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Fluoroalkyl (M-CnFm) and alkyl hydride (M(H)(R)) complexes
have played a central role in the history of organometallic chem-
istry.1-3 The former were among the first complexes prepared with
stable late transition metal-carbon single bonds, and studies of
the latter have helped to understand the thermodynamics and mech-
anisms of reactions such as hydroformylation and carbon-hydrogen
bond activation. Therefore, when we recently found that our new
method for synthesizing iridium acyl hydrides4 could be applied
to the preparation of fluoroacyl complexes such as Cp*(PMe3)Ir-
(H)[C(O)CF3] (1, Cp* ) η5-C5Me5), we were intrigued by the pos-
sibility of investigating such systems. This interest was further sti-
mulated by the fact that methods for delivering fluoroalkyl groups
to metal centers are still not very general, the classic technique be-
ing the decarbonylation of their fluoroacyl relatives.5,6 In contrast
to this behavior, heating a C6D6 solution of1 in a sealed tube at
105 °C gave an unusual result: CF3H and the iridium(I) carbonyl
Cp*(PMe3)Ir(CO) 2 were generated in quantitative yield (t1/2 )
2.3 h) (eq 1).7 In this communication we report a study of the mech-
anism of this reaction, which has led us to the conclusion that
fluoroalkyl carbanion/iridium cation pairs are involved as interme-
diates.8

Scheme 1 shows four likely mechanisms for theR-fluoroalkyl
elimination reaction: (A) concerted transition stateTS-1, (B) inter-
mediate ion-pair4, (C) intermediate5 (perhaps with a simultaneous
Cp* ring slip; one might also expect this intermediate to be capable
of CO elimination to give Cp*(PMe3)Ir(H)(CF3) (3)), and (D)
intermediate radical-pair6.

The rate of disappearance of1 and formation of2 exhibited clean
first-order kinetics in all solvents and temperatures monitored.9 Rate
constants were determined in C6D6, DMSO-d6, DMF-d7, CD3CN,
and CD3OD over a wide range of temperatures.10 At 94.3 °C, the
reaction proceeded approximately 32 times faster in CD3OD and
180 times faster in DMSO-d6 than in C6D6. The activation para-
meters for the reaction in C6D6 and DMSO-d6 were found to be:
C6D6 ∆Hq ) 25.7 kcal/mol and∆Sq ) -14.0 kcal/mol; DMSO-d6

∆Hq ) 24.3 kcal/mol and∆Sq ) -6.5 kcal/mol.11 This dramatic
solvent effectsquite unusual for a seemingly simple organometallic
elimination reactionswas our first indication that an ionic inter-
mediate such as that illustrated in path B could be involved. Further
evidence for a stepwise mechanism was provided by substituting
deuterium for the hydride in1. Rate studies on this compound
showedno kinetic isotope effect in either C6D6 or DMSO-d6 (kH/
kD ) 1.01 in C6D6 and 0.994 in DMSO-d6). The negligible isotope
effect requires that the first step is rate-determining in path B.

Additional evidence for the CF3- ionization mechanism came
from isotope tracer studies. When the reaction was carried out in
CD3OD, the product of the elimination reaction was not CF3H, but

CF3D. Heating1 in CD3OD at temperatures required to eliminate
CF3H did not result in deuterium incorporation into1 before CF3D
was observed. In a second control experiment, heating2 and CF3H
in CD3OD in a sealed NMR tube at elevated temperatures did not
result in any H/D exchange into the trifluoromethane. In CD3CN
or DMSO-d6, solvents substantially less acidic than methanol, both
CF3H and CF3D were generated in approximately 1:1.9 and 1:0.9
ratios. In the less acidic solvents, C6D6, THF-d8, or DMF-d7, only
2 and CF3H were generated; no CF3D was observed. Although the
strong solvent effect argues against a radical version of the ioni-
zation mechanism (B), the radical alternative was ruled out conclu-
sively by repeating the reaction in CH3OD, which still led to CF3-
D.12 A CF3 radical should abstract the more weakly bound methyl
hydrogen atom (BDE) 96.1( 0.2 kcal/mol) in preference to the
more strongly bound hydroxyl-deuterium atom (104.6( 0.7 kcal/
mol).13

Another indication that an organic group is able to undergo ioni-
zation from an iridium-bound acyl was gained by replacing the
hydride in1 with either a methyl group (12), or a chloride ligand
(13). When12 or 13 was heated in CD3OD, CF3D and the cor-
responding cationic-iridium methyl (14) and deuterido (15) carbonyl
complexes were generated (eq 2).14 The rate of elimination of CF3-

from methyl complex12 was 4 times faster than from1, while the
elimination from chloride13 was 51 times slower than from1.
These data support the generation of an intermediate cation that is
formed less favorably with an electron-withdrawing chloride on
the metal center and more favorably with an electron-donating
methyl group.11 In aprotic solvents such as C6D6 or DMF-d7,
decomposition of12 and13 were observed upon heating.

Scheme 1. Possible Mechanisms for Observed Reaction
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To explore the generality of the elimination reaction, several other
iridium acyl hydrides were examined (Figure 1). The perfluoro-
nonanoyl hydride (7) underwent clean elimination of 1-protio-
perfluorooctane in less than 20 min at 105°C. In contrast, thetert-
butyl- (8)- and 4-nitrophenyl (10)-substituted iridium acyl com-
pounds were unreactive upon heating in C6D6 or DMSO-d6 until
135 °C, at which time complete decomposition occurred. The
dimethylbenzyl compound9 underwent elimination slowly com-
pared to1 (t1/2 ) 13.3 h at 135.8°C in C6D6), to give 2 and
2-phenylpropane. Compound11decomposed to2 in low yield and
unidentifiable organic products at a considerably longer reaction
time compared to1 (t1/2 ) 24 min at 135°C in DMSO-d6 andt1/2

) 45 h at 135°C C6D6). Unlike the conversion of1 to 2, the
decomposition of11 to 2 showed that upon prolonged heating,2
also began to decompose. The decomposition reaction of11,
possibly arising from ketene formation from the anionic ester,
prevented further investigation.

The direct elimination of CF3H from 1 (path A) and the CF3
migration to iridium (path C) mechanisms were modeled using gas-
phase DFT calculations.15 Attempts to model the ion-pair (path B)
have been challenging because of the high energetic cost of
generating ions with substantial separation in the absence of a
stabilizing solvent. The reaction leading to the observed products
[2 + CF3H] was predicted to be highly exothermic (-19.6 kcal/
mol). The formation of [3 + CO] was also predicted to be slightly
exothermic (-5.5 kcal/mol), although this product was not observed
experimentally. Transition stateTS-1, for the direct elimination of
CF3H from 1 to give the observed product [2 + CF3H], was
predicted to lie 43.4 kcal/mol above1.16 ComparingTS-1 to 1,
calculations predict the C-CF3 bond length of the acyl group to
increase from 1.568 to 2.742 Å while the Ir-C bond length
decreases from 2.010 to 1.896 Å (decreasing to 1.834 Å in2). There
is negligible change (0.016 Å) in the Ir-H bond length upon going
from 1 to TS-1. These changes indicate that the C-CF3 bond
undergoes substantial bond-breaking early in the reaction, leading
to a transition state with considerable [Ir]C(O)-CF3 bond cleavage
before there is very much movement of the hydride ligand toward
the CF3 group. NBO analyses show that inTS-1 the CF3 fragment
has a-0.719 charge build-up, while the remaining iridium fragment
is positively charged. This represents a 0.619 increase of negative
charge on the CF3 fragment.17 The calculated transition state is thus
best described as an ion-pair with strong hydrogen bonding between
the CF3 and Ir-H. The lack of significant Ir-H bond-length change
in the transition state is also consistent with the absence of an
experimentally observed KIE.

The calculations of pathway C predict that migration of CF3 to
iridium should occur simultaneously with a Cp* ring slip viaTS-

2, requiring a high energy cost of 49.0 kcal/mol. While intermediate
5 lies only 3.7 kcal/mol above1, compounds of this type are not
common. Reductive elimination of CF3H from 5 to give [3 + CF3H]
proceeds viaTS-3, with a barrier of 41.7 kcal/mol. Numerous
attempts to model the conversion of5 to [3 + CO] all resulted in
an almost barrierless elimination of CO. This computational result
suggests that if intermediate5 were formed, CO loss would rapidly
generate3. The failure to observe3 experimentally provides
additional support for the absence of5 in this reaction.

In summary, the thermal conversion of1 to 2 constitutes a new
type of elimination reaction occurring with organometallic fluo-
roacyl hydrides. We have presented strong evidence for the
formation of a carbanion/metal cation pair intermediate in this
reaction. Further calculations modeling the ion-pair path with
solvent in the molecular environment are underway. Additional
experiments to trap the intermediate ions are being explored.
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Figure 1. Other iridium acyl groups screened for elimination reaction.
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