
www.elsevier.com/locate/jorganchem

Journal of Organometallic Chemistry 691 (2006) 4281–4288
First C–C bond formation in the Pauson–Khand reaction:
Influence of carbon–carbon triple bond polarization on regiochemistry

A density functional theory study

Theodorus J.M. de Bruin a, Carine Michel a, Karoly Vekey b, Andrew E. Greene a,
Yves Gimbert a,*, Anne Milet a,*
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Abstract

The influence of carbon–carbon triple bond polarization on the regiochemistry of the Pauson–Khand reaction has been studied with
the B3LYP functional. The regiochemistry determining step of this reaction, i.e., olefin insertion leading to cobaltacycle formation, has
been examined with ethylene as the olefin and propyne, methyl 2-butynoate, and methyl propiolate as the acetylenes. From this study, it
has been concluded that, in absence of overwhelming steric effects of an acetylene substituent, the regiochemistry is influenced by the
polarization of the acetylenic bond, which arises from the different substituents. The initial C–C bond is preferentially formed with
the acetylenic carbon that has the greater electron density: with propyne, this leads to a cyclopentenone having the methyl group in
the a-position; with methyl 2-butynoate, to a cyclopentenone with the CO2Me in the b-position; with methyl propiolate, which is virtu-
ally unpolarized in the complex, to a cyclopentenone with the CO2Me in the a-position (a result of steric effects). These theoretical results
are concordant with those observed experimentally with norbornene. The question of axial versus equatorial reactive positions for the
coordinated olefin is also addressed and a kinetic simulation is presented.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Discovered in the early seventies [1], the Pauson–Khand
reaction has become important for the synthesis of cyclo-
pentenone derivatives and is now often used for the prepa-
ration of natural products [2]. This novel transformation,
formally a [2 + 2 + 1] cycloaddition of an alkyne, alkene,
and carbon monoxide, can be effected with either stoichi-
ometric or catalytic amounts of dicobalt octacarbonyl
(Eq. (1)).
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Over the years, numerous modifications of the Pauson–
Khand reaction have been studied that have greatly
improved its efficiency [3]. In contrast to this progress,
the mechanistic understanding of this reaction remains
today incomplete, and only recently has the pathway ini-
tially proposed in 1985 by Magnus et al. [4] received serious
study. In the Magnus mechanism (Scheme 1), it is assumed
that C–C bond formation leading to cobaltacycle III occurs
at the less hindered acetylenic carbon. While this is gener-
ally consistent with the regiochemical outcome of the reac-
tion, the observation of Krafft et al. that with ethyl 2-
butynoate and norbornene the CO2Et group of the resul-
tant cyclopentenone resides exclusively in the b-position
[5] has been difficult to explain. In that the scheme pro-
posed by Magnus would predict, on the basis of steric
impediment, the a-position, there must be at least one
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Scheme 1. Pauson–Khand mechanism proposed by Magnus.
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other factor that influences regiochemistry in the Pauson–
Khand reaction. Although experimental studies have sug-
gested that, in addition to steric effects, electronic factors
can somehow also play a role in determining the regio-
chemistry, insight into how this might occur has only
recently been published [6].

The first full quantum mechanical investigation of the
Pauson–Khand reaction (a DFT study), published in
2001 by Yamanaka and Nakamura [7], offered support
for the Magnus pathway. However, the authors only con-
sidered equatorial coordination of the olefin, although
experimental data at the time suggested that axial olefin
coordination could be involved (see Fig. 1 for nomencla-
ture) [8]. We later showed that in cases where pseudorota-
tion of the olefin is relatively facile, the olefin insertion
takes place, in fact, mainly from an axial position; it was
also pointed out at the time that strong polarization of
the ‘‘acetylenic’’ carbon–carbon bond [9] existed in the
complex with propyne, and offered that polarization might
have an important effect on the outcome of the Pauson–
Khand reaction [10]. Given these two new parameters,
i.e., axial binding and acetylenic bond polarization, a study
of polarization effects, as well as steric effects, on cobalta-
cycle formation from the different Co coordination sites
seemed appropriate.

In this paper, the potential energy surface for this cru-
cial, regiochemistry determining step will be detailed. Pro-
pyne, methyl propiolate, and methyl 2-butynoate are used
as the acetylenes and ethylene as the reacting olefin for this
theoretical study. Propyne and ethyl propiolate with nor-
bornene experimentally yield cyclopentenones in which
Fig. 1. Nomenclature for the different olefin coordination sites: pseudo-
equatorial and pseudo-axial.
the larger substituent is in the a position, whereas ethyl
2-butynoate, as mentioned above, produces a cyclopente-
none with the larger substituent in the b position. Addi-
tionally relevant is that propyne and methyl 2-butynoate
have opposite polarizations, i.e., the acetylenic carbon
atom with larger substituent has in propyne the smaller
electron density, while in methyl 2-butynoate it has the lar-
ger density; methyl propiolate, in contrast, is virtually
devoid of polarization [6]. Thus, these three examples,
taken together, are useful for probing the relative impor-
tance of steric and electronic factors in determining the
geometrical orientation of the coordinated olefin and the
regiochemical outcome of the Pauson–Khand reaction.

2. Theoretical methods

All calculations were performed with the Gaussian 98
suite of programs [11], using Becke’s three-parameter
hybrid exchange functional [12], in combination with the
correlation functional of Lee–Yang–Parr [13]. This
B3LYP functional was used with the non-relativistic effec-
tive core potential LANL2DZ [14] for cobalt, the D95 split
valence basis set [15] for C and O augmented with a set of d
polarization functions for a correct description of CO [16],
and the D95 split valence basis set for H. This tailor-made
basis set has proven to yield accurate geometries for these
dicobalt complexes and will be denoted as LANL2DZ*.
All geometries were fully optimized without any symmetry
constraint and subsequently followed by frequency analysis
to determine the nature of the stationary point. In addition,
all energy comparisons were derived from the zero-point
corrected total energies. Net atomic charges have been cal-
culated using natural population analysis from the NBO
program at the same level of theory as for the optimiza-
tions [17]. Orbital analyses were performed on the Kohn–
Sham orbitals without any localization procedure.

The kinetic study was carried out using the RRKM
approximation. Calculations were performed with the
freely available MassKinetics program [18]. (The algorithm
was originally developed for modeling complex reaction
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kinetic systems for mass spectrometry [19], i.e., for non-
thermal, non-equilibrium situations, but can be used for
thermal systems as well.) Energy differences and molecular
frequencies necessary for RRKM were extracted from the
DFT calculations.

3. Results and discussion

3.1. Propyne

The optimized structures of the dicobalt pentacarbonyl–
propyne–ethylene complex for the two possible modes of
equatorial olefin coordination (perpendicular and parallel)
and an axial mode are shown in Fig. 2.
Fig. 2. Localized minima of the olefin-coordinated dicobalt pentacarbonyl–pro
in Å and relative energies (kcal mol�1) are with respect to structure 2a. Natur
It can seen that for both cis and trans equatorial bind-
ing, the distance r(Co–Cethylene) is significantly shorter for
the perpendicular mode of coordination (2a and 2c) than
the parallel mode (2b and 2d). An analysis of the orbitals
involved in the binding of ethylene to cobalt shows that
the amount of ‘‘back-donation’’ [20] (Co electrons! olefin
empty p*-orbital) is significantly smaller in parallel coordi-
nation than in perpendicular coordination, which explains
the relative distances. The increased amount of back-dona-
tion in the perpendicular coordination is also reflected in
the longer interatomic distance between the two carbon
atoms of the olefin: 1.376 Å (2a) and 1.377 Å (2c) in case
of perpendicular coordination versus 1.367 Å (2b) and
1.370 (2d) Å for parallel coordination. The interatomic dis-
pyne complexes at the B3LYP/LANL2DZ* level. Interatomic distances are
al populations (e�) are underlined.
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tances between the carbon atoms that are involved in the
formation of the cobaltacycle product are significantly
longer and therefore less favorable in the parallel mode:
r(Cethylene–CH) = 3.193 in 2b versus 2.935 Å in 2a and
r(Cethylene–CMe) = 3.173 in 2d versus 2.955 Å in 2c. Not
surprisingly, perpendicular coordination is, energetically,
clearly favored over parallel (by 3.4 and 3.3 kcal mol�1).
The parallel structures, therefore, will not be further
considered.

Only one coordination mode could be found for axial
association of the olefin (2e). Although this complex dis-
plays shorter r(Co–Cethylene) distances as compared to,
for example, 2a (2.177/2.185 Å versus 2.261/2.265 Å,
respectively), its energy is higher by 2.8 kcal mol�1. These
relatively short Co–Cethylene distances for axial coordina-
tion most likely result from the fact that the dx2�y2 orbital
(z taken as the Co–Co axis and x and y as the Co–CO
equatorial bonds), which is important for the description
of the back-donation of electrons from the filled Co d-orbi-
tals into the empty p*-orbitals of the acetylene, is also
involved in the back-donation of electrons from the Co
into the empty p*-orbital of ethylene. This back-donation
component is significantly smaller in case of equatorial
binding, the major binding contribution coming from the
donation of p-electrons from ethylene into the empty d-
orbitals, and this most probably explains the longer
r(Co–Cethylene) distances. This increased back-donation in
axial coordination is also reflected in the longer carbon–
Fig. 3. B3LYP/LANL2DZ* potential energy surface for the formation of th
ethylene complex. Distances are in Å and energies are in kcal mol�1. Natural
carbon distance in the olefin of 1.388 Å, as compared to
1.376 Å (2a) and 1.377 Å (2c). It should be noted that axi-
ally coordinated ethylene is not symmetrically bound to the
cobalt, i.e., a substantial tilt is observed: r(Cethylene–
CH) = 2.816 Å and r(Cethylene–CMe) = 3.327 Å [21].

Fig. 3 displays the energy diagram for the formation of
the two possible cobaltacycle products, starting from the
two equatorially (perpendicular) (2a and 2c) and one axi-
ally (2e) coordinated ethylene structures. It is readily seen
in Fig. 2 that axially coordinated ethylene (2e) can poten-
tially react with either acetylenic carbon and thereby yield
the two cobaltacycles. In contrast, the equatorially coordi-
nated olefin can reasonably react only with the closer acet-
ylenic carbon, thus yielding just one of the two possible
cobaltacycle products. Complex 2e is less stable than 2a

and 2c, but reacts more readily than either, as evidenced
by the energy barriers: 11.0 and 14.4 versus 15.2 and
16.8 kcal mol�1, respectively. In the coordinated structures,
2e has a relatively short distance (Fig. 2, 2.816 Å), but in
the corresponding TS1, the distance is relatively long
(Fig. 3, TS1, 1.953) [22]. With respect to the reaction coor-
dinate for the C–C bond formation, the transition state
(TS1) thus arrives relatively quickly, which is usually asso-
ciated with a lower energy barrier, as observed.

The interatomic distance between the reacting carbons
appears, however, not to be the only parameter closely
associated with the energy barrier. The distances in the
reacting structures 2a and 2c are nearly equal (2.935 and
e two cobaltacycle products from the dicobalt pentacarbonyl–propyne–
populations (e�) are underlined.
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2.955 Å, respectively), as are the distances in the corre-
sponding transition state structures TS2 and TS4 (1.937
and 1.934 Å, respectively), yet there is a difference of
almost 2 kcal mol�1 between the two barriers: 15.2 and
16.8 kcal mol�1. Natural population analysis shows that
the acetylenic carbon with the hydrogen has a larger elec-
tron density than that with the methyl (Fig. 3, TS2 and
TS4). A strong polarization of propyne, with the CH nega-
tively charged, has previously been observed, both experi-
mentally and computationally [6], and the role of
electronic factors in determining the regiochemistry of the
insertion of unsymmetrical alkynes in a different organo-
metallic process has already been discussed [9].

In previous studies, we showed that the carbonyl–olefin
ligand exchange did not proceed by a concerted pathway
[23] and that the loss of a carbonyl from an equatorial posi-
tion was less demanding than from an axial one by about
10 kcal/mol [6]. Thus, most probably, the olefin is initially
coordinated in an equatorial position; however, the olefin
can, through pseudo-rotation (when feasible), switch to
an axial site [10]. Structure 2e is quite easily accessible from
2a or 2c through low-lying transition states [24]. Reaction
kinetic modeling (using the RRKM-based MassKinetics
program [19]) indeed shows that near-equilibrium distribu-
tion among equatorial and axial positions is established
very quickly (within 10�9 s). More significantly, though,
reaction kinetic modeling of the possible routes to 3a indi-
cates that the reaction takes predominantly the pathway
2a! 2c! 2e! TS1! 3a, which is about 8 times faster
than the more direct route 2a! TS2! 3a. (The branching
ratio between these two reaction channels depends slightly
on temperature; it is 9.1 at 60 �C, 8.2 at 80 �C, and 7.4 at
100 �C.)

The important conclusion to be drawn from above is
that when the pseudorotation of the olefin is facile, the
main route may well involve the axial position [25]. With
the dicobalt pentacarbonyl–propyne–ethylene complex,
the reaction pathway 2e! TS1! 3a is clearly the most
favorable and, thus, the methyl group will be found in
the a-position of the ultimately produced cyclopentenone.

3.2. Methyl 2-butynoate

As for propyne, with methyl 2-butynoate two modes of
equatorial ethylene coordination are found. As before, the
parallel associations are less stable than the perpendicular
ones and, moreover, they have interatomic distances
between the reactive carbon atoms that are considerably
longer, and thus less favorable, for formation of the C–C
bond leading to the cobaltacycle. Therefore, these parallel
structures will again no longer be considered [26]. In addi-
tion to the localized stationary structures in which the eth-
ylene is equatorially coordinated, there are now, in contrast
to the case of propyne, two structures for the axially
positioned olefin (2h and 2i, Fig. 4). Ethylene shows a
tilt toward either the carbon bearing the ester group
[r(Cethylene–Cester) = 3.035; r(Cethylene–CMe) = 3.115 Å] in
the case of 2i or the carbon with the methyl group
[r(Cethylene–Cester) = 3.255; r(Cethylene–CMe) = 2.904 Å] in
the case of 2h. While in the latter case, the tilt is more pro-
nounced, it is still significantly smaller than with propyne:
r(Cethylene–CH) = 2.816 and r(Cethylene–CMe) = 3.846 Å.
From these observations, it would seem that both elec-
tronic and steric effects play a role in the occurrence of this
tilt. With propyne, the largest tilt is found and it is toward
the carbon atom with the greater electron density, which
also carries the smaller substituent. In case of methyl 2-
butynoate, there is a tilt toward the carbon that bears the
ester group, which also has the larger atomic charge; how-
ever, there is a larger tilt toward the other acetylenic car-
bon, which has the smaller electron density and is
substituted with the smaller methyl group. From these
results it would seem that both steric and electronic effects
are operative and work in the same sense with propyne, but
with methyl 2-butynoate, act in opposition. Because in the
latter case the tilt is larger toward the smaller substituent,
steric effects seem to have a greater influence than elec-
tronic effects on the tilt.

In Fig. 4, the four most important structures are dis-
played (2f–2i), together with the corresponding transition
states (TS8–TS5), which lead to either cobaltacycle 3d or
3c. As in the propyne case, the structures with the ethylene
axially coordinated (2h and 2i) are energetically less favor-
able than the equatorial ones (2f and 2g). The axial struc-
ture 2i reacts most easily, however, as evidenced by the
smallest energy barrier (13.5 kcal mol�1), and yields cobal-
tacycle 3d. This cobaltacycle ultimately yields the cyclopen-
tenone with the ester group in the b-position, which is, in
fact, formed experimentally with norbornene as the olefin.

It can also be seen that the electron densities on the acet-
ylenic carbons play an important role. The interatomic dis-
tances between the reacting atoms are clearly more
favorable in 2h [r(Cethylene–CMe) = 2.904 Å] than in 2i

[r(Cethylene–Cester) = 3.035 Å], but 2i reacts significantly
more easily, as judged from the energy barriers of 16.1
and 13.5 kcal mol�1, respectively. As compared with the
data for the propyne complex, where the carbon with the
greater electron density also has the most favorable geom-
etry, i.e., the shorter C–C distance, the data for methyl 2-
butynoate suggest that steric effects, resulting from the
interactions of the acetylene substituents, work in opposi-
tion to the electronic effects, but are dominated by them.
In other words, the size of the ester substituent is not suf-
ficient to override the electronic effects that result from
the acetylene substituents.

Since with methyl 2-butynoate, the steric and electronic
effects are in apparent opposition, it is not surprising that
reactions that yield, via cobaltacycle 3c, the cyclopentenone
with the ester substituent in a-position are not markedly
disfavored. The barriers for the reactions 2g! TS6 and
2h! TS7 are only 2.1 and 2.6 kcal mol�1 higher than the
barrier of 13.5 kcal mol�1 for 2i! TS5. Due to its rela-
tively large barrier of 19.0 kcal mol�1 [27], the reaction
2f! TS8! 3d seems highly unlikely. In spite of the large



Fig. 4. B3LYP/LANL2DZ* potential energy surface for the formation of the two cobaltacycle products from the dicobalt pentacarbonyl–methyl 2-
butynoate–ethylene complex. Distances are in Å and energies are in kcal mol�1. Natural populations (e�) are underlined.
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similarity between the geometries of TS5 and TS8 (in both
structures the ester group is in the same position and the
interatomic distances between the reacting carbons are
1.973 Å and 1.975 Å, respectively), there is a notable differ-
ence of 3.7 kcal mol�1 between these transition states. The
difference in the lengths of the Co–C bonds that are break-
ing in the transition states TS5 and TS8 (2.061 and
2.117 Å, respectively) seems to be in agreement with this
energy difference.

Thus, with methyl 2-butynoate, the reaction should fol-
low 2i! TS5! 3d, the pathway with the lowest energy
barrier. As mentioned above, cobaltacycle 3d affords the
cyclopentenone with the ester group in b-position, the
product that is experimentally observed with norbornene
as the olefin.

3.3. Methyl propiolate

In contrast to the two other acetylenes, methyl propio-
late exhibits a non-polarized triple bond (electronic
charges: �0.360 (CH) versus �0.334 (CCOOMe)), but this
bond bears two sterically very different substituents. It is
this steric difference that explains the generation of only
one structure (2l) on axial olefin coordination. As in the
above axial structures, the olefin is tilted and, not surpris-
ingly, the tilt is toward the less sterically demanding substi-
tuent (H): r(Cethylene–CH) = 2.848 Å versus r(Cethylene–
Cester) = 3.220 Å (Fig. 5). The tilt is greater than in the case
of the butynoate, where both steric and electronic effects
are present.

With this alkyne, all of the starting structures are very
close in energy (within 1 kcal mol�1). As with methyl 2-
butynoate, but to a lesser extent, the most stable structure
(2j) is that with the olefin in the equatorial position cis to
the ester group. The energy difference between the trans

equatorial position (2k) and the axial position (2l) for the
olefin is negligible.

The structures 2j and 2l lead to cobaltacycle 3e, while 2k

and 2l yield cobaltacycle 3f. These last two reactive path-
ways display the smallest barriers and it is this cobaltacy-
cle, 3f, that will ultimately yield the cyclopentenone with
the ester substituent in the a-position, in agreement with
the experimental results with norbornene as the olefin. As
before, the axial position is the most reactive one, with a
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propiolate–ethylene complex. Distances are in Å and energies are in kcal mol�1. Natural populations (e�) are underlined.
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barrier of 12.6 kcal mol�1. The second most favorable
pathway is the route 2k! TS10! 3f.
4. Conclusion

In conclusion, it has been shown with propyne, methyl
2-butynoate, and methyl propiolate, three acetylenes that
differ in the polarization of the carbon–carbon triple bond
and size of the substituents, that the electron density
undoubtedly plays an important role in determining the
regiochemical outcome of the Pauson–Khand reaction:
the acetylenic carbon that carries the larger electron density
will, in general, be that involved in forming the crucial C–C
bond, even when geometrical factors are less favorable. A
kinetic simulation, furthermore, has indicated with the
model propyne-ethylene that a near-equilibrium distribu-
tion among equatorial and axial positions is established
rapidly, which supports the idea that this C–C bond may
be formed from the axial position.
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