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The transition state for the oxidative addition reaction [Rh(acac)(P(OPh)s);] + CHsl, as well as two
simplified models viz. [Rh(acac)(P(OCH3)3)2] and [Rh(acac)(P(OH)s3);], are calculated with the density
functional theory (DFT) at the PW91/TZP level of theory. The full experimental model, as well as the
simplified model systems, gives a good account of the experimental Rh-ligand bond lengths of both the
rhodium(I) and rhodium(IIl) B-diketonatobis(triphenylphosphite) complexes. The relative stability of the

four possible rhodium(Ill) reaction products is the same for all the models, with trans-[Rh(acac)(P
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experimental system.

(OPh)3)2(CHs3)(I)] (in agreement with experimental data) as the most stable reaction product. The best
agreement between the theoretical and experimental activation parameters was obtained for the full

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The oxidative addition reaction of covalent molecules (such as
alkyl halides) to low-valent transition metal complexes, is a funda-
mental process in homogenous catalysis. A well-known example is
the oxidative addition of methyl iodide to cis-[Rh(CO),I>]~ [1]. This
methanol carbonylation process with the original Monsanto catalyst
has been studied in detail both experimentally [2,3] and theoreti-
cally [3—7]. In contrast, the same reaction promoted from B-dike-
tonatobis(triphenylphosphite)rhodium(I) complexes, has only been
the subject of detailed experimental research [8].

It is widely accepted that oxidative addition of methyl iodide to
square planar rhodium(I) complexes occurs via a two-step mech-
anism (Fig. 1) involving (i) nucleophilic attack by the metal on the
methyl carbon to displace iodide to form a metal-carbon bond,
presumed to proceed with inversion of configuration at the carbon
and (ii) coordination of iodide to the five-coordinated intermediate
to give a six-coordinated alkyl complex [3,7,9]. This mechanism
results in the trans addition of the methyl iodide to the square
planar rhodium(I) complex. The observation of cis products has
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sometimes been taken as evidence for an alternative concerted
three-center mechanism leading to retention of configuration at
the carbon [10].

Experimentally determined large negative values of the volume
(AV*) and the entropy (AS™) of activation for the oxidative addition
reaction of CHs3l to a series of [Rh(B-diketonato)(P(OPh)s);]
complexes, indicated a mechanism which occurs via a polar tran-
sition state [8b] which is consistent with the Sy2 mechanism [11].
On grounds of 'H NMR data, the structure of the product of the
oxidative addition, [Rh(p-diketonato)(P(OPh)3)2(CH3)(I)], is
proposed to adopt an octahedral geometry in which the p-diketo-
nato ligand and the two triphenylphosphite groups are located in
an equatorial plane with the methyl and iodide ligands in the axial
positions [8]. No solid state X-ray crystal structure has been solved
for the product [12]. Since the understanding of the mechanism of
activity of a catalyst requires an understanding of its structure in all
reaction steps, we have undertaken a density functional theory
study of the geometry of the reactant, transition state and possible
products of the oxidative addition reaction of CHsl to [Rh(acac)(P
(OPh)3)2] (where Hacac = acetylacetone). Due to the computational
demand of optimizing such a big molecular system, we were
specifically interested in determining whether simplified models of
[Rh(acac)(P(OPh)3);] give the same information regarding the
nature of the transition state and possible reaction products of the
oxidative addition reaction in this study.
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Fig. 1. Sy2 Mechanism for the oxidative addition of methyl iodide to a square planar B-diketonatobis(triphenylphosphite)rhodium(I) complex.

2. Computational details

DFT calculations were carried out using the ADF (Amsterdam
Density Functional) 2007 programme [13] with the GGA (Gener-
alised Gradient Approximation) functional PW91 (Perdew-Wang,
1991) [14]. The TZP (Triple ¢ polarised) basis set, with a fine mesh
for numerical integration, a spin-restricted formalism and full
geometry optimization with tight convergence criteria, was used
for minimum energy and transition state (TS) searches. Approxi-
mate 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. Throughout, all calculations have been
performed with no symmetry constraint (C;) and all structures
have been calculated as singlet states.

Numerical frequency analyses [15,16], where the frequencies are
computed numerically by differentiation of energy gradients in
slightly displaced geometries, have been performed to verify the TS
geometries. A TS has one imaginary frequency.

Zero point energy and thermal corrections (vibrational, rota-
tional and translational) were made in the calculation of the ther-
modynamic parameters. The enthalpy (H) and Gibbs free energy (G)
were calculated from

U = Erge + Ezpe + Ee (1)
H = U + RT (gas phase) or H = U (solution) (2)
G=H-TS (3)

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

Solvent effects were taken into account for all calculations
reported here. The COSMO (Conductor like Screening Model) model
of solvation [17—19] was used as implemented in ADF [20]. The
COSMO model 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 (¢p). The type of cavity
used is Esurf [21] and the solvent used is methanol (¢ = 32.6).
Where applicable, scalar relativistic effects were used with the
ZORA [22—-26], (Zero Order Regular Approximation) formalism.

HsC

acac (1) tfba (2)

The accuracy of the computational approach was evaluated by
comparing the root-mean-square distances (RMSDs) as calculated
by the “RMS Compare Structures” utility in ChemCraft [27]. The
RMSD values were calculated for the best three-dimensional
superposition of optimized molecular structures on experimental
crystal structures, using only the non-hydrogen atoms and the non-
rotational groups of the molecule.

3. Results and discussion

3.1. Study of B-diketonatobis(triphenylphosphite)rhodium
complexes

Since density functional computational methods to the knowl-
edge of the author are for the first time applied to [Rh(B-diketonato)(P
(OPh)3);] complexes and reported here, some measure of the reli-
ability of the approach had to be obtained. This was addressed by
comparing the known single crystal X-ray diffraction structure (Fig. 2)
of [Rh!(B-diketonato)(P(OPh)3)] (B-diketonato = acac [28] (1), tfba
[29] (2), tfaa [30] (3)) and [Rh!(B-diketonato)(P(OPh)3)x(1)2] (B-
diketonato = tfaa [31] (4)) (Htfba = trifluorobenzoylacetone and
Htfaa = trifluoroacetylacetone) with the theoretically calculated
structure of the same complex.

Complexes 1, 3 and 4 crystallized with two molecules in the
asymmetric unit. When comparing the backbones of the two
molecules in the asymmetric unit (i.e., [Rh(CCOCCOC)(P)2]) a RMSD
value of 0.03, 0.06 and 0.13 A is obtained respectively for 1,3 and 4.
Inclusion of the O atoms on the P (i.e., [Rh(CCOCCOC)(POs3);]) gives
a RMSD value of 0.04, 0.61 and 0.19 A respectively. Note that the
backbones of the two molecules in the asymmetric unit are near
enantiomers and therefore the mirror symmetry of the one crystal
of each was used for the fitting. The larger RMSD values, when the O
atoms on the P are included, indicate that packing in the solid state
may give rise to different orientations of the OPh groups, whereas
in solution these OPh groups can rotate freely. Care should there-
fore be taken when optimizing these types of molecules when the
geometry is not experimentally known (no experimental crystal
structure), that the global minimum energy geometry is obtained
and not a local minimum structure, due to the orientation of the
OPh groups. The relative energy of the two enantiomeric molecules
in the asymmetric unit, optimized with and without relativistic
effects in methanol as solvent, is virtually the same, as would be
expected for near enantiomers (Table 1).

The theoretical and experimental geometrical data of complexes
1—4 are summarized in Table S1 and comparative information with
signed deviations is given in Table S2 (atom numbering is as indicated

HiC o\Rh, P(OPh), FiC o\ha P(OPh), H,C O\Rh/P(OPhh H3e os.r\,'th(OPh)a
=0~ “P(OPh), ¥~0~ “P(OPh), =0~ “P(OPh), ¥~0~"| “P(OPh),
Ph F,C F,C

tfaa (3) tfaa (4)

Fig. 2. Schematic illustration of B-diketonatobis(triphenylphosphite)rhodium complexes that have been solved by X-ray crystallography [28—31].
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Fig. 3. The PW91/TZP/methanol calculated energies (AErgg) of the reactants [Rh(acac)(P(OR)s3),] + CHsl, the TS and the four possible [Rh(acac)(P(OR)s),(CHs)(I)]-alkyl reaction

products. The energy of the reactants is taken as zero. Values are listed in Table 2.

in Fig. S1, see Supporting information). High agreement between
experimental and theoretical structures is obtained, as reflected by the
RMSD values of the calculated data superimposed on the experimental
data of less than 0.11 A. A key indicator in organometallic compounds
is the bond lengths and angles involving the metal center. The bonds in
the coordination polyhedron of 1—4 were generally slightly over-
estimated by the DFT calculations (0.00—0.10 A for Rh—0 bonds and
0.02—0.10 A for Rh—P bonds). It is well-known that GGA density
functionals overestimate bonds lengths [32]. The angles around the Rh
were calculated accurately within 2.9°. The calculations including
relativistic effects gave more precise bond lengths than the calculation
without relativistic effects (Table S2). Here it is informative to notice
that the Rh—0O and Rh—P bonds (or angles around the Rh) of the
optimized geometries of the two enantiomeric molecules in the
asymmetric unit i.e., 1, 3 or 4 differ by 0.00—0.01 A and 0°—3°. Since
comparisons of experimental metal—ligand bond lengths with
calculated bond lengths below a threshold of 0.02 A are considered as
meaningless [33], the methods employed in this study therefore give
a good account of the experimental bond lengths of both rhodium(I)
and rhodium(IIl) B-diketonatobis(triphenylphosphite) complexes.

Oxidative addition of CHsl to [Rh(acac)(P(OPh)s),] (1) leads to
an alkyl product [Rh(acac)(P(OPh)s3)>(CHs)(I)]. Four possible
rhodium(Ill) alkyl isomers are possible: one (Alkyl-A) if trans
addition occurs and three possible isomers (Alkyl-B, Alkyl-C and
Alkyl-D) if cis addition occurs (inserts in Fig. 3) [34]. Due to the
computational demand for optimizing such a big molecular system,
we introduced two simplified models of [Rh(acac)(P(OPh)s)2] (1),
viz. [Rh(acac)(P(OCH3)3);] and [Rh(acac)(P(OH)3);]. The goal is to
determine whether the simplified models give the same informa-
tion regarding the nature, geometry and energetics of the TS and
products of oxidative addition.

3.2. Energy profile of the acetylacetonatobis(triphenylphosphite)
rhodium and simplified models

The PW91/TZP/methanol optimized relative energies of the
rhodium(I) complex [Rh(acac)(P(OPh)s),] (1) and the four possible
rhodium(Ill) isomers [Rh(acac)(P(OPh)s3),(CHs)(I)] of the full

Table 1

experimental model (R = Ph) are displayed in Fig. 3 with the values
tabulated in Table 2. These results indicate (in agreement with
experimental observation) [8] that the trans product Alkyl-A is the
product of oxidative addition of CHsl to [Rh(acac)(P(OPh)s);]. The
two simplified systems [Rh(acac)(P(OCHs)3);] and [Rh(acac)(P
(OH)3)2] (also displayed in Fig. 3) show the same trend regarding the
relative energies of the four possible rhodium(IIl) reaction products,
viz. (most stable) Alkyl-A < Alkyl-D < Alkyl-C < Alkyl-B. Inclusion of
relativistic effects in the calculations did not change the relative
stability of the four possible [Rh(acac)(P(OR)3)2(CHs)(I)] products for
all three models (R = Ph, CHz or H). The energetically preferred
product of the oxidative addition reaction of CHsl to [Rh(acac)(P
(OPh)3);] therefore assumes an octahedral geometry, with the f-
diketonato and the two triphenylphosphite groups located in the
equatorial plane and the methyl and iodide ligands in the axial
position. The trans addition of CHsl to [Rh(B-diketonato)(P(OPh)3),]
is also confirmed by the structure determination of a
similar complex, trans-[Rh(N-benzoyl-N-phenylhydroxyamino)(P
(OPh)3)y(CH3)(I)] [35]. Oxidative addition of I, to [Rh(tfaa)(P
(OPh)3)2] also gave the trans product (Fig. 2 complex 4) [31]. DFT
calculations on the structurally similar rhodium-p-diketonato
complexes, [Rh(B-diketonato)(CO)(PPhs)] 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 and
1-ferrocenyl-4,4,4-trifluorobutane-1,3-dione, in agreement with
experimental observations, also found trans addition of CHsl to the
square planar rhodium(I) complexes [36].

3.3. Geometry of acetylacetonatobis(triphenylphosphite)rhodium
and simplified models

The PW91/TZP/methanol optimized geometrical data for the full
experimental model (R = Ph) are illustrated in Fig. 5 and the bond
lengths and bond angles around the Rh center of all three models
(R = Ph, CH3 or H) are given in Table 2. Introducing R = CHs or H
instead of Ph, did not change the bond lengths around the Rh center
significantly — the calculated bond lengths were similar within
0.05 A. The bond angles around the Rh center were within 8.5° (5%)

The relative energies (k] mol~!) of the DFT optimized structures of the two enantiomeric molecules in the asymmetric unit of 1, 3 and 4.

[Rh(acac)(P(OPh)s) (1)

[Rh(tfaa)(P(OPh)3); (3) [Rh(tfaa)(P(OPh)3);(I); (4)

Molecule 1 Molecule 2 Molecule 1 Molecule 2 Molecule 1 Molecule 2
PW91/TZP/methanol® 0.0 1.7 0.0 3.8 0.6 0.0
PW91/TZP/methanol/rel” 0.0 2.5 0.0 1.7 24 0.0

2 Geometry optimization was done with the PW91 functional and the TZP basis set in methanol as solvent.
b Geometry optimization under the same conditions as (a), but with inclusion of relativistic effects.
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Table 2

A comparison between the PW91/TZP/methanol calculated minimum energy
geometries of the [Rh(acac)(P(OR);),] complex and the four possible [Rh(acac)(P
(OR)3)2(CH3)(I)]-alkyl reaction products for R = Ph, CH3 and H. Angles (°), bond
lengths (A) and RMSD values (A) are as indicated. All models were optimized
without relativistic effects, except where indicated. The RMSD value was calculated
by fitting the Rh(CCOCCOC)(P), backbones of the simplified models on the backbone
of the full model (R = Ph). The calculated energies (AErgg in k] mol~!) are also listed
with the energy of the reactant taken as zero (see Fig. 3).

Ph Ph (incl. rel.) CH3 H
Rh(D) Rh—P 2195 2171 2218 2.189
ey o Rh—P/ 2194 2171 2217 2196
;’_’g: rom? Rh-O 2097 2071 2113 2119
HiC * Rh-O 2096 2071 2111 2117
0-Rh-0' 899 900 891 906
O-Rh-—P' 888 884 910 874
P—Rh—P 926 931 926 936
P-Rh-O 887 885 873 879
RMSD = 0.02 006  0.09
AErge 0 0 0 0
Rh—P 2277 2250 2270 2239
Rh—P/ 2271 2240 2270 2244
Rh—0 2117 2.099 2127 2143
Rh—0' 2105 2086 2126 2136
i Rh-I 2889 2.855 2943 2913
HCy oV pior, Rh—C 2121 2110 2104 2114
. c;;,, 4 por, O-Rh-O' 912 914 9.1 906
" i O'-Rh-P' 883 883 885 856
P—Rh—P 965 9656 932 978
P-Rh—O 838 836 879 860
I-Rh-C 1691 1684 1717 1765
RMSD - 0.02 012 015
AErge —28  —40 —71 -101
Rh—P 2348 2317 2344 2312
Rh—P/ 2351 2321 2354 2335
Rh—0 2187 2165 2203 2190
AlkyalB Rh—0' 2092 2075 2086 2107
por,  Rb- 2739 2715 2758 2.740
ey oV cn,  Rh-C 2123 2112 2112 2121
" }Zo/ S 0-Rh-0' 919 925 917 917
s POR,  O-Rh-C 873 8638 866  86.7
C—Rh-I 917 922 921 922
I-Rh-0 891 886 896 895
P-Rh-P' 1730 1738 1797 1764
RMSD — 0.02 010 013
AErgg 21 16 29 -23
Rh—P 2511 2457 2416 2460
Rh—P' 2257 2229 2227 2260
Rh—0 2121 2102 2134 2133
Rh—0' 2090 2073 2104 2.095
Alky l;ﬁg Rh-I 2757 2732 2742 2761
MOy g ] Jpiom,  Rh=C 2114 2106 2131 2120
L0 0-Rh-0' 915 920 918 913
¢ P(OR), O—Rh—P' 905 902 852 896
P—Rh-I 893 897 939 935
I-Rh-0 880 875 889 851
P-Rh—C  167.6  167.6 1756 1722
RMSD — 0.03 016  0.16
AErge 12 2 -33 48
Rh—P 2294 2267 2277 2251
Rh—P 2261 2232 2264 2236
Rh—0 2121 2102 2134 2163
Rh—0' 2179 2159 2210 2205
Alkyal-D Rh-I 2821 2795 2847 2853
HCy_ ot por, Rh-C 2126 2112 2112 2115
. }Zoz cw,  O-Rh-O' 901 906 889 892
: P(OR); O—-Rh—P' 931 925 960 859
P-Rh-C 877 885 884 945
C-Rh-O 889 881 866 904
P-Rh-I 1666 1669 1746  175.1
RMSD - 0.02 012 012
AErge -3 14 -56 77

of the corresponding angle for the three models. It is expected that
the bond angles around the Rh center will differ as the size of the R
group increases from H to CHs3 to Ph. The Ccy,—Rh—I angle of the
full experimental model of Alkyl-A is 169.1° and is in the same
order as the Ccy,—Rh—I angle (174.2°) of trans-[Rh(N-benzoyl-N-
phenylhydroxyamino)(P(OPh)s3)>(CH3)(I)] and the [-Rh—I angle (ca.
170°) in the similar complex [Rh(tfaa)(P(OPh)3)(I)2] [31]. The
slightly distorted octahedral arrangement in [Rh(tfaa)(P
(OPh)3)2(I)2] is attributed to the steric interaction between the
iodide and triphenylphosphite ligands. The calculated Ccy,—Rh—I
angle of the simplified models of Alkyl-A, however, increases with
decreasing P(OR)3 groups — 171.7° and 176.5° for [Rh(acac)(P
(OCH3)3)2(CHs3)(I)] and [Rh(acac)(P(OH)3)2(CH3)(I)] respectively.
The deviation of the geometry of the two simplified models can
also be evaluated by comparing the RMSD values of the key bonds
of the Rh(CCOCCOC)(P), backbone of the optimized simplified
model, fitted on the backbone of the optimized full model (Table 2).
The RMSD values of the simplified rhodium(I) models are excep-
tionally good (0.06 and 0.09 A respectively). The RMSD values of the
simplified rhodium(lll) models (between 0.10 and 0.16 A) are
somewhat larger than the rhodium(I) values, as would be expected
for the more complex molecules. Therefore, both simplified models
(R = CHj3 or H) give a good account of the key bond lengths around
the rhodium center relative to that of the full experimental model.

3.4. Transition state of acetylacetonatobis(triphenylphosphite)
rhodium and simplified models

Fig. 4 displays the three types of TS structures that have been
reported for the oxidative addition of methyl iodide to square planar
rhodium(I) complexes (especially the Monsanto catalyst [Rh
(CO)aI2]7) [37,3]. Two results from trans addition (“linear” and
“bent”) and one results from cis addition (“front”). The linear TS
structure corresponds to a Sy2 mechanism, characterized by a linear
Rh—Ccy,—larrangementand by a Rh—Ccy, —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 and front TS structures correspond to a side-
on approach of the Ccy,—I bond to the rhodium atom. The bent
transition state structure leads to the same intermediate product as
the linear transition state structure — a cationic five-coordinated
rhodium complex and a free iodide ion [3]. Both the mechanisms of
the linear and the bent transition state structures are therefore
described as SN2 processes. The front TS structure corresponds to
a concerted three-center oxidative addition, in which the Rh—I and
Rh—Ccy, bonds form simultaneously as the I-C¢y, bond breaks,
resulting in the cis addition of the methyl iodide. Table 3 summarizes
the main geometric parameters of the TS structures determined for
the simplified models in the present study, as well as calculated
geometric parameters of the Monsanto catalyst [Rh(CO),I2]™ [37].

The three types of TS structures exhibit similar characteristics.
The I-Ccy, bond length and the Rh—C¢y, bond distances for all the

| A | H'_\c_.
H—CZ]] i>C praa
I, ~CO |=pn=CO I, ~»CO

Rh Rh Rh
1 ~COo 1 ~COo 17y
Cco
linear bent front

Fig. 4. Schematic illustration of a linear, bent and front transition state for the
nucleophilic attack of square planar rhodium(l) on methyl iodide. The Monsanto
catalyst [Rh(CO),l,] ~ is used in this figure as example for the square planar rhodium(I)
complex.
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Alkyl-A

Fig. 5. The PW91/TZP/methanol calculated minimum energy geometries of the [Rh(acac)(P(OPh)s),] complex and the four possible [Rh(acac)(P(OPh)s),(CH3)(I)]-alkyl reaction
products. The H atoms are removed for clarity (except for the CHs group bonded to the rhodium). Bond angles (°) and bond lengths (A) are as indicated. (Only angles in the square

planar plane are given).

[Rh(acac)(P(OH)3)2(CH3)(1)] and [Rh(acac)(P(OCH3)3)2(CH3)(I)] TS
structures, as well as the Monsanto TS structures, are very similar
(2.51-2.85 A and 2.54—2.78 A respectively). The Rh—Ccy,—I angles
are between 172.9 and 176.7° for the linear TS structures, 89.2—95.0°
for the bent TS structures and 64.3—68.1° for the front TS structures.
The linear transition state, as was also found for the Monsanto
catalyst [37], is favored by a large margin of energy (>90 kJ mol~1)
with activation barriers (AEfgg) of 14—32 k] mol~!. The bent and front
transition states were therefore not considered in further investi-
gations. The calculated relative energies for the reactants, linear TS
structures and products are summarized in Fig. 3. The thermo-
chemical data are summarized in Table 4. The calculated enthalpy of

activation (AH”) is between 19 and 37 kJ mol~! for the different
models. The large negative entropy of activation (AS™) calculated for
all models, is consistent with an associative mechanism. The acti-
vation free energy (AG”) of the two simplified models (60 k] mol~!
for both models) is lower than that of the full model (75 and
78 k] mol~!, with and without relativistic effects).

The DFT optimized reactant complexes, the linear TS and the
reaction intermediate for the [Rh(acac)(P(OPh)3),] + CHsl reaction
are visualized in Fig. 6. The metal center attacks the methyl group in
a Sn2-type fashion, approaching the methyl iodide trans to the
leaving iodide group. During this process the metal—methyl bond is
under development, whereas the methyl—iodide bond is
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Table 3

The PW91/TZP/methanol calculated selected geometrical parameters, TS imaginary frequencies and activation energies (AE7gg) of three possible transitions states when methyl

iodide is oxidatively added to the selected square planar rhodium(I) complexes.

Freg/cm ™! Intensity drn-—c(cr3)/A deqcrizy-i/A arh-—c(cH3)-1/° ai—c-n/° AEfgg/K] mol ™!
[Rh(acac)(P(OH)3)2(CH3)(1)]
Linear —242 —-523 2.541 2.554 1729 93.2 14
Bent -523 -315 2.678 2.845 95.0 78.8, 149.6 155
Front —253 —43 2.689 2.617 65.1 83.0, 112.0 106
[Rh(acac)(P(OCH3)3)2(CH3)(1)]
Linear -187 —-514 2.608 2.509 175.4 95.5 17
Bent -311 —305 2.684 2.862 94.0 704, 136.7 14
Front —264 —82 2.655 2.522 68.1 86.9,119.9 161
[Rh(CO)2Ix(CH3)(I)]
Linear -323 — 2.592 2.577 176.7 91.8 32
Bent —386 = 2.775 2.641 89.2 144.2, 81.9 160
Front -306 — 2.618 2.721 64.3 124.5,95.5 157

2 From Ref. [37].

substantially stretched. In the reactant [Rh(acac)(P(OPh)s3),], the
large OPh groups are bent backwards so that the Ph groups are
arranged above, below and in the square planar plane (formed by
the acac-ligand, the rhodium atom and the two phosphor atoms).
As the CHsl group approaches the reactant, the “arms” of the OPh
groups above the plane gradually open up to accept the incoming
CHjsl group to proceed through the TS. The overall structure of the
TS appears to be square pyramidal, with the CHf group in the
pyramidal position (Fig. 6, Middle). The optimized distance between
the attacking rhodium atom and CH3 group at the point of the TS is
2.55, 2.61 and 2.54 A respectively for R = Ph, CH3 and H. The car-
bon—iodide bond distance of the CHsl group increased from 2.18 A
in the reactant to 2.59, 2.51 and 2.55 A in the transition state
(R = Ph, CH3 and H).

Rhodium(l) is a d%,d%,d2yd2dx3_,> complex of which the HOMO
(highest occupied molecular orbital) exhibits mainly d,3 character.
The HOMO of the TS is visualized in Fig. 6 (Middle). The main
contribution to the Rh—C¢y, bond in the TS comes from the overlap
of the d;; HOMO of the rhodium atom with the p, LUMO (lowest
unoccupied molecular orbital) of the methyl carbon.

Following the TS, is the formation of the cationic five-coordinate
[Rh(acac)(P(OPh)3),(CHs3)]" intermediate with the CHs group in the
apical position (Fig. 6, right) and with the iodide ion drifting away
into the solvent sphere. The product, [Rh(acac)(P(OPh)s),(CHs3)(I)]
Alkyl-A, is octahedral with the methyl and iodide above and below
the square planar plane in a trans arrangement (Fig. 5, Alkyl-A).
Inversion of configuration at the methyl carbon occurred and the
methyl group is fully bonded to rhodium atom.

3.5. Calculated vs. experimental thermochemical data
The obtained thermochemical data (Table 4) can be compared to
experimental [8] results. The activation enthalpy (AH™) for the

oxidative addition of CHsl to [Rh(acac)(P(OPh)s3);] is experimentally
determined as 40(3) k] mol~!, which is in the same order as the

Table 4

calculated activation enthalpy value of 37 and 28 kj mol~! deter-
mined without and with relativistic effects respectively. The
calculated values for the two simplified models are lower, 22 and
19 kJ mol~! for [Rh(acac)(P(OCH3)3)2] and [Rh(acac)(P(OH)s),]
respectively. The entropy of activation (AS™) of the reaction [Rh
(acac)(P(OPh)s),] + CHsl is experimentally determined as —128(9)
k] mol~". This is in agreement with the large negative activation
entropy observed for all models here. The activation free energy
(AG™) of the reaction [Rh(acac)(P(OPh)3),] + CHsl is experimentally
determined as 78 k] mol~!, which is in high agreement with the
calculated values of 75 and 78 kJ mol~! for the full model (deter-
mined without and with relativistic effects). The calculated values
of the two simplified models failed to accurately reproduce this
value (60 k] mol~! for both [Rh(acac)(P(OCH3)3)2] and [Rh(acac)(P
(OH)3)2]). The agreement between experiment and theory for the
individual components AH” and AS™ to AG* = H* — TAS™ is thus
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 and assigned to solvent effects [7].

A reduction in the activation enthalpy associated with the
oxidative addition reaction [Rh(acac)(P(OR)s),] + CHsl is observed
for R = CHs as compared to Ph. On the basis of Tolman'’s electronic
parameter (Table 5), P(OCH3)s is expected to be somewhat more
electron-rich than P(OPh); [38]. Therefore, nucleophilic attack of
the rhodium atom of [Rh(acac)(P(OCHs3)3)2] on the CH3 group is
expected to be easier than that of [Rh(acac)(P(OPh)s3);]. The higher
calculated activation enthalpy of [Rh(acac)(P(OPh)s);] + CHsl is
therefore as expected on electronic grounds. However, the bulki-
ness of the P(OPh)3 group could hinder the attack of the rhodium
atom of [Rh(acac)(P(OPh););] on the CH3 group, also leading to
a higher energy barrier. The high agreement between the
computed activation enthalpy for the full experimental model and
the experimentally obtained value demonstrates that the use of the
full P(OPh)s), groups are vital for obtaining accurate theoretical
values.

The PW91/TZP/methanol calculated thermodynamic data of the reactants, TS and product during the oxidative addition reaction [Rh(acac)(P(OR)3)2] + CHsl (where R = Ph, CH3
or H). All energy values are given compared to the reactant. Unbracket values refer to R = Ph, round bracket values refer to R = Ph (including relativistic effects), square bracket
values refer to R = CH3 and curved bracket values refer to R = H. Experimental activation parameters are in italics.

AEqgg/k] mol~12 AH?%8 ¥/Kk] mol~12

A6298 I(/kj mol—lb ASZQS K/J K—l mol—lc

Reactant 0(0) [0] {0}
TS 30 (22) [14] (17}
Product (Alkyl-A) 28 (—34) [-71] {101}

0 (0) [0] {0}

37 (28) [22] {19} 40(3)¢
—16 (-27) [-56] {-95}

0(0) [0] {0}
75 (78) [60] {60} 78¢
27 (18) [-2] {-47}

0 (0) [0] {0}
—129 (—168) [-125] {137} — 128(9)¢
—144 (~151) [-180] {—163}

a
b
c
d

Enthalpy, calculated by Equation (2).
Gibbs free energy, calculated by Equation (3).

Experimental activation parameters from Ref. [8b].

Entropy, calculated from the temperature dependent partition function in ADF at 298 K.
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1+ 0

Fig. 6. The PW91/TZP/methanol optimized structures of the oxidative addition of the reaction [Rh(acac)(P(OPh)s),] + CHsl. The H atoms are removed for clarity (except for the
methyl group of the CHsl). Left: The reactant complexes viz. [Rh(acac)(P(OPh)s),] + CHsl. Middle: The square pyramidal TS, involving the attack of rhodium atom on the CH3 group
with displacement vector (blue arrow), indicating movement of the CH$ group at the negative frequency (—258.6 cm™'). The HOMO of the TS is superimposed on the TS geometry —
note the d,, orbital on the rhodium center. Right: The optimized reaction intermediate [Rh(acac)(P(OPh)s),(CH3)] "1~ (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article).

Table 5

Electronic (v) and steric (cone angle ¢) parameters of P(OR)3, R = Ph or CH; and
computed relative activation enthalpies for oxidative addition reaction [Rh(acac)
(P(OR)3)2] + CH3l.

P(OR)3 vjem™! Cone angle/° AH7 298 K[k mol~!
P(OPh); 20853 128 37
P(OCH3)s 20795 107 2

The calculated activation barrier, AE7ge = 30 k] mol ™, for the trans
addition of CHjsl to [Rh(acac)(P(OPh)3),] in this study is of the same
order as the reported DFT values for the Monsanto system 32 k] mol
(Table 3, BP86) by Feliz [37], but smaller than the value reported by
Laasonen when using the hybrid B3LYP functional (68 k] mol~1) [5b].
The calculated thermochemical quantities (AS*, AH*, AG™, 298 K) of
this study compare well with experimental data of the Monsanto
catalyst, —120 ] mol~! K=, 60 k] mol~! and 96 k] mol~! respectively
[3]. However, since the [Rh(acac)(P(OPh)3);] complex in this study
does not contain a CO group, no methyl migration, the second step in
the Monsanto catalytic cycle, is possible. The potential use of [Rh(acac)
(P(OPh)3)2] in industry other than olefin hydroformylation [39], thus
still has to be further explored.

4. Conclusion

Simplified model systems for the oxidative addition reaction [Rh
(acac)(P(OPh)3);] + CHsl, viz. [Rh(acac)(P(OCHs3)3)2] and [Rh(acac)
(P(OH)3)2], give a good account of the Rh-L experimental bond
lengths of both rhodium(I) and rhodium(IIl) B-diketonatobis(tri-
phenylphosphite) complexes. All models give the same trend con-
cerning the relative stability of the four possible rhodium(IIl)
reaction products. The main features of the TS, viz. the nucleophilic
attack of the rhodium atom on the CH¥ group and the cleavage of
the carbon—iodide bond, are similar for all three systems. There-
fore, in order to save on computational recourses, a simplified
model system can be used to obtain preliminary information of the
oxidative addition reaction of CHsl to [Rh(B-diketonato)(P(OPh)s3),]
complexes. However, for the best agreement with experimental
activation parameters, the full experimental system is necessary.
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