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Quantum mechanical calculations based on density functional theory (DFT) have been
carried out on the oxidative addition process [M(CO)yI3]~ + CH3l — [M(CO)2I3(CH3)]l~ (M =
Rh, Ir), which represents an elementary step in methanol carbonylation. The calculated
free energies of activation (AG¥) in methanol are 19.3 (Ir) and 26.9 kcal mol~! (Rh),
respectively, in good agreement with the experimental estimates at 20.9 kcal mol™! (Ir) in
dichloromethane and 22.9 kcal mol~! (Rh) in methanol, respectively. The higher barrier for
M = Rh is attributed to a relativistic stabilization of the Ir—CHj3 bond. A thermodynamic
calculation was carried out on the formation of the intermediate [M(CO)LICH3]" Y~ in the
general oxidative addition reaction [M(CO)LoI]*~ + CH3Il — [M(CO)LoICH;3]* V™ 4+ 1" (n =
0 or 1) (where Ly = (CO)I, (CO)s, or (CO)(MeOH) for M = Ir and Ly = (CO)I, trans-(PEts)s,
PhyPCH;CH3>PPhg, PhoPCHP(S)Phg, or S,P-SC3B19H10PPhy~ for M = Rh). The thermody-
namic energy difference between the intermediate [M(CO)L,ICH;3]”* P~ and the ground state
follows the order S,P-SCQB10H10PPh27 < trans-(PEt3)y < Ph,PCH,P(S)Phy < PhyPCH,CHo,-
PPhy; < (CO)I- < (CO)z in solution with respect to the ligand Lg. This order is to a first
approximation determined by the ability of L to stabilize the M—CHj3 bond being formed
and the ability of the solvent to stabilize the intermediate [M(CO)L,ICH3]*~V~ relative to
ground state. This order agrees well with the experimental kinetic trend.
Introduction Scheme 1. Proposed Catalytic Cycle for
I Carbonylation of Methanol
n the late 1960s, workers at Monsanto developed an
efficient industrial process for the production of acetic -oc,, o ’
acid. The Monsanto process is based on the carbonyla- 'M\
tion of methanol by a homogeneous iodide-promoted oc/ 1
rhodium catalyst.12 Typical commercial operating con- - 1
ditions are 150—200 °C and 30—100 atm, giving selec-
tivities exceeding 99% based on methanol. A substantial °\\c/°“a MeCOI Mel CH,
proportion of the 5 million tons of acetic acid made oc, | o H0 oc | o
annually uses this process, and the industrial carbony- m\ R
lation of methyl acetate to acetic anhydride also now oc/ ’ 1 oc/ T\I
employs a similar technology.?~7 The suggested mech- 4 MeC(‘)gH Hi MeOH
anism for the Monsanto process at high iodide concen- 2
trations is illustrated®®P in Scheme 1. For the rhodium- 7
based catalyst the oxidative addition of CHgsl to co O\_CHs
[Rh(CO)qlo]~ (1-[Rh] of Scheme 1) is rate determining, [
whereas the migratory insertion step [Rh(CO)2I3(CHs)]~ ocu,, | e
(2-[Rh]) — [Rh(CO)I3(COCH3)]~ (3-[Rh]) has a lower |/M\I
3 i
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barrier.8®P The final reductive elimination of CH3COI
from [Rh(CO)Is(COCH3)]~ (4-[Rh]) appears to be fast,
but its rate has not been measured.

Recently BP Chemicals®? has introduced a new
catalytic process in which rhodium is replaced by
iridium. The new process, named Cativa, has several
advantages over its rhodium-based predecessor, includ-
ing high reaction rates, good product selectivity, and
improved catalyst stability. The carbonylation of metha-
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nol catalyzed by rhodium and iridium complexes has
been discussed extensively in the literature®~17 following
the pioneering work by Foster.11:14.15

Mechanistic studies®1819 indicate that the iridium
system follows the same cycle (Scheme 1) as the
rhodium homologue at high iodide concentrations. How-
ever oxidative addition of methyl iodide (1 — 2) is 100
times faster for iridium than for rhodium, whereas the
migratory insertion step (2 — 3) is up to 10® times
slower for the heavier metal.1316.17 As a result, the
migratory insertion step (2 — 3) becomes rate determin-
ing in the Cativa process. The difference in relative rates
between the two metals is a reflection of the stronger
iridium—carbon bond.

Several experimental studies have explored ways in
which to reduce the barrier for the rate-determining
oxidative addition step (1 — 2) of the rhodium system
by ligand substitutions.!81° We approach here the same
objective by conducting a systematic theoretical study
on the oxidative addition step (1 — 2). Our theoretical
investigation explores in the first place the differences
between rhodium and iridium in the oxidative addition
step involving [M(CO)sl2]~ (2). We assess next how the
thermodyamics of the formation of the intermediate
[M(CO)L2ICH;3]®~ 1~ can be changed for rhodium and
iridium by substituting the iodide or carbonyl ligand,
Lo = (CO)I", with other ligands, Ly = trans-(PEts)s, Pho-
PCHQCHzPth, thPCHQP(S)PhQ, or S,P-SCQBloHlo-
PPhy~, (CO)2, or (CO)MeOH). These ligands were
specifically chosen to compare calculated thermody-
namic results with kinetic experimental results using
a linear free energy relationship. A theoretical study on
the catalytic cycle has appeared recently.84f~1 Since it
is difficult to model the Sx2-type reaction especially
when appreciable dissociation of the leaving group
occurs in the transition state, most of the previous work
tends to predict an earlier transition state than the real
system. Therefore, in this work we incorporated the
solvent effect in each SCF cycle using the conductor-
like screening model (COSMO) of Klamt and Schiitir-
mann, which has been recently implemented into the
ADF package, to model the Sn2-type reaction more
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realistically. This approach made it possible to pull the
iodide from the methyl far enough to model the real
system more closely. As the authors in the previous
papers said, the difficulties in modeling Sx2-type reac-
tions lie in the fact that modeling the system becomes
very hard when the leaving group is farther away. We
have overcome this difficulty by including the solvent
effect in the early stage of the calculation. Therefore,
we were able to calculate the system with methyl and
iodide distances of more than 6 A, which was impossible
in previous papers. This is to our knowledge the first
systematic study of the oxidative addition process for
the rhodium- and iridium-based carbonylation of metha-
nol with various ligands implementing solvent effects
in each SCF cycle and the first study to propose a simple
tool to predict the activity of a catalyst.

Computational Details

Stationary points on the potential energy surface were
calculated using the Amsterdam Density Functional (ADF)
program, developed by Baerends et al.?%?! and vectorized by
Ravenek.?? The numerical integration scheme applied for the
calculations was developed by te Velde et al.?32* The geometry
optimization procedure was based on the method due to
Versluis and Ziegler.?> The electronic configurations of the
molecular systems were described by double-¢ STO basis sets
with polarization functions for the H, B, C, O, and S atoms,
while triple-¢ Slater-type basis sets were employed for the P,
Rh, I, and Ir atoms.?$?" The 1s electrons of B, C, and O, the
1s-2p electrons of P and S, the 1s-3d electrons of Rh, the 1s-
4p electrons of I, and the 1s-4f electrons of Ir were treated as
frozen cores. A set of auxiliary?® s, p, d, f, and g STO functions,
centered on all nuclei, was used in order to fit the molecular
density and the Coulomb and exchange potentials in each SCF
cycle. Energy differences were calculated by augmenting the
local exchange—correlation potential by Vosko et al.?? with
Becke’s?® nonlocal exchange corrections and Perdew’s®! non-
local correlation corrections (BP86). Geometries were opti-
mized including nonlocal corrections, and the harmonic vibra-
tional frequencies were also computed at this level of theory.
Thermodynamic properties were evaluated according to stan-
dard textbook procedures.?? Solvation free energies were
calculated in each SCF cycle using the conductor-like screening
model (COSMO) of Klamt and Schiiiirmann,?? which has been
recently implemented into the ADF package.?* To compare
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1 A[l-2]

Figure 1. Key structures in the oxidative addition process.

TS[1-2]

Table 1. Activation Parameters® for the Oxidative Addition of Methyl Iodide

AS*(s) (cale) AH¥*(s) (calc) AG*(s) (cale) AS* (expt)? AH* (expt)® AG* (expt)? e
cis-[Rh(CO)qls]~ —43.9 13.8 26.9 —28.7¢ 14.3¢ 22.9¢ 32.63
[Rh(dppe)(CO)I] —39.91* 9.56" 21.46" 9.08
[Rh(dppms)(CO)I] —34.42h 11.23% 21.49" 9.08
cis-[Ir(CO)ala] ~ —44.6 6.0 19.3 32.63
—27.0¢ 12.9¢4 20.9¢ 9.08

a At 298.15 K and 1 atm. All energies are in kcal mol~!, entropies in cal K-! mol~!. Barrier calculated from reactant to TS[1—2].
b Experimental numbers are obtained in solution. Solvents are MeOH (¢ = 82.63) or dichloromethane (¢ = 9.08) for rhodium and
dichloromethane (¢ = 9.08) for iridium. MeOH (¢ = 32.63) is used in theoretical calculations for both metals. ¢ Ref 8e. ¢ Ref 16. ¢ AH¥(s)
= AH*(g) + AH*!(s). Here AH®\(s) is the electrostatic solvation stabilization (see ref 34) calculated in each SCF cycle. / AG¥(s) = AH*(s) —
TAS*(s). & Dielectric constants for the solvents in the experiments. # Ref 19.

with experimental results, methanol (¢, = 32.63) was used for
iridium and rhodium complexes as a solvent. First-order Pauli
scalar relativistic corrections®-%¢ were added variationally to
the total energy for all systems. In view of the fact that all
systems investigated in this work show a large HOMO—-LUMO
gap, a spin-restricted formalism was used for all calculations.
No symmetry constraints were used. The transition states
were fully optimized with one imaginary frequency.

Results and Discussion

Our discussion of the oxidative addition process is
divided into two parts. The first deals with the generic
[M(CO)qlo]~ system for M = Rh or Ir. The second part
discusses how the thermodynamics of the Sx2 reaction
is changed by substituting the I~ or CO ligand by other
ligands Lo in [Rh(CO)LgI] (where Ly = trans-(PEtg)s,
PhoPCH2CHoPPhy, PhoPCHP(S)Phs, or S,P-SCsB1oH10-
PPhy) and in [Ir(CO)Lgl] (where Ly = (CO)g or (CO)-
(MeOH)).

1. Oxidative Addition Involving [M(CO).l:]- (M
= Rh, Ir). We shall first discuss the basic oxidative
addition process

[M(CO), 1,1~ + CH,I — [M(CO),I,(CH,)]~
(M =Rh,Ir) (1)

with an emphasis on the difference between the two
metals. The process in eq 1 will be analyzed on the basis
of static DFT calculations.

The square-planar d8 low-spin cis-[M(CO)yls] ~ catalyst
(1) (M = Rh, Ir) was preferred over the corresponding
trans-isomer by 8.2 (Rh) and 15.1 kcal mol™! (Ir),

respectively. The energy difference is enhanced slightly
in solution (CH3I) to 8.8 (Rh) and 16.0 kcal mol ! (Ir).
The oxidative addition product d® low-spin fac,cis-
[M(CO)2I3(CH3)]~ (2) (M = Rh, Ir) from the reaction
between CHsl and [M(CO)sI5]~ (1) was the most stable
conformation for both metals in solution as well as in
the gas phase. However, for rhodium the mer,trans-
isomer is only marginally less stable.37

The metal center attacks in the oxidative addition
process of eq 1 the methyl group in a Sy2-type fashion.
The metal approaches in this process the methyl iodide
trans to the leaving iodide group, leading to an inter-
mediate adduct, A[1—2] (see Figure 1). In this adduct,
the metal—methyl bond is under development, whereas
the methyl—iodide bond is substantially stretched. The
final formation of the M—methyl bond and dissociation
of the Me—1I bond take place in the transition state TS-
[1—2] (see Figure 1). The energy necessary to break the
methyl—iodide bond is partially compensated for by the
formation of the metal—methyl linkage.

The calculated free energies of activation (AG*) for
the process in eq 1 are 19.3 (Ir) and 26.9 kcal mol~! (Rh)
in MeOH solution, as shown in Table 1. These values
are in reasonable agreement with the experimental
estimates at 20.9 kcal mol! (Ir)!6 in CH5Cl; and 22.9
kecal mol~! (Rh)® in MeOH, respectively. Thus, our
calculations reproduce well the increase in AG* from
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iridium to rhodium. The increase reflects the fact that
relativistic effects make the M—CHjs bond stronger for
the heavier metal (iridium).38

The agreement between experiment and theory for
the individual components AH* and AS* to AG* = AH*
— TAS* is not as good as for AG* itself. For rhodium we
find AH* = 13.8 kcal mol~! and AS* = —43.9 cal mol~!
K1 compared to the experimental estimates® of AH*
= 14.3 kcal mol™! and AS* = —28.7 cal mol! K1,
respectively. A similar situation is found for iridium.
Here AS¥ is observed!® to have a small negative value
of —27.0 cal mol™! K~1 compared to our estimate of
—44.6 cal mol~! K~1. On the other hand, experiment!6
finds a large activation enthalpy of AH¥ = 12.9 kcal
mol~! compared to our lower estimate of 6.0 kcal mol 1.
We interpret the difference in terms of a strong depen-
dence of both AH* and AS* on the solvent. Even though
we have incorporated solvent effects in each SCF cycle,
we have still not been able to model the real system
close enough. The explicit solvent involvement might
raise AH* at the expense of decreasing —TAS*. The
result could be a modest decrease in AG*¥ and much
larger (compensating) changes in the components AH*
and AS*. Large compensating variations in AH* and AS*
due to changes in external parameters such as solvent
polarity have been termed an isokinetic response.39:40

Experimental results for rhodium demonstrate the
point made above. Thus, by changing the solvent from
methanol (¢ = 32.63) to dichloromethane (¢ = 9.08),
methyl iodide (¢ = 7.00), or methyl acetate (¢ = 6.68)
considerable changes are observed in AH¥ and AS*
without influencing noticeably AG*.

We can study the experimental trends by introducing
a solvent dependence on AS*in addition to that already
considered for AH* through the electrostatic solvation
interaction3* AH*!(s), Table 1. The entropy of activation
AS*is negative, in Table 1, because two molecules (CH3l
and 1) are brought together to form one single species
TS[1—-2] under the loss of both translational and
rotational entropy. However, our estimate of the loss
(AS*(s)) is exaggerated concerning freedom in both
translation and rotation. The loss is likely smaller in
real solution, where both motions to some degree are
hindered.

The contribution to AH* from the electrostatic solva-
tion term AH*l(s) is negative and largely due to a
stabilization of the polar transition state where I~ is at
the verge of dissociating, as shown in Table 1 and Figure
1.

The coordinatively unsaturated low-spin d® methyl
complex [M(CO)Io(CHg)] (M = Rh, Ir) resulting from
the complete dissociation of iodide in the oxidative
addition process adopts a square pyramidal conforma-
tion with CHs in the apical position. According to
simulations based on ab initio molecular dynamics
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Table 2. Computed Reaction Thermodynamics®
for the Formation of [M(CO),I5(CHs)]~ from

[M(CO)qI:2]1
M AS(g)° AH(g) AG(g) AH(s)b4 AG(s)be
Rh —43.0 —6.8 6.0 —=5.0 7.9
Ir —42.7 —16.6 -3.9 —14.7 —-2.0

@ Reaction eq 1 in the text. All energies are in kcal mol1,
entropies in cal K1 mol1. ® Solvent is methanol. ¢ AS(g), AH(g),
and AG(g) are AS, AH, and AG from gas phase calculations.
d AH(s) = AH(g) + AH®(s). Here AH®(s) is the electrostatic
solvation stabilization (see ref 34) calculated after static calcula-
tion. ¢ AG(s) = AH(s) — TAS(g).

Table 3. Computed Reaction Thermodynamics®
for the Formation of [M(CO)L;I(CH3)]* Y~ from

[M(CO)LoI]*

M Lo AS(gr AH(gr AG(gr AH(sP AG(s)<

Rh (CO)I- —145 318 362 75 118
trans-(PEts) —24 939 946 18 2.5
Ph,PCH,CH,PPh,  —14.6 89.2 935 43 8.7
Ph,PCH,P(S)Ph, —149 840 884 13 5.7
(S,P-SC:B1H PPhy)~ —11.4 240 275 —2.1 1.3

Ir (COI- ~119 263 298 20 5.6
(CO), 143 129.9 1341 198 240
(CO)(Sol)p ~13.5 95 135

a Reaction eq 2 in the text. All energies are in kcal mol1,
entropies in cal K1 mol~L. ¢ Solvent is methanol. ¢ AS(g), AH(g),
and AG(g) are AS, AH, and AG from gas phase calculations.
4 AH(s) = AH(g) + AH®(s). Here AH®(s) is the electrostatic
solvation stabilization (see ref 34) calculated after static calcula-
tion. ¢ AG(s) = AH(s) — TAS(g). f AS(s) was calculated for this
complex. Therefore, AG(s) = AH(s) — TAS(s).

(AIMD), which was done in our group for this system
but was not included in this paper, before the complex
can adopt other conformations, the iodide ion can attack
the empty coordination site.

We find that the oxidative addition reaction (1 — 2)
is exergonic for iridium and endergonic for rhodium, as
shown in Table 2. This trend reflects the relativistic
stabilization of the Ir—CHjs bond relative to the Rh—
CH; linkage. Experimental data® are available for
rhodium with AG = 3.2 kcal mol~! compared to our
calculated value of 7.9 kcal mol 1.

2. Relation between Ancillary Ligands (Lg) and
Heat of Reaction for Nucleophilic Attack by [M-
(CO)LaI" M = Rh, Ir; n = 0 or 1) on CHsl. The
rate-determining step in the oxidative addition pro-
cess of eq 1 was the nucleophilic attack of CHsl by
[M(CO)olo] . We have studied how different ancillary
ligands (Lg) influence the heat of reaction for this Sy2
process further by considering the thermochemistry for

[M(CO)L,I]"™ + CH,I — [M(CO)L2I(CH3)](”*1)* e
n=0o0r1l) (2)

with Ly = (CO)I-, trans-(PEts)s, PhoaPCH2CHsPPhs
(dppe), PhoPCH3P(S)Phs (dppms), or S,P-SCsB1oHio-
PPhy;~ for M = Rh and Ly = (CO)I", (CO)s, or (CO)-
(MeOH) for M = Ir; see Table 3.

During the oxidative addition the M—CHs and CH3—1
distances vary more appreciably than any other bond
length. The M—CHj3 bond lengths decrease from far
apartin 1to 2.19—2.21 A in adduct A[1-2] and to 2.12—
2.14 A in TS[1-2] (see Tables 4, 5 and Figure 1),
whereas thg CH3—1I distances increase from 2.22 A to
3.15—-3.36 A in adduct A[1—-2] and to 4.92—5.36 A in
TS[1—2]. In case of iridium, the breakage of the CH3—1



Density Functional Study of Oxidative Addition Organometallics, Vol. 24, No. 13, 2005 3057

Table 4. Optimized Bond Distances® in the Reactants (1), Adducts (A[1-2]), Transition States (TS[1-2]),
and CH3—M(CO);l; for the Oxidative Addition of Methyl Iodide

reactant adduct transition state CH3—M(CO)ols
M-CO M-I I-CH; M-CH3; I-CH3; M-CO M-I M-CH; I-CH; M-CO M-I M-CHj
cis-[Rh(CO)qIo]~ 1.84 2.77 2.22 2.21 3.15 1.88 2.75 2.12 4.92 1.89 2.73 2.11
cis-[Ir(CO)qlo]~ 1.84 2.78 2.22 2.19 3.36 1.87 2.76 2.14 5.36 1.88 2.75 2.14

@ Distances are in A.

Table 5. Optimized Bond Angles® in the Reactants (1), Adducts (A[1-2]), Transition States (TS[1-2]), and
CH3—M(CO);l; for the Oxidative Addition of Methyl Iodide

reactant adduct transition state CH3—M(CO)qlo

H-C-1 M-C-H M-C-1 H-C-1 M-C-H M-C-1 M-C-H
cis-[Rh(CO)qls]~ 107.1 102.8 175.9 77.2 105.9 101.5 106.5
cis-[Ir(CO)qla]~ 107.1 105.4 176.8 74.6 106.7 174.4 107.3

@ Angles are in degrees.

bond in the transition state has proceeded appreciably.
On the other hand, the M—CO bonds increase by 0.04—
0.05 A and M—I bonds decrease by 0.03—0.04 A, which
is a small change in bond distances. This underlines
that the reaction primarily involves the formation of the
M—-CHgs bond in the adduct-forming stage followed by
the fission of the CHs—1I bond in the transition state.

We also note the bending of the M—C—1I angle in the
case of rhodium in Table 5. However, this change does
not have much effect on the reaction rate, as the energy
barrier for this bending is quite small. The M—C—H
angle increases as the reaction proceeds, while the
H—-C-I angle decreases. The M—C—H angle in the
transition state is almost the same as that in Me-
M(CO)qols.

As can be seen in the structures in Table 4, the
M—CHs bond distance in the transition state is very
close to those in Me—M(CO).ls, which might be the
intermediate in the reaction process before iodide at-
tacks it to produce the final product. This is indicative
of a late transition state. Therefore, comparing the
energy difference between the intermediate [M(CO)-
LoI(CH3)]»~V~ and the reactant [M(CO)LoI]*~ might
give important information on the reaction rate.

The most direct influence of the ancillary ligands L
on the energetics of the nucleophilic attack in eq 2 is
through their ability to increase the nucleophilicity and
electron density of the metal complex and thus facilitate
the attack on methyl iodide. For Ly = (CO)I-, the
difference in AG(s) for the reaction in eq 2 between
rhodium and iridium is 6.2 kcal/mol, as shown in Table
3. This difference is quite comparable to the difference
in AG¥(s) (7.6 kcal/mol) between the two metals for the
same process. This is understandable since the nucleo-
philic attack has a late transition state TS[1—2], Figure
1, with considerable C—1I bond breaking.

For all ligand combinations the Sx2 process is seen
to have slightly negative reaction entropy, Table 3. We
can understand this by observing that the rotational
entropy lost by CH;l is not gained again by the dis-
sociation of I~. Further, the Sy2 reaction is in general
endothermic in the gas phase. This is especially the case
for n = 0, where the dissociation of I~ corresponds to a
charge separation in which a cation is left behind. This
charge effect is neutralized in solution, but the Sy2
reaction is still endothermic, except for S,P-SCsB10H10-
PPhy~, Table 3. It follows finally from the calculated
AG(s) values that the process in general is endergonic

with free energies of reaction that follows the order
(CO)2 > (CO)(solvent) > (CO)I) > dppe > dppms >
trans-(PEt3)s > S,P-SC2B10H10PPhy.

With respect to the individual ligand combinations
we note that [M(CO)sI] (Ly = (CO)2) has been known to
be unreactive. This is not surprising since the three
carbonyl ligands make the metal center electron poor
and thus unable it to exhibit any nucleophilic behav-
ior.12 In fact, we calculate AG(s) to be 24.0 kcal mol !
for the nucleophilic attack on CHsI by [M(CO)sI], which
is the highest number among the different ligand
combinations. Further, [M(CO)3I] was found to be the
major species in a media with low levels of water and
ionic iodide. Finally, the presence of [Ir(CO)sl] was
thought to be the reason for the low activities of iridium
complexes under high CO pressure. On the other hand,
prior dissociation of one of the carbonyl ligands under
lower CO pressure produces [M(CO)q(solvent)I], which
is capable of a rather slow oxidative addition reaction.
We calculate AG(s) for the nucleophilic attack involving
[Ir(CO)qI(solvent)] to be 13.5 kcal mol~1, which is the
next highest number calculated for the different ligand
combinations, Table 3.

Rh(CO)Ly(I) with Ly = dppe, dppms, and ¢rans-(PEts),
all have lower reaction enthalpies (AH(s)) and free
energy of reaction (AG(s)) in solution with respect to
the nucleophilic attack on CHsl in solution than
[Rh(CO)slz]—, Table 3. This is to be expected on account
of the larger donor ability of the phosphine ligands in
comparison with the Lg = (CO)(I7) combination. Also
for the case of n = 0, the facile solvation of the
intermediate [M(CO)L2I(CH3)]™ compared to the reac-
tant [M(CO)LglI] seems to be very important in polar
solvent. Indeed experiment!®19 seems to indicate that
the three phosphines are excellent candidates for boost-
ing the nucleophilicity of the rhodium center toward
CHsl. The most interesting ligand is S,P-SC2B10H10-
PPhy~. When this ligand is coordinated to Rh, the
nucleopilicity of Rh(CO)Ly(I) toward CHsl is larger than
for [Rh(CO)oly]~ (Table 3), having the lowest reaction
enthalpies (AH(s)) and free energy of reaction (AG(s))
in solution. Therefore, we propose that by using various
anionic phosphine ligands we might be able to obtain a
catalyst with increased activities.

Concluding Remarks

We have carried out quantum mechanical calculations
based on density functional theory (DFT) on the oxida-
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tive addition process [M(CO)qlo]~ + CHsl — [M(CO)ols-
(CHs)]~ (M = Rh, Ir).

The calculated free energies of activation (AG*) in
methanol are 19.3 (Ir) and 26.9 kcal mol~! (Rh),
respectively, in good agreement with the experimental
estimates at 20.9 kcal mol~! (Ir) in dichloromethane and
22.9 kecal mol™! (Rh) in methanol, respectively. The
higher barrier for M = Rh is attributed to a relativistic
stabilization of the Ir—CHjs bond.

A thermodynamic calculation was carried out on the
formation of the intermediate [M(CO)LoICH3]®* D~ in
the general oxidative addition reaction [M(CO)LoI]*~ +
CH;I — [M(CO)LoICH;5]®»=V= 4+ 1~ (n = 0 or 1) (where
Lo = (CO)I, (CO)g, or (CO)MeOH) for M = Ir and Lo
= (CO)If, trans-(PEtg)g, thPCHzCHzPPhQ, thPCHzP-
(S)Phg, or S,P-SCoB1gH10PPhy~ for M = Rh). The
thermodynamic energy difference between the interme-
diate [M(CO)LoICH3] Y~ and the ground state follows
the order S,P-SCsB10H1oPPhy~ < trans-(PEts)s < Phs-
PCH.P(S)Phy < PhoPCHoCHoPPhg < (CO)I™ < (CO)g in
solution with respect to the ligand Lo. This order is to a

Cheong and Ziegler

first approximation determined by the ability of L to
stabilize the M—CHj3 bond being formed and the ability
of the solvent to stabilize the intermediate [M(CO)-
LoICH;3]»~ D~ relative to the ground state. This order
agrees well with the experimental kinetic trend. There-
fore, a simple thermodynamic calculation can be used
to predict the activity of a catalyst and to propose a
possible candidate for a good catalyst.
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