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Oxidative addition of methyl iodide to rhodium complexes, the first and rate-determining
step in the rhodium-catalyzed methanol carbonylation process, has been studied computa-
tionally by means of DFT calculations including solvent effects. Monsanto’s catalyst cis-
[Rh(CO)qlo]~, Cole—Hamilton’s trans-[Rh(PEt3)2(CO)I], and Freixa’s new dirhodium [Rhga(u-
C1)2(SPAN-PPh3)(CO)2] complexes were considered. Transition state structures deter-
mined in this study confirm the Sx2 character of the reaction, i.e., the nucleophilic attack
by the rhodium complex on Mel. The transition states show a linear arrangement of the
I-CH3;—Rh moiety. The DFT level of calculation and solvent effects were shown to be crucial
in the determination of T'S structures. Thermochemical parameters computed in this study
were in excellent agreement with experimental kinetic data.

Introduction

Methanol carbonylation to produce acetic acid is one
of the most prominent industrial applications of homo-
geneous catalysis.! The original rhodium/iodide process
was initiated in 1966 at the Monsanto laboratories.?3
The technology ownership was acquired by BP Chemi-
cals in 1986, where it was further developed* and
licensed over the world. The harsh conditions of the
Monsanto process have driven the researchers to the
synthesis of new rhodium complexes bearing electron-
donating ligands,’ as these might facilitate the oxidative
addition of methyl iodide; whether these systems will
provide stable catalyst systems in the long term remains
to be studied. Phosphine ligands generated much inter-
est, and several complexes were synthesized and tested
as catalysts. The catalytic performance of monophos-
phines, PEt3,6 diphosphines, PPh,-CH2-CHy-PPhs, (dppe),”
and mixed bidentate ligands PPhy-CHg-P(O)Phg
(dppmo),® PPhy-(CHg)e-P(O)Phy (dppeo),’ PPhy-CHs-
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P(S)Phg(dppms),lo’ll S,P-SCzB10H10PPh2 (CabP,S),IZ and
PPhy-CHy-P(NPh)Phy (dppmn)!? was similar or better
than the Monsanto process. Electronically unsymmetri-
cal diphosphine complexes are also active and selective
catalysts in industrially significant conditions.!* New
nitrogen donor ligands, such as the macrocycle dimeric
species reported by Siiss-Fink et al.,!> catalyzed the
iodide-promoted carbonylation of methanol with higher
activity than that of the classical catalyst. The anionic
bis(imino)carbazolide ligand reported recently by Haynes
et al.’® is the most active system for methyl iodide
oxidative addition, the first and rate-determining step
in the catalytic cycle (Scheme 1).17 Although the first
report on the reactivity of dimeric rhodium species with
methyl iodide was reported a long time ago,!® very
recently, rhodium dimers stabilized by new trans-
chelating diphosphine ligands showed high activity. It
was proposed®1® that rhodium dimers could participate
as intermediates in the process. Indeed, the fastest
phosphine-based catalyst reported until now is the
bimetallic ¢rans diphosphine compound [Rha(u-Cl)s-
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(SPANphos)(CO).] synthesized by Freixa et al.,1° which
showed unprecedented activity in the methanol carbo-
nylation process. It is worth noting that the activation
enthalpy measured for the oxidative addition of Mel in
that system is below 10 kcal-mol~1.

The importance of the Mel oxidative addition is well
established. It is generally considered to be rate deter-
mining®20 and to proceed in two steps: Sx2 attack by
the Rh(I) complex on Mel followed by iodide coordina-
tion to Rh(III). However, theoretical characterization of
the mechanism of this fundamental step is still a matter
of debate. Despite the great relevance of the process in
homogeneous catalysis, accurate computational studies
are still scarce due to the inherent complexity of the
system. The existence of negatively charged and neutral
species along the reaction mechanism and ionic ligand
exchange processes pose severe difficulties to gas-phase
quantum chemistry methods. Solvent effects become
crucial, for instance, in stabilizing the iodide leaving
group, which otherwise is a highly unstable species in
the gas phase. In a pioneering study on the Monsanto
process, Griffin et al.2° determined the geometry of two
TS structures at the Hartree—Fock (HF) level and
performed single-point Mgller—Plesset (MP2) energy
evaluation in the gas phase. In the Sx2-like transition
state, Mel approaches [Rh(CO)qlo]- along the axis
perpendicular to the plane, the methyl group adopts a
five-coordinated trigonal bipyramid structure, and the
I-CH3s—Rh angle deviates slightly from linearity (Fig-
ure la). In the second TS structure, the I-CH3s—Rh
angle is bent toward the CO ligands (Figure 1b). The
former was found the most stable, thus confirming, for
the first time, the Sx2 character of the Mel oxidative
addition. However, the energy barrier was overesti-
mated at the HF and MP2 levels. Later, Ziegler et al.
studied the migratory CO insertion step,?! and almost
simultaneously, Ivanova et al.22 and Kinnunen et al 2325
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reported DFT studies on the complete catalytic cycle.
Kinnunen used a BSLYP DFT method and character-
ized the same Sy2-like TS found by Griffin. However,
Ivanova et al. attempted to overcome the high instability
of the iodide leaving group in the gas phase by introduc-
ing NH," as a model of a counterion, considering the
BP86 DFT method and including solvent effects “a
posteriori” through the formalism of the PCM method.2¢
These authors determined the geometry of two TS
structures: one corresponded to the Sn2-like path,
although it is strongly distorted compared with Griffin’s
and Kinnunen’s structures; the other TS structure
is related to a side-on attack, but in this case the
I-CHj3—Rh angle is bent toward the two iodide ligands
(Figure 1c). By including solvent effects, those authors
found that the former TS is more stable, although the
energy barrier was grossly overestimated. Very recently,
Cheong et al.2” made a further step by including the
solvent effects in the calculations in a self-consistent
manner at the BP86 DFT level. Surprisingly, the TS
structure located in that study strongly differs from
previous reported data, showing a rather long Me—I
distance (5.2 A) and a short Rh—Me bond (2.1 A). These
results do not agree with previous computational stud-
ies. Therefore, aiming to obtain a more accurate de-
scription of the Mel oxidative addition to rhodium
complexes at the DFT level, this paper presents, for the
first time, an unequivocal characterization of transition
state structures in solution. Thus, TS structures were
optimized in solution (methanol, dichloromethane) for
the Monsanto system [Rh(CO).Is]- and for models of
neutral complexes, namely, trans-[Rh(PEt3)2(CO)I] and
[Rha(u-C1)2(SPAN-PPhy)(CO)ql, for which experimental
data are available. Thermodynamic activation param-
eters calculated in the present study fully agree with
experimental data.

Computational Details

All DFT calculations were carried out using the Amsterdam
Density Functional (ADF2004.01) program developed by Baer-
ends et al.?® and vectorized by Ravenek.?® The numerical
integration scheme applied for the calculations was developed
by te Velde et al.?® The geometry optimization procedure was
based on the method by Versluis and Ziegler.?! Two DFT
functionals were used in geometry optimization and frequency
calculations: the local PBE exchange correlation potential
combined with nonlocal exchange correction,?? and the BP86
functional described as a combination between local VWN
exchange—correlation potential with nonlocal Becke’s ex-
change correction®® and Perdew’s correlation correction.?*
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Figure 1. Linear (a), bent (b), and front (e) transition state structures for nucleophilic attack by cis-[Rh(CO)slo]~ on

methyl iodide.

Single-point calculations were performed with the hybrid
B3LYP exchange and correlation functional.?> Relativistic
corrections were introduced by scalar-relativistic zero-order
regular approximation (ZORA).3¢ A triple-£ plus two polariza-
tion Slater basis set was used for rhodium atoms, and plus
one polarization function for the other atoms. For non-
hydrogen atoms a relativistic frozen-core potential was used,
including 3d for rhodium, 2p for phosphorus and chlorine, 4p
for iodine, and 1s for carbon and oxygen. A numerical integra-
tion parameter of 5.0 was employed in optimization and single-
point calculations. For frequencies computation, the integra-
tion criteria were increased to 6.0. Solvent effects were
included variationally and in geometry optimization calcula-
tions by means of the conductor-like screening model (COSMO)
of Klamt and Schiiiirmann®’ as implemented in ADF.?8 Metha-
nol (dielectric constant ¢y = 32.6) and dichloromethane (di-
electric constant ¢) = 9.08) were considered in order to fulfill
the experimental conditions described for each case. Geometry
convergence criteria were raised 1 order of magnitude up to
1073 hartreeA~!. No symmetry constraints were used. Transi-
tion states were fully optimized and fully characterized by the
presence of only one imaginary vibrational frequency. Mul-
liken®® and VDD (Voronoi deformation density)* atomic
population analyses were computed. The topological analysis
of the electron density function was carried out using the Xaim
program package.*!

Results and Discussion

We considered the two reactants at infinite separation
as the starting state. At the present level of theory, a
prereaction complex was characterized, although it lies
above the reactants by less than 0.5 kcal-mol~1. Thus,
activation energies were computed as the difference in
energy between reactants and T'S. Figure 1 displays the
three types of TS structures that have been reported
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until now and that were characterized as true TSs at
the present level of theory. Structure a corresponds
to a Sn2-like approach characterized by a linear
I-CHj3—Rh arrangement and by a I-CHs—H angle close
to 90°. The methyl hydrogen atoms are located in the
equatorial plane of the five-coordinated carbon atom,
which shows a trigonal bipyramidal geometry. This kind
of structure has recently been characterized in a number
of related cases,*? and it was first proposed by Griffin
et al.?2 In complex a, the Rh—C and C—I distances agree
with a concerted formation of the Rh—C bond and a
rupture of the C—1I bond. However, in structures b and
¢ the iodine atom and the C—I bond approach the
rhodium atom, although only structure e would cor-
respond to a concerted three-center oxidative addition,
i.e., simultaneous Rh—I and Rh—C formation and I-C
breaking. Table 1 summarizes the main geometric
parameters of the TS structures determined in the
present study. The iodide—carbon bond length and the
rhodium—carbon bond distances in the Monsanto TS
structures fall in a narrow range in all cases, although
the I-C bond in the bent structure is somewhat longer.
Indeed, both I-C and Rh—C bonds (and Rh—1I bond in
the front structure) were characterized by the existence
of bond critical points (bcp),*® which were determined
on the basis of the topological analysis of the electron
density function. As expected, the value of the electron
density at the bcp follows the same trend as the
interatomic distances. In the front structure, the three-
center nature of the TS is fully confirmed by the
existence of the three bep and the corresponding ring
critical point (rcp).

In all three cases, vibrational analysis showed only
one imaginary frequency which characterized unam-
biguously the stationary points as true TS structures.
The values of the three frequencies vary in a narrow
range despite the geometric differences. As found previ-
ously (vide supra), the most stable structure is the linear
Sn2-like T'S. However, geometric parameters optimized
in this study including solvent effects differ substan-
tially from the previously reported data. At the HF level

(42) Bogdanov, B.; McMahon, T. B. Int. J. Mass Spectrom. 2005,
241, 205.
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R. F. W. Coord. Chem. Rev. 2005, 249, 633.



Methyl Iodide Oxidative Addition to Rh Complexes

Organometallics, Vol. 24, No. 23, 2005 5721

Table 1. Selected Geometrical Parameters, Mulliken and VDD Iodine Atomic Charges, TS Imaginary
Frequency, and Activation Barriers of the Methyl Iodide Oxidative Addition on Rhodium Transition State

Structures®
dI-C) d(C-Rh) d(Rh-1) 6(I-C-Rh) 6I-C-H) 6MULI) @'PD(I)  freq AE*
[Rh(CO)2Io(ICHg)] ®
linear (a) 2.592 2.577 5.167 176.7 91.8 —-0.44 —0.45 323.261 +7.66
bent (b) 2.775 2.641 3.803 89.2 144.2 -0.39 —-0.38 386.051 +38.31
81.9
front (e) 2.618 2.721 2.842 64.3 124.5 -0.01 —-0.15 306.291 +37.63
95.5
86.7
[Rh(PH3)2(CO)I(ICH3)]¢ 2.585 2.594 5.178 177.3 92.1 —-0.41 —0.43 339.01i +6.80
[Rha(u-CD2(PHz)2(CO)o(ICH3)]¢ 2.557 2.597 5.171 176.3 92.8 —-0.40 —0.43 319.071 +5.92

@ Interatomic distances are in A, angles in deg. Imaginary frequencies are expressed in cm™! and activation barriers in kcal-mol . For
comparison, optimized parameters for Mel were d(I—C) = 2.179 A; d(C—H) = 1.091 A, and 6(I-C—H) = 106.6°. ® Geometries optimized

in methanol. ¢ Geometries optimized in dichloromethane.

Figure 2. TS structures for Mel oxidative addition on ¢rans-[Rh(PHs)s(CO)I] (left) and to [Rha(u-CDo(PHs)s(CO)s] (right)
model complexes. See Table 1 for selected geometrical parameters.

and in the gas phase,?® I-Me distances were found to
be ca. 0.6 A longer, and consequently, the Me—Rh
distances were 0.4 A shorter. The I-CH3—Rh and
CHs—Rh—Iane angles reported by Haynes showed
higher distortion than our DFT-calculated results.
B3LYP values in the gas phase?* are closer to our values
than to HF geometries, although in both gas-phase
structures, the arrangement of the carbon methyl atom,
especially the H-C—Rh angle being larger than 90°,
suggests a product-like structure. All these differences
can be explained by the lack of correlation effects in HF
calculations, which are inadequate for describing metal—
ligand bonds, and by the lack of solvent effects. It is
worth mentioning that at the present DFT level TS
geometry optimizations in the gas phase of the Sy2 TS
structure a failed to converge, even when the Hessian
matrix provided the desired eigenvector. In the T'S, both
the long Rh—1I distances and the high negative charge
developed on the iodine atom prevent the proper de-
scription of quasi free iodide in the gas phase. This effect
is clearly reflected in the atomic charges of the iodine
atom computed using two population analysis methods
and collected in Table 1. Therefore, it was necessary to
include solvent effects in order to obtain T'S optimized
structures, thus stabilizing the charge transfer toward
the iodine atom. In a related case,*? the same difficulty
was recently overcome by considering explicitly solvated
TS structures.

In the case of neutral phosphine complexes, we
modeled the Cole—Hamilton system® by the trans-[Rh-
(PH3)2(CO)I] compound and the new dimeric [Rha(u-Cl)o-
(SPAN-PPhy)(CO)s] catalyst reported by Freixa et al.1®
by the complex [Rha(u-Cl)o(PH3)2(CO)ol. In the latter
case, oxidative addition on only one of the rhodium

Table 2. Values of the Electron Density (in
electons-bohr1) at the Bond Critical Points (3,—1)
for Each I-CH3-Rh TS’s Moiety

I-C C—-Rh Rh-1I

CHsl 0.103
[Rh(CO)I2(ICH3)]~

linear (a) 0.047 0.042

bent (b) 0.035 0.042

front (e)* 0.046 0.032 0.047
[Rh(PH3)2(CO)I(ICH3)]

0.048 0.041
[Rha(u-Cl)2(PHs)2(CO)2(ICHs;)]
0.049 0.040

@ For this structure, a ring critical point (3,+1) was character-
ized (p(rcp) = 0.028).

centers has been considered, according to experi-
mental results.!® In both cases, we characterized the
linear Sn2-like transition state as is shown in Table 1
and Figure 2, which displays the molecular structures
of those T'Ss.

Regarding the methyl iodide moiety, no large differ-
ences were found between the Monsanto TS structure
and those found for phosphine-substituted neutral
complexes. The distances I-CHs and CHs;—Rh and
I-CH3—H angles were very similar, as well as the
imaginary vibrational frequencies (see Table 1). The
I-CHj3 bond distances followed a clear trend, [Rho(u-
Cl1)2(PH3)2(CO)q] < trans-[Rh(PHs)2(CO)I] < Monsanto,
as do the values of the electronic density at the bcp
(Table 2). It is interesting to note that the lowest barrier
that we obtained corresponds to the fastest catalyst, i.e.,
to the rhodium dimer. Indeed, energy barriers followed
the same trend displayed by the I-CHj bond distance
in the TSs.
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Table 3. Calculated Activation Parameters in Mel
Oxidative Addition Reaction on Mono- and
Dirhodium Catalysts®

AS*  AE*  AH* AG*

cis-[Rh(CO)qly] 0

exp [ref 20] —28.7 14.3 22.9

calc (PBE) 6.7

calc (BP86)° —-36.9 7.7 8.2 19.2

calc (BP86)¢ —-31.8 7.7 8.2 17.7

cale (B3SLYP) 13.7 14.2¢ 24.7

cale (BSLYP) (a)? 16.3 20.8

calc (BSLYP) (a)? 13.0 16.9

cale (MP2) (a)" 17.0

calc (MP2) bent (b)" 60.9

calc (BP86) bent-2¢ —43.9 13.8 269

calc (BP86) front (¢y 31.6 47.0

calc (BP86) back’/ 34.9 32.2
trans-[Rh(PEt3)2(CO)I]

exp [ref 6] —26.8 13.4 21.3
trans-[Rh(PH3)o(CO)I]*

calc (BP86)¢ —-37.1 6.8 7.6 18.7

calc (BSLYP) 12.7 13.5¢ 23.77
[Rha(u-CDo(SPAN—PPhy)o(CO)ql

exp [ref 19] —-39.1 7.7 19.4
[Rha(u-CD)2(PHs)o(CO)ol*

calc (BP86)° —41.5 5.9 7.0 19.4

cale (B3LYP) 11.1  12.2¢ 235/
[Rha(u-C)o(PMes3)2(CO)ql*

calc (BP86) 5.5

calc (B3LYP) 10.4

@At 298.15 K and 1 atm. All energies are in kcal-mol™ !,
entropies in cal-K~1-mol L. ® Solvent methanol (¢p = 32.6). ¢ AGso*
= AHgow" — TASsov*. ? AGsoty® = AHgor™ — TASgas™. ¢ Value esti-
mated as AHg"(BSLYP) = AHo1y"(BP86)corr + AEsoy (BSLYP),
where AHgo*(BP86)co: is the difference between AH,,* (BP86)
- AESOIV*(BP86)~ fAGsolvx(B3LYP) = A}Isolv*(B3LYP) - TASsolvt'
(BP86). ¢ The AE* and AG* results reported by Laasonen for both
structures include zero-point corrections, ref 24. » MP2 single-point
calculated energies from optimized RHF/LANL2DZ structures, ref
20. ¢ Optimized BP86 energies reported by Cheong. Transition
state geometry corresponds to the one labeled as TS[1—-2] in
original paper, ref 27./ The front transition state corresponds to
TS(A1B3-front) labeled in the original paper and back to the cis-
[Rh(CO)2Io] " [NH4I* neutral species (TS(A1B3-front)), ref 22. * Sol-
vent dichloromethane (eg = 9.08).

Thermochemical data obtained from kinetic measure-
ments are available for the Monsanto, for ¢rans-[Rh-
(PEt3)2(CO)II, and for [Rhg(u-C)2(SPAN-PPhy)(CO),]
catalysts. Therefore, we sought to calculate activation
free energies and activation entropies by including
standard corrections to the energy barriers, and to
compare those with experimental and previously com-
puted data. Although contributions arising from the
changes in the internal degrees of freedom when going
from reactants to the transition state are included in
the standard statistical corrections applied here, changes
in the solvent part are not accounted for.** Solvation
energies computed in the framework of continuum
solvent models, such as COSMO used in our calcula-
tions,3® have been considered as an electrostatic contri-
bution to enthalpy,?” so we followed the same assump-
tion. Zero-point energy, internal energy, and entropic
contributions were computed considering the solvent in
the calculation of the harmonic frequencies. Gas-phase
entropy was obtained by recalculating the frequencies.

Table 3 collects several values computed in this study
and those reported by other authors for comparison. We
computed the energy barrier by using different func-

(44) Wood, R. H.; Yezdimer, E. M.; Sakane, S.; Barriocanal, J. A.;
Doren, D. J. J. Chem. Phys. 1999, 110, 1329.
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tionals (PBE, BP86) and by performing single-point
B3LYP calculations on the geometry optimized at the
BP86 level. Values computed for Mel oxidative addition
on the Monsanto cis-[Rh(CO)q2la]~ catalyst using pure
DFT functionals correspond to the lowest values com-
puted until now (6.7 and 7.7 kcal-mol~1), whereas the
value obtained using the hybrid B3SLYP functional is
more in accordance with the experiment and almost
coincides with a value reported by Laasonen.?* As
mentioned before, previous studies overestimated the
energy barrier. The agreement between the activation
enthalpy estimated at the BSLYP level and the experi-
mental value is excellent. In the most recent report,
Cheong?” found a good agreement between calculated
and experimental activation enthalpies (13.8 vs 14.3
kecal-mol™1), although the geometry of the reported
transition state differs substantially from the linear Syx2
structure characterized by us and others. Moreover, the
ASneon® value calculated in this study at the same level
of calculation is also in good agreement with experi-
mental results and lower than previously reported data.
In this context, the ASg,s* parameter, computed from a
calculation of the vibrational frequencies in the gas
phase, is closer to the experimental result than the
value computed in solution. It should be noticed that,
in any case, the discrepancies are small.

The results for the Cole—Hamilton catalyst model
trans-[Rh(PH3)2(CO)I] show that the BP86-calculated
activation enthalpy is 5.8 kcal'mol™! lower than the
experimental value, whereas the B3LYP-estimated en-
thalpy reproduces the experimental data fairly well. The
activation entropy value is also overestimated, although
within the experimental error. Our estimation of the
activation free energy at the BSLYP calculations repro-
duces the experimental measure. Computed activation
parameters are thus in full agreement with experiment,
which indicates that phosphine-rhodium compounds
provide faster catalysts than the Monsanto one. Re-
cently, Freixa et al.!® have shown that the highest
activities (when using phosphine ligands) for oxidative
addition of Mel to rhodium are obtained when using
dinuclear compounds containing SPANphos as bridging
diphosphine. The optimized activation parameter for the
model system [Rha(u-Cl1)2(PH3)2(CO)s] calculated at the
BPS86 level was 5.9 kcal'mol !, which corresponds to a
lower activation barrier than that computed for mono-
nuclear catalysts. Entropy and enthalpy at BP86 values
show a good agreement with experimental values. In
this case, BSLYP single-point calculations overestimate
the activation enthalpy by 4.5 kcal-mol~!. As Table 2
shows, the BSLYP-calculated free activation energy is
overestimated in this case, while the BP86 functional
shows a nice agreement with experimental data. To
check if the activation barrier would decrease further
by increasing the electron density at the rhodium center,
PH; ligands were replaced by PMes as a model for better
donor ligands.*> Indeed, the activation energy for Mel
oxidative addition on [Rhga(u-Cl)2(PMe3)2(CO)s] com-
pounds was the lowest barrier found in this work (see
Table 30), and the I-CHj3 distance was the shortest
(2.539 A).

(45) (a) Gonzalez-Banco, O.; Branchadell, V. Organometallics 1997,
16, 5556—5562. (b) Woska, D.; Prock, A.; Giering, W. P. Organome-
tallics 2000, 19, 4629—4638. (c) Haberlen, O.; Rosch, N. J. Phys. Chem.
1993, 97, 4970—4073.
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Conclusions

From the results and analysis presented above, we
can draw the following conclusions.

(1) The transition state for the oxidative addition of
Mel on square planar rhodium complexes corresponds
to a Sn2 nucleophilic attack by the metal compound on
methyl iodide. The geometry of the T'S structure shows
a collinear I-C—Rh disposition. A concerted three-
center TS structure exists as well, although it lies at
high energy.

(i1) Activation enthalpies and activation entropies
calculated in this study including solvent effects were
in excellent agreement with experimental values. For
mononuclear complexes, the BSLYP functional pro-
vided results superior to other DFT methods. However,
for binuclear complexes, the hybrid functional overes-
timated the barrier, whereas the BP86 functional did
not.

(iii) The nucleophilic character of the rhodium atom,
tuned by introducing electron donor ligands such as
phosphines, greatly influences the barrier. Indeed, the
more nucleophilic the rhodium center is, the lower the
barrier is. This experimental observation perfectly cor-
relates with the results obtained in the present study.
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Geometrical parameters of the TS structures also
showed that when the nucleophilic character of the
metal center increases, the C—I distance decreases, and
therefore an earlier TS is obtained.

(iv) Finally, the results of the DFT calculations
including solvent effects showed that dirhodium com-
plexes coordinated to monophosphines are the most
active catalysts reported until now and are in perfect
agreement with experimental findings. Further studies
on the complete reaction cycle for diphosphine bimetallic
catalysts are in progress.
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