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Abstract: The reaction rate of the oxidative addition and CO insertion steps of methyl iodide with [Rh(PhCOCHCOPh)(CO)(P(OCH,),CCH,)]
are presented. Large negative experimental values for the activation entropy and results from a density functional theory computational
chemistry study indicated frans addition of the CH,| to [Rh(PhCOCHCOPh)(CO)(P(OCH,),CCH,)]. A study of the molecular orbitals gives
insight into the flow of electrons during the oxidative addition reaction. CO insertion leads to a square pyramidal [Rh(PhCOCHCOPh)
(P(OCH,),CCH,)(COCH,)(1)] acy! product with the COCH, moiety in the apical position. The strong electron donation of the P(OCH,),CCH,
ligand accelerates the oxidation addition step of methyl iodide to [Rh(PhCOCHCOPh)(CO)(P(OCH,),CCH,)] by ca. 265 times faster
(at 35°C) than that of the Monsanto catalyst, but inhibits the CO insertion step.
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1. Introduction

Substitution and oxidative addition reactions of square
planar d® electron rhodium(l) complexes are of particular
importance for stoichiometric and catalytic reactions
of coordination compounds [1]. An important example
of a catalytic oxidative addition reaction is the reaction
between methyl iodide and cis-[Rh(CO),L,]". The first
oxidative addition reaction is the rate-determining
step in the rhodium based Monsanto carbonylation of
methanol to acetic acid [2-4]. The electronic structure
and reactivity of rhodium(l) complexes can be modified
by the selection of the appropriate ¢ and 1 donor-
acceptor ligands. Rhodium(l) complexes with 3-diketones
and triphenylphosphine or triphenylphosphite are of
importance because of their catalytic activity in the
hydroformylation of olefins [5-10].

The oxidative addition of iodomethane to
bisphosphite complexes of the type [Rh(B-diketonato)
(P(OPh),),] corresponds to a two step S, 2 mechanism
via a five-coordinated transition state resulting in a
trans-rhodium(lll)-alkyl product [11-13]. The oxidative

addition reaction of iodomethane with monophosphine
complexes of the type [Rh(B-diketonato)(CO)(PPh,)] is
complicated by alkyl-acyl conversion reactions [14-21].
Characterization of the final products (alkyl vs acyl) and an
understanding of the factors influencing these conversion
reactions, are thus of primary importance. Understand
the mechanism of activity of a catalyst requires an
understanding of its structure in all the reaction steps.
A combined experimental and computational chemistry
study of the oxidative addition reaction of iodomethane
with the monophosphite complex [Rh(PhCOCHCOPhH)
(CO)(P(OCH,),CCH,)], PhCOCH,COPh = 1-phenyl-1,3-
butanedione or benzoylacetone is discussed to provide a
clear indication of the catalyst intervention.

2. Experimental procedure

2.1. Materials and apparatus

Solid reagents used in preparations (Merck, Aldrich and
Fluka) were applied without further purification. Liquid
reactants and solvents were distilled prior to use; water
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was doubly distilled. Organic solvents were dried
according to published methods [40].

2.2. Synthesis
[Rh(PhCOCHCOPh)(CO)(P(OCH,),CCH,)] was
prepared as described previously [31]. Characterization
data. IR (KBr): v/cm™: 1992 (C=0). 'H NMR (&/ppm,
acetone-d): 0.935 (s, 3H, phosphite-CH,); 4.47 (d, 6H,
3 x OCH,); 7.105 (s, 1H, CH), 7.43-7.57 and 8.07-8.14
(2xm, 10 H, phenyl). 3P NMR ((3/ppm, acetone-d):
114.513 (d, 1P, phosphite-P, 'J_, _ = 282.029 Hz).

2.3. Spectroscopy and spectrophotometry
NMR measurements at 298 K were recorded on
a Bruker Avance DPX 300 NMR spectrometer
("H 300.130 MHz). The chemical shifts were reported
relative to SiMe, (0.00 ppm). Positive values indicated
a downfield shift. Infrared spectra were recorded on
a Hitachi 270-50 infrared spectrometer either in a KBr
matrix or in chloroform solutions. UV measurements
were recorded on a GBC-916 UV/VIS spectrophotometer
equipped with a multi-cell thermostated cell holder
(£ 0.1°C).

2.4. Kinetic measurements

Oxidative addition reactions were monitored on the
IR (by monitoring the formation and disappearance
of the carbonyl peaks in chloroform) and on the
UV/vis (by monitoring the change in absorbance
at 410 nm in chloroform and acetone)
spectrophotometers. All kinetic measurements were
monitored under pseudofirst-order conditions with [CH, ]
in a 60 to 1000 times access over the concentration of
the [Rh(PhCOCHCOPh)(CO)(P(OCH,),CCH,)]complex.

The concentration [Rh(PhCOCHCOPh)
(CO)(P(OCH,),CCH,)] = 0.0002 mol dm? for
UV/vis measurements and = 0.003 mol dm? for

IR measurements. Kinetic measurements, under
pseudofirst-order conditions for different concentrations
of [Rh(PhCOCHCOPh)(CO)(P(OCH,),CCH,)] at a
constant [CH,I], confirmed that the concentration
of  [Rh(PhCOCHCOPh)(CO)(P(OCH,),CCH,)]  did
not influence the observed kinetic rate constant.
The observed first-order rate constants were obtained
from least-square fits of absorbance vs time data
[41].  The [Rh(PhCOCHCOPh)(CO)(P(OCH,),CCH,)]
complex was tested for stability in solution by
means of an overlay of IR and UV/vis spectra for
at least 24 hours.

2.5. Calculations
Pseudofirst-order rate constants, k,_, were calculated
by fitting [4 1] kinetic data to the first-order equation [42]

At _ Aw= (Ao 'Aw) g(-kobs x )

with A , A_ and A = the absorbance of the indicated
species at time t, infinity and O respectively.
The experimentally determined pseudo first-order
rate constants were converted to second- order rate
constants, k,, by determining the slope of the linear
plots of k,_ against the concentration of the incoming
iodomethane ligand. Non-zero intercepts implied that

K. = kICH,Il + k..

All kinetic mathematical fits were completed
utilizing the fitting program MINSQ [41]. The error of
all the data was indicated according to crystallographic
conventions, for example k= 0.0236(1) s implies
k. =(0.0236 £ 0.0001) s™.

The activation parameters were determined by a
least square fit to the Eyring equation [42]

Tk, A" AS”
k, =—exp| - + )

h RT R
as well as from two linear forms of the equation [43]

k, ~ AH® AS* ks

In—== +——+In— (3)
T RT R h
and
it #
Txlnk—2=Tx lnk—B+ AST | _AH (4)
T h R

with AH# = activation enthalpy, AS* = activation entropy,
k, = second-order rate constant, k, = Boltzmann’s
constant, T = temperature, h = Planck’s constant,
R = universal gas constant. Values determined for
AH* and AS* using equations (2) to (4) were the same
(see Fig. 3 and Fig. 4). The calculated standard
errors obtained of AH* and AS* relate to the average

experimental temperature [42,44]] within 8 K:
#
O_(AH# ) _ Tov (5)
criAS '

The activation Gibbs energy was calculated from
equation [42]

AG* = AH! - TAS (6)

2.6. Computational chemistry

Density functional theory (DFT) calculations were carried
out using the ADF (Amsterdam Density Functional) 2009
programme [45-47] with the GGA (Generalized Gradient
Approximation) functional PW91 (Perdew-Wang, 1991)
[48]. The TZP (Triple ¢ polarised) basis set with a
fine mesh for numerical integration, a spin-restricted
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Figure 1. llustration of the oxidative addition reaction between CH,I' and [Rh(PhCOCHCOPH)(CO)(P(OCH,),CCH,)] as monitored
on the IR spectrophotometer between 1650 — 2200 cm™ in chloroform at 25°C. (a) The first reaction (left, 90 s intervals) is indicated
by the disappearance of Rh' (peak at 2018 cm') and the simultaneous appearance of Rh'-alkyl (peak at 2108 cm') at the same rate.
(b) The second reaction is indicated by the simultaneous disappearance of Rh"-alkyl (peak at 2108 cm™) and the formation
of an Rh"-acyl (peak at 1714 cm”) species. The inserts give the absorbance vs. time data of the indicated species.

[CH,I] = 0.1954 mol dm*®, [Rh] = 2.6x10° mol dm*.

absorbance
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Figure 2. selected repetitive UV/vis scans for the oxidative addition
of CH,J to [Rh(PhCOCHCOP)(CO)(P(OCH,),CCH,)]
in chloroform at 25.0(1)°C.  Inset Absorbance-time
data collected at 410 nm. [CH,I] = 0.1040 mol dm,
[Rh] = 2.5x 10" mol dm, k.. = 0.0011092(3) s

formalism and full geometry optimization with tight
convergence criteria, was used for minimum energy and
transition state (TS) searches. Approximate structures
of the TS have been determined with linear transit (LT)
scans, with a constrained optimization along a chosen
reaction coordinate, to sketch an approximate path over
the TS between reactants and products. Numerical
frequency analyses [49,50] where the frequencies are
computed numerically by the differentiation of energy
gradients in slightly displaced geometries, have been
performed to verify the TS geometries. A TS has one
imaginary frequency. Finally, the TS was allowed to
relax after displacing the atoms according to the reaction
coordinate as determined by the eigenvectors. Relaxing

the TS from the minimum stretch of frequency gave the
reactants (rhodium(l) and CH,l). Relaxing the TS from
the maximum stretch of frequency gave the products (the
cationic five coordinated complex and | 7). Throughout,
all calculations have been performed with no symmetry
constraint (C,), and all structures have been calculated
as singlet states.

Zero point energy and thermal corrections
(vibrational, rotational and translational) were made
in the calculation of the thermodynamic parameters.
The enthalpy (H) and Gibbs energy (G) were calculated
from [42]

U = ETBE + EZPE + EI

E

H = U + RT (gas phase) or H = U (solution)
G=H-TS

where U is the total energy, E . is the total bonding
energy, E,,. is the zero point energy, E is the internal
energy (sum of vibrational, rotational and translational
energies), R is the gas constant, T is the temperature
and S is the entropy. The entropy (S) was calculated
from the temperature dependent partition function in
ADF at 298.15 K. The computed results assumed an
ideal gas.

Solvent effects were taken into account for all
reported calculations. The COSMO (Conductor like
Screening Model) model of solvation [51-53] was used
as implemented [54] in ADF. The COSMO model



J.J.C. Erasmus, J. Conradie

__-3100-
20 7 " o002 35.0°C & -3200
[ X 3300
151 E o E 1004 AH"™=44.7(5.3) kJmol’
< 3 ~ AS*=-139(12) Jmol 'K
@2 X 0.00 -3500 T 1
2 280 300 320 25.0°C 280 300 320
x10 4 TIK T/K
° -10 7 . "
= —_ AH"=44.8(5.3) kJmol
15.0°C = AS"=-138(12) Jmol 'K
51 < -1
< -
£
0 : \ 12 T .
0 0.1 0.2 0.0032 0.0034 0.0036

[CH,l] / mol dm™®

1T 1K

Figure 3. Temperature and iodomethane concentration dependence for observed pseudofirst-order rate constants K, for the oxidative addition
of iodomethane to [Rh(PhCOCHCOPH)(CO)(P(OCH,),CCH,)] in acetone at 410 nm, [Rh] = 2.5x10* mol dm*®. Inset: Eyring plot
according to Eq. 2. Right: Eyring plots according to Egs. 3 and 4.
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Figure 4. Temperature and iodomethane concentration dependence for observed pseudofirst-order rate constants k _ for the oxidative addition
of iodomethane to [Rh(PhCOCHCOPhH)(CO)(P(OCH,),CCH,)] in CHCI, at 410 nm, [Rh] = 2.5X10* mol dm*. Inset: Eyring plot
according to Eq. 2. Right: Eyring plots according to Egs. 3 and 4.

is a dielectric model in which the solute molecule is
embedded in a molecule-shaped cavity surrounded by
a dielectric medium with a given dielectric constant (&,).
The type of cavity used is Esurf [55] and the solvent
used is methanol (¢, = 32.6). The activation parameters
were also calculated in chloroform (¢, = 4.8) and acetone
(&, = 20.7) as solvents.

3. Results and discussion

3.1. Synthesis and identification of complexes
In  dicarbonyl [Rh(B-diketonato)(CO),] complexes,
only one CO group is exchanged for PPh, even with
the addition of an excess PPh, [22]. In contrast, the
main product of the reaction between [Rh(B-diketonato)
(CO),] and an excess of triphenylphosphite (P(OPh),)
is [Rh(B-diketonato)(P(OPh),),]. Only with less than
2 moles of P(OPh),, [Rh(B-diketonato)(CO)(P(OPh),)]
was produced [23]. Strong T-acceptors such
as PR, = P(OPh), are necessary to obtain di-substituted
[Rh(B-diketonato)(PR,),]. With weak tr-acceptors, such
as PPh,, even when they are used in a large excess, only
the monosubstituted productis obtained [24]. The bicyclic

phosphite 4-methyl-2,6,7-trioxa-1-phosphabicyclo[2.2.2]
octane ligand with a Tolman electronic parameter
[25] of v(CO) = 2087.3 cm™ similar to that of P(OPh),
(2085.3 cm™) is expected to exhibit a strong T-accepting
ability [26]. However, even with an excess of
P(OCH,),CCH, added to [Rh(PhCOCHCOPh)(CO),],
only the mono substituted [Rh(PhCOCHCOPh)(CO)
(P(OCH,),CCH,)] complex was obtained. Back donation
tothe phosphite ligand tends toreduce electron density on
the centralmetalatomtoalargerextentcomparedto PPh..
This leads to a weakened ability to reduce the CO bond

order in the title compound. This is demonstrated
by comparing the carbonyl stretching frequency
of the title compound [Rh(PhCOCHCOPhH)(CO)

(P(OCH,),CCH,)] (v(CO) = 1992 cm™ (KBr), 2018 cm"’
(CH,CI solution)) with that of the tri-phenylphosphine
analogue [Rh(PhCOCHCOPh)(CO)(PPh,)]
(v(CO) = 1972 and 1982 cm™ representing the two
molecules in the asymmetric unit) [27].

3.2. Kinetics

3.2.1. Infrared study

Infrared spectroscopy is ideal to distinguish between
complexes containing CO bonds in metal-CO complexes
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of Rh'-carbonyl complexes or Rh"-carbonyl complexes
and CO bonds in metal-COCH, complexes of Rh"-acyl
complexes. CO bonds in Rh'-monocarbonylphosphine
complexes resonate at ~1980 — 2050 cm™ and at ~2050
— 2150 cm™ for Rh"-alkyl complexes. CO bonds in
Rh'"-acyl complexes resonate at ~ 1700 — 1750 cm-'
[28,29]. The reaction progress between CH,l and
[Rh(PhCOCHCOPN)(CO)(P(OCH,),CCH,)] in CHCI,
was firstly followed using IR spectroscopy by monitoring
the changes in absorbance of peaks at different v(CO)
bands in the range of 1650 - 2200 cm™. A typical
series of the spectra of the oxidative addition reaction
of CH,I to [Rh(PhCOCHCOPh)(CO)(P(OCH,),CCH,)]
as well as the subsequent carbonyl insertion step, is
shown in Fig. 1. The first reaction step shows that the
disappearance of the Rh'-CO complex (at 2018 cm,
k.. = 1.98(3)x10° s') basically corresponds to the
formation of the Rh"-CO complex (at 2108 cm,
k.. = 1.92(8)x10% s for [CH,I] = 0.1954 mol dm?).
The band at 2108 cm™' is assigned to a Rh"-alkyl product
[Rh(PhCOCHCOPN)(CO)(P(OCH,),CCH,)(CH,)(1)].
The half-life of this reaction is 350 s and this reaction
goes to completion, i.e. all Rh(l) are converted to the
first Rh""-alkyl product. This first reaction step is followed
by a much slower reaction (t,, = 13 hours, Fig. 1b).
This step involves the formation of the Rh"-COCH,
species (at 1714 cm”, k, = 1.25(9)x10° s7)
corresponding to the depletion of the Rh'"-CO (alkyl)
signal (at 2108 cm™, k= 1.52(6)x10®° s'). The Rh"-

acyl results from the migratory insertion of the methyl
group of the Rh'-alkyl to the carbonyl group. Since
the second reaction is ca. 130 times slower than the
first reaction, it was treated in isolation. Data from the
interface at the boundary between the two reactions
were, however, disregarded. This second reaction was
found to be independent of [CH,I]. The kinetic data of
the first and second reaction steps are consistent with

ky ky
Rh! + CH;1 —= Rh"M-alkyl Rh™-acyl
ky (%),

with k, =0 = k,

3.2.2. UV/vis, solvent and temperature dependence
study
When following the reaction between CH,l and
[Rh(PhCOCHCOPN)(CO)(P(OCH,),CCH,)] in CHCI,
on an UV/vis spectrophotometer, two reaction steps
could be identified. Fig. 2 shows repetitive UV/vis
scans for the first step of the oxidative addition reaction
of CH,l to [Rh(PhCOCHCOPh)(CO)(P(OCH,),CCH,)]
in  chloroform. The single isosbestic point
at 387 nm, indicate the absence of the insertion
step (k,-step) on the investigated time scale.
The change in absorbance was monitored at 410 nm
(seeinset in Fig. 2). The reaction rate constant obtained
for the first step corresponds to the rate constant for
the disappearance of the Rh' monocarbonyl species as
observed by IR. The rate constant for the second step

Table 1. Kinetic rate constants and activation parameters for the oxidative addition of iodomethane to [Rh(PhCOCHCOPH)(CO)(P(OCH,),CCH,)]
in various solvents, as monitored by IR and UV/vis spectrophotometry at the indicated temperatures. k, (second order) and k, (first order)
are the rate constants associated with the first and second stages of the reaction of CH,| to [Rh(PhCOCHCOPh)(CO)(P(OCH,),CCH,)].
The DFT calculated activation parameters are also given in selected solvents. Data for [Rh(CH,COCHCOCH,)(CO)(P(OCH,),CCH.,)]
and the Monsanto catalyst are included for comparative purposes.

Method | Solvent €
103k, / dm®mol-' s’
15°C 25°C 35°C

Oxidative addition reaction
AH? [ kd mol' AS* /[ JK'mol' AG* / kd mol-’

CO insertion
k, /s

IR Chloroform 4.8 10.12(2)
UVNvis | Chloroform 4.8  5.85(5) 10.57(9)  18.07(10)
Acetone  20.7  2.70(7) 4.81(9) 10.00(9)

DFT Acetone 20.7
Chloroform 4.8
Methanol  32.6

[Rh(PhCOCHCOPh)(CO)(P(OCH,),CCH,)]

0.0000152(8)

39.0(1.5) -152.0(4.9) 84
44.8(5.3) -138(12) 86
24 192 82
29 -170 80
24 -194 82

[Rh(CH,COCHCOCH,)(CO)(P(OCH,),CCH,)] =

IR Chloroform 4.8 17.5(3) 0.0000127(8)
UVivis Benzene 23  0.28(1) 0.45(2) 0.89(4) 42(4) -168(15) 92
Chloroform 4.8 9.44(5)  17.34(4)  29.93(8) 40.5(8) -143(3) 83 0.0000119(1)
Acetone  20.7  3.36(3) 5.54(7) 10.18(9) 43(3) -145(9) 86
Methanol 326 17.9(3)  36.0(5) 64(3) -56(11) 81
DFT Methanol 32.6 26 -160 73
Monsanto catalyst®
IR CH,CI, 0.068 100 0.13
@ From [30]
> From [56]
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Rh(ll)-alkyl

Figure 5. DFT optimized structure of the reactant [Rh(PhCOCHCOPH)(CO)(P(OCH,),CCH,)], the overlay of calculated (black) and experimental
(red) [Rh(PhCOCHCOPh)(CO)(P(OCH,),CCH,)] and the lowest energy [Rh(PhCOCHCOPh)(CO)(P(OCH,),CCH,)(CH,)(l)]-alkyl and
[Rh(PhCOCHCOPh)(P(OCH,),CCH,)(COCH,)(l)]-acy! reaction products. Distances (A, black) and colour code (online version) of the
atoms are as indicated. Experimental bond lengths are in brackets.

(not shown in Fig. 2) corresponds to the rate constant for
the formation of the Rh"-acyl species, which is the second
reaction as observed on the IR spectrophotometer.
Plots of k, . vs. [CH,I] for the first reaction in
chloroform and in acetone are linear with a zero intercept
(Fig. 3 and Fig. 4), indicating the reaction to be first order
in CH,l and hence second order overall. This result is
consistent with the rate law:

k.. = kICH,I

with k, as the second order rate constant. As was
expected, the observed rate constant for the second
insertion reaction was independent of [CH,I] in the range
0 < [CH,l] < 0.2 mol dm?3. Values of k, obtained from
the slopes of the k,_ vs [CH,I] plots, are summarized
in Table 1. The activation parameters (AH*, AS*) were
determined in both solvents to investigate the character
of the transition state. Fig. 3 and Fig. 4 display the
different Eyring plots, and Table 1 gives a summary
of the activation parameters. The relatively small AH*
values, accompanied by large negative AS* values,
indicate an associative mechanism including bond
formation and/or partial charge creation (electrostriction)
during the formation of the transition state. A high
pressure kinetic study of the oxidative addition of

Overlay

. Rh(lIl)-acyl

P P(OCH;,CCH,
T POCHMC0H, | 4T \R!/‘m"s
Q/ i\c“s E 0/ \I
co i oen
-36 kJimol i 51 kdimol
i GOCH,
0, CHy 1 —0,
1 -co [ \R!/ !
o/ PN i 5 O
H P(OCH,)CCH; | P(OCH,),CCH,
-56 kJimol ! -84 kimol

Possible Rh(lll) alkyl products ' Possible Rh(lll) acyl products

Figure 6. Geometries and ADF calculated relative energies (AE, )

of the possible rhodium(lll) alkyl and acyl products
of the [Rh(PhCOCHCOPh)(CO)(P(OCH,),CCH,)] + CH,I
reaction. The energy of the reactants is taken as zero.

CH,I' to [Rh(CH,COCHCOCH,)(CO)(P(OCH,),CCH,)]
yields an experimental volume of activation, AV# of
-28(1) cm® mol" in the relative polar solvent acetone
[30]. This result could allow charge creation in the
transition state, favouring the formation of an ion-
pair intermediate, which suggested that the oxidative
addition of iodomethane to [Rh(CH,COCHCOCH,)(CO)
(P(OCH,),CCH,)] most probably proceeds via the linear
transition state. An intimate two step S, 2 mechanism
similar to that presented by Swaddle and co-workers
[11] for the oxidative addition of iodomethane to B-diket
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Figure 7. DFT optimized structure of the “linear/back” and “bent” transition states of the reaction [Rh(PhCOCHCOPh)(CO)(P(OCHZ)SCCHS)]
+ CH,l. The Gibbs energies (AG") of the transition states are 82 and 196 kJ mol” (0.85 and 2.03 eV) respectively, calculated in methanol
as solvent The displacement vectors (green arrows) indicate the movement of the CH,* group at the negative frequency (-235.0 cm!
with a calculated intensity of -481 for the linear TS and -319.0 cm™" with a calculated mtensﬂy of -239 for the bent TS). Distances (A, black)
and colour code (online version) of the atoms are as indicated.

. Rh(1)-HOMO .

TS-HOMO

%
q,;gr

Rh(1ll)-alkyl-HOMO

Figure 8. visualization of selected molecular orbitals of the reactants, transition state (TS) and the Rhodium(lll)-alkyl reaction product
of the oxidative addition reaction [Rh(PhCOCHCOPH)(CO)(P(OCH,),CCH,)] + CH.l. Note the d,,-orbital at the rhodium centre
of the TS HOMO diagram and the p -orbital at the methyl group of the TS LUMO diagram. The colour code (online version) of the atoms

is as indicated.

onatobis(triphenylphosphite) complexes of Rh(l) is thus
proposed for the oxidative addition step of iodomethane
to [Rh(PhCOCHCOPh)(CO)(P(OCH,),CCH,)I.

Ph o co Ph |CH3 + Ph, o (|:H3
N, LS kq =0_| co - | CO
“\ (RA+CHgl slo \ Rh : fast \ /Rhf

o P w g P =g’ | P

Ph PH PH 1

The proposed first step may be represented as:

& d_ h CH3

co o

\_ Rh +CH3I—> ........... CHy™ ( 'LhCO
o P

h

+
r

The resulting frans-adduct can easily undergo an
acyl formation reaction (CH, and CO located cis to
each other). Density functional theory results of this
study also showed frans addition of methyliodide to

[Rh(PhCOCHCOPN)(CO)(P(OCH,),CCH,)] via a linear
transition state, see paragraph 2.2.3 below.

3.2.3. Computational study

To gain more insight into the geometry of the reactants,
the transition state and reaction products of the
[Rh(PhCOCHCOPN)(CO)(P(OCH,),CCH,)] + CH,I
oxidative addition reaction, results of a density functional
theory (DFT) study are presented. The DFT optimized
geometry of [Rh(PhCOCHCOPh)(CO)(P(OCH,),CCH,)]
is given in Fig. 5. The geometry of [Rh(PhCOCHCOPh)
(CO)(P(OCH,),CCH,)] is square planar, with bond
lengths and angles similar to that found for the crystal
structure of [Rh(PhCOCHCOPh)(CO)(P(OCH,),CCH,)]
[31] (see Fig. 5) for an overlay of the experimental
and calculated structure of [Rh(PhCOCHCOPhH)(CO)
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(P(OCH,),CCH,)]). Oxidative addition of iodomethane
to [Rh(PhCOCHCOPhN)(CO)(P(OCH,),CCH,)] leads to
a rhodium(lll) alkyl product. Six possible rhodium(lll)
oxidative addition product isomers of the formula
[Rh(PhCOCHCOP)(CO)(P(OCH,),CCH,)(CH,)(I)] are
possible (Fig. 6). One isomer results from the trans
addition of iodomethane and five isomers result from
the cis addition or from the re-arrangement of a frans
addition product. The calculated relative electronic
energies of the optimized geometries of the six possible
rhodium(lll) oxidative addition product isomers of the
formula [Rh(PhCOCHCOPN)(CO)(P(OCH,),CCH,)
(CH,)(IN] are also displayed in Fig. 6. These energies
indicate that the trans alkyl product isomer is the most
stable product of oxidative addition of iodomethane
to [Rh(PhCOCHCOPh)(CO)(P(OCH,),CCH,)].  DFT
calculations on the structurally similar rhodium-
B-diketonato complexes, [Rh(B-diketonato)(CO)
(PPh,)] with B-diketone = 4,4,4-trifluoro-1-(2-thenoyl)-
1,3-propanedione, 1-phenyl-3-(2-thenoyl)-1,3-
propanedione, 1,3-di(2-thenoyl)-1,3-propanedione
[32] 1-ferrocenyl-4,4,4-trifluorobutane-1,3-dione [33]
or acetylacetone [34], in agreement with experimental
observations [17,18], also indicate the frans addition
of CH,l to the square planar rhodium(l) complexes.
The trans addition of iodomethane to the bisphosphite
complex [Rh(CH,COCHCOCH,)(P(OPh),),], in
agreement with '"H NMR data [11], was confirmed by a
density functional theory (DFT) computational study of
the transition state and product of the oxidative addition
reaction [12].

Two types of transition state structures (“linear/back”
and “bent”) leading to frans addition products have been
reported on the oxidative addition of methyl iodide to
square planar Rh(l) complexes [35,36]. Fig. 7 shows the
optimized geometries of the linear/back and the bent
transition states calculated for the [Rh(PhCOCHCOPHh)
(CO)(P(OCH,),CCH,)] + CH,l reaction of this study. The
linear/back transition state structure corresponds to an
8,2 mechanism, characterized by a linear Rh-C_-I
arrangement and by a Rh-C_ .-H angle close to 90°.
The methyl hydrogen atoms are located in the equatorial
plane of the five-coordinated carbon atom, resulting in a
trigonal bipyramidal arrangement. The bent transition
state structure corresponds to a side-on approach of the
C.,5-! bond to the rhodium atom, leading to the same
intermediate product as the linear/back transition state
structure - a cationic five-coordinated rhodium complex
and a free iodide ion. The linear/back transition state is
favoured by 114 kJ mol" over the bent transition state,
calculated in methanol as a solvent. The geometry of
the trans rhodium(lll) alkyl oxidative addition product is
displayed in Fig. 5.

The displacement vectors of the imaginary
frequency of the transition state structure are shown
in Fig. 7. The negative frequency of -235.0 cm™ with
a calculated intensity of -481 for the linear transition
state corresponds to a CH,| stretching vibrational mode
in which the I-C_,,, bond breaks and the Rh-C_, . bond
forms. The transition state displacement vectors of
the bent transition state (-319.0 cm™" with a calculated
intensity of -239) can be described as Rh-C_, .-| bending
in which the CH," group is making a rocking movement
between Rh and | (See Fig. 7 right).

Fig. 8 displays selected molecular orbitals of the
reactants, the transition state and the trans rhodium(lIl)
alkyl oxidative addition product. The Rh(l) reactant is
ad/?d?d?d,;?d, ° complex of which the HOMO
(highest occupied molecular orbital) exhibits mainly a
d,, character. The LUMO (lowest unoccupied molecular
orbital) of free CH,I has p, character on the methyl carbon.
The calculated C,,,.-| bond length in the free methyliodide
is 2.18 A. This C_,,,-| bond length increases to 2.64 A in
the transition state (Fig. 7). At this point, the CH, group
is 2.47 A away from the rhodium centre, and the methyl
hydrogen atoms are located in an equatorial plane with
a Rh-C,.-H angle close to 90°. The main contribution
to the Rh-C_,, bond in the transition state comes from
the overlap of the d,, HOMO of the rhodium atom with
the p, LUMO of the methyl carbon (Fig. 8). The CH,
group continues to move closer to the rhodium centre.
Following the TS, is the formation of the cationic five-
coordinate  [Rh(PhCOCHCOPh)(CO)(P(OCH,),CCH,)
(CH,)I" intermediate with the CH, group in the apical
position and with the iodide ion drifting away into the
solvent sphere. The relative energy of the intermediate
is 14 kJ mol' less than that of the transition state.
A free iodide coordinates to the rhodium centre to form
the trans rhodium(lll) alkyl oxidative addition product
with a final Rh-l bond length of 2.91 A and energy of
57 kJ mol' lower than the intermediate. An inversion
of the configuration at the methyl carbon occurred, and
the methyl group was fully bonded to the rhodium atom
through a p_-d , interaction in the HOMO (Fig. 8).

The calculated activation parameters
for the oxidative addition step are summarized in Table 1.
The calculated activation Gibbs energy of the transition
state (82 kJ mol' in acetone as solvent) leading to trans
rhodium(lll) alkyl is in acceptable agreement with the
experimental value of 86 kJ mol in acetone as a solvent.
The agreement between experiment and theory for the
individual components AH* and AS* to AG* = H* - TAS”
is not as good as for AG* itself. The large compensating
variations AH* and AS* with a modest change in AG*
were also found by Ziegler [37].
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CO insertion in a rhodium(lll) alkyl product leads to
a rhodium(lll) acyl product. The most stable geometry
calculated for the various possible [Rh(PhCOCHCOPh)
(P(OCH,),CCH,)(COCH,)(I)] acyl products (Fig. 6) is
square pyramidal with the COCH, moiety in the apical
position (See Fig. 5 for the optimized geometry). Trigonal-
bipyramidal geometries were too high in energy to be
considered. All crystal structures of five-coordinated
square pyramidal rhodium(lll) acyl complexes,
have the COCH, moiety in the apical position [38].
The structurally  similar  [Rh((cupf)(P(OCH,),CCH,)
(COCH,)(N] acyl (Hcupf = N-hydroxy-N-nitroso-
benzeneamine or cupferron) also adopts a square
pyramidal geometry with the COCH, moiety in the
apical position [39]. Therefore, both computational
calculations and crystallographic data are consistent
with the geometry of the thermodynamic stable reaction
product to be square-pyramidal with the COCH, group
in the apical position. However, it is not possible to
determine if the observed acyl product is the final
reaction product or only a reaction intermediate leading
to the most stable acyl product.

3.2.4. Mechanistic and Reactivity correlation: Methyl
lodide to [Rh(RCOCHCOR)(CO)(P(OCH,).CCH,)]
(R = CH, or Ph) and the Monsanto catalyst
Therate-determining step inthe rhodium-iodide catalyzed
reaction of methanol to acetic acid is the oxidative
addition of iodomethane to [Rh(CO),L]" to produce the
[Rh(CH,)(CO),L,]” alkyl reaction intermediate that rapidly
converts to an acyl [Rh(CH,CO)(CO)L,]". This reaction
is similar to the reaction between [Rh(RCOCHCOR)

(CO)(P(OCH,),CCH,)] and iodomethane (R = Ph in this
study or R = CH, from [30]):
Monsanto reaction This study
[Rh(CO),L,|" + CH;l (Rn) [Rh(RCOCHCOR)(CO)(P(OCH,);CCH3)] + CH;l
dclcﬁicmngk,,ﬂ Kk oxidative addition k_lﬂ Kk
[Rh(CH3)(CO),15] (Rh"-alkyl) [Rh(RCOCHCOR)(CH3)(CO)(P(OCH,);CCH3)I]
k_zﬂ Kok CO insertion k,zﬂ Ko, ky dctcmicning
[Rh(CH;CO)(CO)I;] (Rh"-acyl) [Rh(RCOCHCOR)(CH3CO)(P(OCH,);CCH3)I]

+ further steps

Rate constants for the above reactions are compared in
Table 1. The second order rate constant for the oxidative
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