
recorded on a Bruker WN300 spectrometer. The ‘H 
NMR spectrum of [Rh(acac)(P(OPh),),(CH3)(I)] 
shows two methyl signals, a singlet (6 = 1.43 ppm 
(CD3),CO) for the bidentate ligand acac-methyl 
protons, suggesting that the two CH3 groups of the 
/3-diketone, acac, are magnetically equivalent. The 
methyl signal of the addend appear as a double 
doublet (6 = 1.78 ppm, J(P-CH3) = 3.1 Hz and J- 
(Rl-CH3) = 1.2 Hz), suggesting io5Rl-CH3 and 
31P-CH3 coupling. The observed chemical shift and 
coupling constants compare favourably with other 
compounds where a methyl group is directly attached 
to the rhodium atom, such as [Rh(Cl)z(CH3)(CO)- 
(PPh3)2] [12, 131 where 6 = 0.85 ppm, J(P-CHa) = 
5.0 Hz and J(Rh-CH3) = 2.1 Hz. The values ofJ(P- 
CH3) and J(Rh-CH3) in the current complex are 
smaller, but this is expected since J(P-CH3) decreases 
along the series of chloro-, bromo- and iodorhodium- 
(III) derivatives [12]. Another interesting pheno- 
menon in the ‘H NMR spectrum of [Rh(acac)(P- 
(OPh),),(CH,)(I)] is the fact that the methine protons 
of acetylacetone appear as a triplet (J = 0.9 Hz). This 
triplet could be ascribed to long range coupling with 
the methyl protons of the addend. Steric interactions 
between the methyl and triphenylphosphite groups 
force the methyl group towards the methine proton, 
thus leading to long range coupling between these 
protons. This type of steric interaction is clearly seen 
in the value of the I-R&I bond angle of CU. 170” in 
a similar complex, [Rh(TFAA)(P(OPh),),(I),1 [ 141, 
where the slightly distorted octahedral arrangement 
is attributed to steric interaction between the iodide 
and triphenylphosphite ligands. It is expected that 
the steric interaction between a methyl and triphenyl- 
phosphite group is to be much bigger. 

The product of the oxidative addition reaction, 
[Rh(P-diketone)(P(OPh)3)z(CH3)(I)] [ 151, thus 
assumes an octahedral geometry, in which the /.5’- 
diketone ligand and two triphenylphosphite groups 
are located in an equatorial plane with the methyl 
and iodide ligands in axial positions. The frans addi- 
tion of CH31 to [Rh@-diketone)(P(OPh),),l is also 
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confirmed by the structure determination of a similar 
complex, trans-[Rh(BPHA)P(OPh)a)a(CHs)(I)] [ 151, 
where BPHA = N-phenyl-N-hydroxylamine, in which 
rrans addition occurred. 

Kinetic Measurements 
The oxidative addition reactions were followed 

spectrophotometrically on a Hitachi 150-20 spectro- 
photometer. The formation of [Rh@diketone)(P- 
OPh)a)a(CHs)(I)] were measured at the wavelengths 

TABLE II. Second Order Rate Constants of the Reaction of 

[Rh(acac)(P(OPh)&] with CHsI in Various Solvents (T= 

25 .o “C) 

Solvent Dielectrical k 
constant [ 181 (mol-r dm3 s-r) 

Acetone 20.7 9.6 x 1O-2 
1,2dichloroethane 10.36 9.2 x 10-Q 
Chlorobenzene 5.62 4.4 x 10-Z 
Benzene 2.28 5.0 x 10-s 

indicated in Table I, for the different fidiketones 
complexes. All kinetic runs were performed in 
acetone as solvent except where the solvent effect 
was investigated. An excess of CH31 was used for all 
kinetic runs in order to achieve pseudo-first order 
reaction conditions. Under these conditions the 
pseudo-first order rate constants, kobs, were cal- 
culated from the slopes of linear In@, -At) versus 
time plots at three different temperatures. Plots of 
iodomethane concentration versus kobs were linear 
with a zero intercept. The values of the second order 
constants (k) at various temperatures, as well as 
the enthalpy and enthropy of activation and pK, 
values of the P-diketones are listed in Table I. The 
effect of different solvents on the rate of oxidative 
addition reactions of [Rh(acac)(P(OPh)3)2] are listed 
in Table II. Kinetic measurements at elevated pres- 
sures were performed by a method described pre- 
viously [ 161. The volumes of activation in different 
solvents were derived from a non-linear least-squares 
treatment of the In k versus pressure data and are 
listed in Table III. 

acac 

TFBA 

TFBA 

TFBA 

TFBA 

acetone 

acetone 

1,2dichloroethane 

dichloromethane 

chloroform 

1 0.0821 -18.7(10) 

400 0.1092 

550 0.1354 

700 0.1358 

850 0.1584 

1000 0.1686 
1400 0.2455 

150 2.8516 x 1O-3 -19.3(6) 
400 3.551 x10-3 

700 4.598 x 10-j 

1000 5.716 X 1O-3 

1300 7.05 x 10-s 

310 5.424 X 1O-3 -9.1(3) 

613 6.067 X 1O-3 

907 6.687 X lo-’ 

1210 7.615 x 1O-3 

205 4.921 x 10-s -17.7(5) 

495 5.939 x 10-s 

705 6.727 X 1O-3 

1035 8.659 x 1O-3 

1315 10.99 x10-3 

1 7.358 X 1O-3 -22.7(4) 

200 8.91 x 10-j 

500 11.46 x 1O-3 

800 15.21 X 1O-3 

1100 20.53 x 1O-3 

TABLE III. Second Order Rate Constant (k)’ as a Function of Pressure for theOxidative Additionof [Rh(pdiketone)(P(OPh)a)2] 

with CHsI (T= 21 “C) 

p-Diketone Solvent P (bar) k 
(mol-’ dm3 s-l) 

AV’ 

(cm3 mol-‘) 

*Mean value of between two and three kinetic runs. 
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Results and Discussion 

The investigated reactions are such that in the 
range of concentrations covered, kobs depends linear- 
ly on the concentration of iodomethane. The experi- 
mental data can thus be expressed as in (1) 

k ohs = kl [CWI (1) 
The effect of the substituents of the /3-diketone on 
the reaction rate is shown in Table I. It is clear from 
these results that the reactivity of the Pdiketone 
complexes of rhodium(I) towards oxidative addition 
of iodomethane is in the order acac > BA > DBM > 
TFAA> TFBA > HFAA. This order reveals the 
following effect of the substituents Ri and Rz of the 
(3diketone (the electronegativities of CHs, phenyl 
and CFs are 2.3, 3.0 and 3.35 respectively [19]) on 
the reactivity of these complexes towards oxidative 
addition reactions. (i) If a CHs group is replaced by a 
more electronegative phenyl group, the value of k 
decreases by a factor of about 2 to 3 (kacac > kEA > 
kDBM). (ii) The effect of the more electronegative 
CFs group is significant: if a CHs group is replaced 
by a CFs group the value of k decreases by a factor of 
about 20 (kaac >> kTFAA >> kHFAA). 

This electronic effect of the more electronegative 
substituents on the reaction rate can be explained by 
the fact that electron density is removed from the 
metal, making it a weaker Lewis base. The rhodium 
atom thus becomes a weaker nucleophile and there- 
fore less reactive towards oxidative addition. The 
effect of the pK, values of the various Pdiketones on 
the reaction rate is also shown in the linear free 
energy relationship, Fig. 1. The slope of the plot of 
log k versus pK, values of the Pdiketone is 0.42. 

Fig. 1. Graph of log k VS. pK,of the pdiketone in the oxida- 

tive addition reaction of [Rh(pdiketone)(P(OPh)&] with 

CHjI in acetone at 25.0 “C. 

A similar effect of electron-withdrawing sub- 
stituents of the /3-diketone was also found for the 
oxidative addition of iodomethane to W(P- 
diketone)(CO)(PPhs)] complexes [3]. A similar 
electronic effect of various phosphine ligands with 
different basicities was also observed for the oxidative 
addition of CHsI to [Ir(C1)(CO)(L)2] [5]. It was 
found that an increase in the electron density on the 
iridium atom resulted in an increase of the rate of the 
oxidative addition reaction. 

The reaction between [Rh@diketone)(P(OPh)3>2] 
and CHsI could only be studied in a limited range of 
solvents due to the insolubility of the Rh(I) com- 
plexes in many solvents. It was found (see Table II) 
that the reaction rate is enhanced by more polar 
solvents. Similar solvent effects were also found for 
various other oxidative addition reactions [I, 3, 4, 
51. The significant solvent effect is indicative of a 
mechanism in which a polar transition state is 
stabilized by more polar solvents and can be taken as 
evidence that the function of the solvent is to ease 
the charge separation during the rearrangement and 
formation of a 5-coordinate intermediate. 

The conventional activation parameters AH’ and 
AS’ (see Table I) show no worked variation with the 
character of the fldiketone. The AH+ values, are 
relatively small, compensating by highly negative AS’ 
values, both of which may be considered as charac- 
teristic of an associative mechanism. The large 
negative AS’ values indicate an increase in the coor- 
dination number during the formation of the transi- 
tion state. 

The volumes of activation, AV’,,,, for the oxida- 
tive addition of CHsI to [Rh(TFBA)(P(OPh)&] 
were determined in four solvents, see Table III. 
Volumes of activation are generally discussed in terms 
of intrinsic (AV’intr) and solvational (AVI/fs,,lv) 
volume changes, i.e. volume changes due to changes 
in bond lengths, bond angles and coordination 
number and changes in the electrostriction parameter 
[20] respectively. During oxidative addition a volume 
decrease is expected because of bond formation 
(AV’int,) and increasing electrostriction (AV’,,i,) 
due to a polar transition state involving heterol 
cleavage of the CHs-I bond. The value of AV Y 

tic 
intr 

may be obtained from the intercept of the plot of 

A V*,xp versus the solvent parameter q,,, i.e. the 
volume change in a hypothetical non-solvating 
medium. Unfortunately a plot of AVz,xP versus qP 
gave a non-linear relationship with the result that a 
value of APint, could not be determined. Although 
we were unable to estimate the value of AV’,,,it is 
expected that AV’,,,, would make a significant con- 
tribution to the value of AV#expt with the result that 
IAV#intrl would be significantly smaller than 
IAV’ exptl. The value of l4 V#intrI thus appears rather 
small for the simultaneous formation of two bonds 
between the rhodium atom and the methyl group and 



Oxidative Addition of Iodomethane to Rh(I) 

iodine atom in a concerted three-centre mechanism. 
The volume of activation for the dimerization reac- 
tion of cyclopentadiene (for which a three-centre 
transition state has been proposed) shows a AI/#intr 
value of -31 cm3 mol-’ [20,21]. 

With the structures of the reactant [22-241 and 
final product known, the kinetic data (the effect of 
the substituents of the fl-diketone and solvent on the 
reaction rate as well as the aSz and AVf values) 
suggest the following reaction mechanism. 

O\ p 
Rh’ 

k 

O’ ‘P 

+ CH31 __c I- 
Slav 

I fast 

CH3 
011 P 

Rh’ 
0’1 ‘P 

The proposed first step may be represented as 

O\ p 
Rh’ 

/ 1 
+ CH31 - 

0 P 

i.e. a linear transition state. 

( O\ HP 
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,Rh\ 
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