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Oxidative addition of organic molecules to unsaturated We have located two different transition structures, each
transition metal complexes is a fundamental process in orga-havingCs symmetry, for nucleophilic attack lys-[Rh(COpl2] ~
nometallic chemistry and plays a key role in many important ©n Mel. The first of these (Figure 1a) is a “linear” TS, involving
catalytic reactiond. An important example is the reaction of ~classical backside attack by the transition metal nucleophile and
methy! iodide withcis-[Rh(CO)l;], the rate-determining step Iegdlng to inversion of_stereochem|stry at carbon._ The second
in the industrial carbonylation of methanol to acetic atdn (Figure 1b) is a considerably more bent TS which leads to
this communication, we present new theoretical and experi- retention of configuration at carbon. The important structural
mental evidence for the nature of the transition state (TS) in @nd thermodynamic parameters for these transition states are
this reaction. Ab initio transition structures have been located listed in Table 1. Radical pathways are not considered here,
for nucleophilic attack bgis-[M(CO)l;]~ (M = Rh, Ir) on Mel, since experimental evidence indicates that single electron

and computed secondanydeuterium kinetic isotope effects ~ transfer processes are important only for higher alkyl sub-
(KIEs) for the classical @ mechanism are in excellent Strates:* Although transition structures have recently been

agreement with experiment. calculated using density functional theory for the model system

There has been considerable debate concerning the mechaPd + MeCP these are the first to be located for nucleophilic
nism by which alkyl halides add to square planar compléxes. attack by a square planar compléx.
It is widely accepted that, for simple substrates such as Mel, Inthe “linear” TS the Mel substrate approaches an axial site
addition occurs via a stepwise mechanism (Scheme 1). Theof the square planar complex, with the iodine atom directed
first step is nucleophilic substitution of iodide by the metal away from the metal. The Mel unit is tilted slightly toward

complex, presumed to proceed withversionof configuration the carbonyl ligands with a deviation from RE—I linearity
at carbon. Subsequent coordination of iodide completes theof 6 ~ 10°. The C-I distance R) is significantly longer than
addition to give a six-coordinate alkyl complex. those found in transition states for other nucleophilic substitu-

A wealth of kinetic, stereochemical, and spectroscopic data tions on Mel3® indicating a late TS. RHF optimizations with
support this mechanism. However, attempts to probe the an extended bas®lead to a more linea®(~ 5°) and slightly
stereochemistry at carbon using more complex, chiral substratesgarlier TS. The main contribution to RI€C bonding in the
have often led to racemization, interpreted as evidence for alinear TS comes from the overlap of an occupied Riothital
radical chain mechanism for substituted alkyl grobipsnother ~ with the C-1 ¢* LUMO of Mel. The corresponding TS for
pathway which has been considered is concextischddition, the iridium system is similar but with a larger metalarbon
expected to lead teetentionof configuration at carbon. distance Ryy) and a smaller value oR,, corresponding to a

Although there have been a number of theoretical studies onsomewnhat earlier TS. The deviation from-IE—I linearity (6
TS geometries for addition of HH, C—H, and G-C bonds to ~ 3°) is smaller than for rhodium. The thermodynamic barrier
transition metal complexésthere has been very little compu-  heights computed at the RHF level (Table 1) are substantially
tational work on the addition of more polar substrates such as larger than experimental valueAHi*exp 50—60 kJ mot?).4:14
alkyl halides? Here we reportab initio molecular orbital ~ However, single-point MP2 calculations on the RHF optimized
calculations for the addition of GjHto square planar complexes  structures give activation energies much closer to experifient.
of Rh and Ir and relate the findings to new experimental data The large correlation energy can be attributed to changes in
concerning secondarny-deuterium KIEs. covalency on M-CHjz bond formation.

Optimized geometries and frequencies have been obtained Retention of configuration in the bent TS (Figure 1b) results
at the restricted Hartred=ock (RHF) level of theory using  from a side-on approach of Mel toward the metal complex.
Gaussian 92° The Los Alamos pseudopotentials and associated Apart from the large RRC—1 angle @ ~ 95°), the other major
Gaussian bastswere used throughout with occasional en- structural difference is the long RIC distance, ca. 0.6 A greater
hancement?2 The effect of electron correlation on reaction than for the linear TS. Intrinsic reaction coordinate (IRC)
energetics was studied by performing single-point second-order
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Figure 1. Linear (a) and bent (b) transition states for nucleophilic
attack bycis-[Rh(CO}l;]~ on methyl iodide. Geometrical parameters,
R R, 6, andp are listed in Table 1. The arrows indicate the i@(D)
bending modes of principal importance in determiningdhb KIEs.

Table 1. Optimized Geometrical Parameters for Transition States
in the Reactions otis-[M(CO).l;]~ and I~ with Mel?

%u Rl 0 ,8 AE* b AEsubb AEadr}j
nucleophile (A) (A) (deg) (deg) kI mor? kJ mol? kJmol?
“Linear” TS¥
[Rh(COYl;]~ 2.190 3.202 9.7 99.2+146.0 +98.2 +37.3

+71.2 +59.6 —41.4
[I(CO)ls~ 2.430 2.939 2.6 94.3 4+92.2 4203 —435
+43. 2 +29.6 —75.F
1~ 2.788 2.788 0 +30.5 0
“Bent” TS*
[Rh(COYI~ 2.801 3.195 94.7 84.6+234.7
+254.6

Communications to the Editor

Table 2. Calculated Secondany-D KIEs, (ki/kp)tor
(Hartree-Fock, LANL1DZ Level), Contributions from €H(D)
Bending and Stretching Vibratiod3and Values ol 1¢?° and Rrs?!

nucleophile ku/kp)tor (kiw/ko)s (ki/ko)s Lrs Rrs  (Ka/ko)exe®
“Linear” TS*

[Rh(COW]~ 115 123 092 53.57 539 1.160.03

[I(CO)lJ- 109 127 085 47.08 537 1.060.03

(] 107 126 083 49.30 557 1.05, 1°10
“Bent” TS*

[Rh(COW~ 192 151 0.88 6.00

aExperimental KIEs.? 20 °C in MeOH and HO, respectively®

the Rh system. Our theoretical KIEs for the linear transition
states are in excellent agreement with experiment, giving
overwhelming evidence for any3 inversion mechanism in
these reactions. SecondaxyD KIEs of a similar magnitude
(0.94-1.17) have previously been reported for the reactions of
Vaska's complex, [Ir(CO)CI(PRby], with Mel.23

Our analysis of the origins of the computed KIEs shows that
they are dominated by large, normal contributions frorHED)
bending vibrations. The biggest contribution comes from the
“umbrella” bending mode (Figure 1a) which is sterically
unhindered in the large available space between nucleophile and
leaving group. The considerably larger normal KIE for the bent
transition state originates principally from a rocking motion
about the G-I axis (Figure 1b). The €H(D) stretching
contribution to the total KIE is inverse in all cases, in agreement

2 Full geometric details and absolute energies of optimized structures with recent theoretical treatments ofBreactiong!24

(RHF, LANL1DZ basis) are given in the supporting informatidhThe
barrier height for nucleophilic substitutioAE*, and reaction energies,
AEswandAE,qq are calculated with respect to the reactantidipole
complzexes.c MP2 single-point calculations using extended LANL1DZ
basist

The smaller observed KIE for the iridium nucleophile is
correctly predicted by theory. This decrease correlates with
smaller values of bothrs andRys, indicating a tighter transition
state than for rhodium. The KIE for the identity reaction
between Mel and 1 is in good agreement with reported

calculations show that both transition states lead to the sameexperimental daté, providing valuable support for the reliability

products: a neutral, five-coordinate methyl complex, {RHR-
(CO)l], and a free iodide ion. Both mechanisms are therefore
properly described asn@ processes; the bent Tées not
correspond to a concerted addition of Mel to the metal center.
The values ofAE* indicate that the linear TS is strongly favored
over the bent TS at both the RHF and MP2 levels.

The nucleophilic substitution process is found to be endo-
thermic (AEsu, Table 1) for both metals, but less so for iridium.
The overall oxidative addition procesaK.qs Table 1) is
endothermic for rhodium but exothermic for iridiuthat the
RHF level. The results are in qualitative agreement with
experiment; salts of [CHIr(CO),ls]~ are isolable, whereas the
analogous Rh complex is unstable with respect to loss of'¥fel.
Correlation leads to product stabilization for both metals.

Secondaryo-D KIEs have been widely used to probe TS
structure for {2 reactions. Computed secondanyD KIEs,
together with experimental valuésare presented in Table 2
for the reactions ofis-[M(CO).l,]~ and I with CH(D)sl. Also
included are values of Wolfe's looseness parantétavest-
away’s Rrs paramete?! and the contributions of €H(D)
bending and stretching vibrations to the computed K¥fEs.

The calculated KIEs for the “linear” transition states are small
and normal £ 1), consistent with classica\@ reactions, which
typically exhibit inverse €1) or small normal values d/kp.

By contrast, a much larger KIE is computed for the bent TS in

(18) Full details of optimized geometries for the metal alkyl intermediates
and oxidative addition products will be published elsewhere.

of our methods. The observed and calculated KIEscier
[Ir(CO)2l,]~ are similar to those forT, as are the respective
contributions from CG-H(D) bending and stretching vibrations.
Normal bending contributions are again dominant, but larger
inverse stretching contributions bring the total KIEs below that
for the rhodium nucleophile. Previous data have shown the
nucleophilicity of cis[Ir(CO).l;]~ to be ca. 2 orders of
magnitude greater than that it-[Rh(CO)l;]~ and similar to
that of iodidel* suggesting a correlation between KIE and
nucleophilicity for both transition metal and other nucleophiles.
In conclusion, we have located transition states for nucleo-
philic attack by cis[M(CO).l;]~ on Mel, leading to either
inversion or retention of configuration at carbon. The former
is energetically preferred and gives computed KIEs in excellent
agreement with experiment for both Rh and Ir complexes.
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