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Scheme 1. Pauson—Khand mechanism.
intermolecular versions of the reaction have been found to
result, in particular, from the addition of Lewis bases,®! such
as amines®! and thioethers® as well as alcohols, ethers, and
water.”)

Although the fundamental role of these Lewis base
additives has received little study, it has been widely assumed
that they function by accelerating the departure of a second
CO ligand from the acetylene cobalt complex to create the
requisite vacant site for olefin coordination, and in this way
overcome the putative limiting factor.”) Current reports
abound with statements such as “[certain] Lewis bases in
low-valent organotransition-metal complexes make the exist-
ing ligands labile and produce the reactive complexes”® and
“when amines coordinate to low-valent organotransition

metals, the existing ligands on the metal become labile”.
However, do these spectacular increases really derive from a
DOI: 10.1002/ange.200500955 facilitated departure of a CO ligand to liberate a site for olefin
. . coordination? We questioned this interpretation as it seemed
Lewns.Base Pr quters in the ?auson_Khand clear that the oblig(iltory loss of the ﬁrsi’ CO ligand would be
Reaction: A Different Scenario** energetically the same in the absence or presence of the
promoter;”! the fact that similar temperatures’® are required
Carlos Perez del Valle, Anne Milet,* Yves Gimbert,* for the reaction with and without a promoter being present
and Andrew E. Greene provides evidence for this reasoning. Moreover, simple Lewis
bases, essentially o donors, should increase backdonation
toward the remaining CO ligands by electronic enrichment of
The Pauson-Khand reaction,! a dicobalt octacarbonyl medi-  the metal, thus making the loss of the second CO ligand at
ated process for joining an olefin and an acetylene to produce  best comparable, if not more difficult.”) Herein, the prevailing
a cyclopentenone (Scheme 1), is enjoying increased applica-  view is shown to be incorrect and a new interpretation based
tion in synthesis because of recent improvements that permit  on theoretical studies at the DFT level is outlined.
a broad range of substrates to be used successfully.*™ Yamanaka and Nakamural™ and our group!'® have
Spectacular rate and yield increases in both the intra- and  described the Pauson-Khand reaction pathway at the DFT
level. Three particularly important findings resulted: First, the
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38041 Grenoble Cedex (France) (ax; IV,,) olefin coordination modes are possible (Figures 1
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Figure 1. Energy barrier for formation of VI without a promoter. a) See
Figure 2 for the transformation of IV, into IV,,. TS =transition state.
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Figure 2. Transformation of IVq into IV,,. L=Ligand; L, // are perpen-
dicular and parallel coordination modes, respectively (with respect to
the Co—Co axis).

molecule of CO from Il was found to engender complex
Ily,6 co, in which the CO ligand has been lost from the
remaining equatorial position on the water-associated cobalt
atom (24.7 versus 31.5 kcalmol ! for removal of a CO ligand
from the next lowest-energy position, which is in the trans-
equatorial position on the water-free cobalt atom). It is
perfectly clear that water does not facilitate the loss of a
second CO ligand, as only 1.6 kcalmol™ separates the loss of
the first and second CO ligands.™ Next, association of
complex Il o With ethylene at the vacant site on the
water-associated cobalt atom produced complexes IVy o,
and IVy,, (Figure 3).") The former confronts an activa-
tion-energy barrier of 8.4 kcalmol™ for the formation of
cobaltacycle VI, via transition-state Vy,o,,, Whereas the
latter must overcome an activation-energy barrier of
22.6 kcalmol™' via Vi,0eq- Thus, it can be assumed that
5864
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Figure 3. Energy barrier for formation of VI with promoter. a) See
Figure 2 for the transformation of IV, into IV,

olefin insertion in the presence of water occurs from the axial
position with an activation-energy barrier of 8.4 kcalmol ™.
This activation-energy barrier is lower than when the water is
absent (then the olefin insertion is 10.0 kcalmol™ from an
axial position and 14.4 kcalmol™' from an equatorial),!'*>!°!
but is nevertheless too high to explain the substantial
acceleration of the reaction in its presence. A comparison of
Figures 1 and 3, however, clearly reveals the remarkable
ability of the promoter to stabilize the cobaltacycle: VI g is
more than 22 kcalmol ' lower than the transition state Vi,00x
As only 8.4 kcalmol ' is required to reach this transition state
in the forward direction, the formation of the cobaltacycle is
in essence irreversible!'” in the presence of water. This
irreversibility is the major effect of this promoter in the
Pauson-Khand reaction.

Ammonia has also been studied at the DFT level to probe
the remarkable accelerating effect of amines in the Pauson—
Khand reaction, and the results have been found to parallel
those obtained above with water as the promoter. Once again,
removal of a second CO ligand from the complex (Illyy,) is
energetically comparable to removal of the first ligand
(Figure 3, brown data). The lower activation energy leading
to the cobaltacycle transition state Vyy, in the forward
direction is 7.2 kcalmol ™' (Figure 3) and starting from the
cobaltacycle VI, the activation energy is 22.9 kcalmol ™,
which effectively makes the insertion, as before, irreversible.
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In conclusion, it has been shown for the first time that
most simple Lewis base promoters are likely to achieve their
dramatic rate effects in the Pauson—-Khand reaction by
imposing irreversibility on olefin insertion, rather than by
facilitating the departure of a CO ligand to create a vacant site
for olefin coordination, as previously believed. This discovery
may help in the design of new ligands for improved efficacy
and/or asymmetric induction in this important transforma-
tion.
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