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The reactivity of different Co2(CO)6-acetylene complexes in the Pauson-Khand reaction is strongly
dependent on the nature of the olefin. Theoretical calculations at both the DFT and ONIOM levels
are concordant with experimental observations and suggest how the olefin-cobalt interactions in
the complex could have a major effect on the relative reactivity of the olefins. This study rationalizes
for the first time the experimentally observed reactivity differences of cyclohexene, cyclopentene,
and norbornene.

Introduction

The Pauson-Khand reaction,1,2 a cobalt-mediated join-
ing of an acetylene, an olefin, and CO that can produce
a wide range of substituted cyclopentenones, is of con-
siderable synthetic and theoretical interest.3,4 The theo-
retical fascination with this reaction derives mainly from
the gaps that persist in the understanding of various
aspects of the transformation. One area that is particu-
larly perplexing concerns the reactivity differences ob-
served with certain olefins. Why do cyclohexene, cyclo-
pentene, and norbornene, for example, experimentally
manifest such large differences in reactivity (cyclohexene
< cyclopentene < norbornene) in the intermolecular,
thermal version of the Pauson-Khand reaction?5 In this
paper we address this question, specifically for these
three common olefins and Co2(CO)6-propyne, through
theoretical studies performed at the DFT and ONIOM
levels.

Theoretical Methods

All geometry optimizations and frequency analyses were
performed with the Gaussian 98 set of programs,6 using
Becke’s three-parameter hybrid exchange functional,7 in com-
bination with the correlation functional of Lee-Yang-Parr.8
This B3LYP functional was used with the effective core poten-
tial LANL2DZ9 for Co; the D95 split valence basis set,10 aug-
mented with a set of d polarization functions for a correct
description of CO,11 was used for C and O; and the D95 split
valence basis set was used for H. (This tailor-made basis set,
which has proven to yield accurate geometries for these dico-
balt complexes,4b will be denoted as LANL2DZ*.) All geom-
etries have been fully optimized without any symmetry con-
straints and a frequency analysis subsequently effected to con-
firm the desired character of the stationary point. Atomic
charges were computed from natural population analysis
(NPA) with the NBO program at the same level of theory as
for the optimizations.12 Orbital analyses were performed on
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the canonical Kohn-Sham orbitals. The ONIOM calculations13

were also performed with the Gaussian 98 set of programs.
The different Co2(CO)5-propyne-olefin complexes have been
fully optimized at the ONIOM (B3LYP/lanl2z*/UFF) level,
with Co2(CO)5-propyne-ethylene being treated by quantum
mechanics. The molecular mechanics calculations were per-
formed with the UFF force field;14 the validity of such calcula-
tions for transition-metal complexes has been well demon-
strated (e.g., by Eisenstein et al.15). The nature of the extrema
was determined through computation of the vibrational fre-
quencies.

The charge decomposition analysis (CDA) program16 was
used to calculate the amount of donation and back-donation.

Results and Discussion
To understand the reactivity differences of cyclohexene,

cyclopentene, and norbornene, the structure and the elec-
tronic nature of the corresponding Co2(CO)5-propyne-
olefin complexes II, as well as the transition-state bar-
riers connecting II to III (C-C bond formation), need to
be analyzed in detail, since the ease of formation of the
intermediates II from I and the facility of the ensuing
insertion (f III) should be determining factors (Scheme
1).

Published work4c,17 strongly suggests that olefins react
preferentially from an axial position (see Figure 1), and
this has been accepted for the present study. The
optimized structures of the complexes of Co2(CO)5-
propyne with cyclohexene (2a), cyclopentene (2b, 2b′),
and norbornene (2c, 2c′) are depicted in Figure 2. It
should be noted that with cyclopentene and norbornene,
two different olefin orientations have been found.

The above structures appear to be quite similar;
however, inspection of Table 1 reveals some remarkable
differences in the interatomic distances. Significantly,
there is a much shorter C(1)-C(3) distance in the
cyclopentene complex 2b and in the norbornene complex
2c than in the three other olefin complexes. The relative
shortness of this key distance does not appear to be
principally a result of Coulombic interactions. As can be
seen in Table 2, the differences in the NPA charges on
C(1) and C(3) in the complexes do not correlate with the
corresponding C(1)-C(3) distances (Table 1), as would
be expected were Coulombic interactions significant, but
show in fact the opposite behavior. For example, the
charge difference is 0.202 in 2a and 0.131 in 2c, whereas
the C(1)-C(3) distances are 2.910 and 2.800, respectively.

The C(1)-C(3) distance derives from both the Co-
olefin distance, least in the case of 2c, and the olefin tilt,
most pronounced in 2b and 2c, the steric interaction of
the CH2 group with the two proximate carbonyls ligands
in 2b′ and 2c′ forbidding a comparable tilt. With cyclo-
hexene (2a), a sizable tilt (2.910 vs 3.325 Å for the C(1)-
C(3) and C(2)-C(4) bond distances, respectively) is
overwhelmed by the relatively long Co-olefin distance
(ca. 2.31 vs 2.27 and 2.22 Å in 2b and 2c, respectively).
It should be pointed out, however, that tilt appears to be

governed by steric factors and, thus, its degree may vary
with the substituents on the alkyne and/or the ligands
on cobalt.

At the ONIOM level, the same general trends are
observed; however, there is now little difference between
2a and 2b, which is primarily due to the longer Co-olefin
distance in 2b. The relatively short Co-olefin and C(1)-
C(3) calculated distances in 2c are again consistent with
the reactivity difference observed with norbornene vs
cyclopentene and cyclohexene in the Pauson-Khand
reaction.18

The reactivity of these complexes toward C(1)-C(3)
bond formation has been studied, and the results are
gathered in Table 3 (energy data) and in Table 4 and
Figure 3 (transition-state structures). Inspection of Table
3 shows clearly that calculations at both the B3LYP and
ONIOM levels are in accord with experimental observa-
tions. The cyclohexene complex 2a exhibits the highest
barrier (ca. 15 kcal/mol) and a slightly endothermic
reaction (ca. 1 kcal/mol). The two cyclopentene-coordi-
nated complexes 2b and 2b′ react with an average barrier
of ca. 11 kcal/mol, whereas the norbornene complex 2c
confronts a considerably smaller barrier (ca. 6 kcal/mol)
and reacts highly exothermically.19 Good agreement is
observed between the DFT and ONIOM calculations,
with a deviation of only ca. 1 kcal/mol, except for
complexes 2c and 2c′. The reason for these exceptions is
not clear. Inspection of the transition-state structures
(Table 4) does not show unexpected results for 2c and
2c′; they are, in fact, in good agreement with the energy
figures. The transition state from 2a is the latest
structure and has the shortest C(1)-C(3) distance (1.88
Å). At the opposite extreme is the transition state
resulting from complex 2c, which is the earliest structure
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(19) It can also be seen in Table 3 that differences in reaction
reversibility do not determine the relative reactivities.

SCHEME 1. Magnus Pathway for the PK Reaction

FIGURE 1. Designation of COs in the Co2(CO)6-propyne
complex.
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and that with the longest C(1)-C(3) distance (2.05 Å),
consistent with its having the smallest activation energy
and the highest exothermicity. The ONIOM transition-
state structures are similar to those derived from the
DFT calculations; however, the norbornene transition
states are earlier with the ONIOM calculations, whereas
the cyclopentene transition states are later.

One might now ask the fundamental question: why
are there such clear differences with these three olefins,
which, to a first approximation, are somewhat similar?
The best explanation for the differences in interatomic
distances (and reactivity) would appear to be one based
on molecular orbital (MO) considerations. The increase
in the C(1)-C(2) bond length on coordination reflects

FIGURE 2. B3LYP/LANL2DZ*-optimized structures of the complexes of Co2(CO)5-propyne with olefins.

TABLE 1. Distances (Å) in the Co2(CO)5-Olefin Complexes (Results from ONIOM Calculations in Parentheses)a

2a 2b 2b′ 2c 2c′

Co(1)-C(1) 2.308 (2.281) 2.282 (2.319) 2.258 (2.302) 2.230 (2.155) 2.231 (2.214)
Co(1)-C(2) 2.309 (2.300) 2.267 (2.288) 2.258 (2.268) 2.208 (2.180) 2.207 (2.166)
C(1)-C(3) 2.910 (2.903) 2.840 (2.927) 2.968 (2.971) 2.800 (2.845) 3.013 (2.976)
C(2)-C(4) 3.325 (3.292) 3.681 (3.726) 3.145 (3.142) 3.674 (3.726) 3.046 (3.025)
C(1)-C(2) 1.380 (1.387) 1.384 (1.379) 1.386 (1.381) 1.399 (1.422) 1.396 (1.414)

∆ ) 0.036 ∆ ) 0.042 ∆ ) 0.044 ∆ ) 0.050 ∆ ) 0.047
a Value of ∆ is the difference in the C(1)-C(2) bond length in the complexed and uncomplexed olefins.

J. Org. Chem, Vol. 69, No. 4, 2004 1077



back-donation of electrons from the filled d-orbitals of Co
into the empty π*-orbitals of the olefin. If the changes in
the interatomic distance between the two ethylenic
carbons, C(1) and C(2), on coordination are compared, the
largest change is found with norbornene, ∆ ) 0.050 Å
(Table 1). Back-donation should also produce proportion-
ally shorter Co(1)-C(1/2) distances, and indeed, nor-
bornene has the shortest such distance. To quantify this
hypothesis, CDA calculations have been carried out, and
the results are consistent with this analysis (Table 5).

In the CDA method, the MOs of the complex are
expressed in terms of the MOs of appropriately chosen
fragments, i.e., the Kohn-Sham orbitals of the complex
are expressed as a linear combination of the MOs of the
olefin ligand and the metal fragment. The orbitals are
derived from: (1) the mixing of the occupied MOs of the
olefin with the unoccupied MOs of the metal fragment
(Co-olefin donation [d]); (2) the mixing of the unoccupied
MOs of the olefin with the occupied MOs of the metal
fragment (olefin-Co back-donation [b]); (3) the mixing
of the occupied MOs of the olefin with the occupied MOs

of the metal fragment (olefin-Co repulsive polarization
[r]); and (4) the mixing of the unoccupied MOs of the
olefin with the unoccupied MOs of the metal fragment
(residual term [s]). In the case of norbornene, 0.181 and
0.143 electrons (2c and 2c′, respectively) are involved in
the back-donation, whereas with cyclohexene, only 0.096
is involved.

There is an excellent correlation between the level of
back-donation and the barrier to cobaltacycle formation.
For example, in the case of the cyclopentene and nor-
bornene complexes 2b and 2c′, the same level of back-
donation has been calculated, and indeed, the energies
of activation are similar. With the norbornene complex
2c, there is greater back-donation and a lower energy
barrier. Finally, in the cyclohexene complex 2a, in which
there is relatively little back-donation, there is a cor-
respondingly higher barrier to cobaltacycle formation.
Thus, the important conclusion to be drawn is that the
greater the back-donation, the higher the olefin’s reactiv-
ity.

The LUMO (π*-orbital) of the olefin is particularly
important since it is involved in not only the olefin-Co
back-donation but also the creation of the new carbon-
carbon bond between C(1) and C(3). The HOMO of the
Co2(CO)5-acetylene complex, which is involved in the
Co-Cacetylene bonding that is to be broken, is used with
the π*-orbital of the olefin for formation of the new C-C
bond. The electrons in the HOMO of the olefin are
involved in the new Co-Calkyl bond (Figure 4). It can be
seen that the HOMO levels of the Co2(CO)5-propyne
complexes are, as expected, quite similar, between -6.100
and -6.347 eV (Table 6). Although the HOMO-LUMO
energy gaps range only from 6.013 to 6.683 eV, the energy
gap order for the three olefins does parallel their reactiv-
ity in the Pauson-Khand reaction: cyclohexene has the
largest gap, followed by cyclopentene and norbornene,
and reactivity increases on going from cyclohexene to
cyclopentene to norbornene. The LUMOs of the free
olefins also parallel this reactivity, as can be seen in
Table 6, and thus the LUMO of a free olefin should be
generally useful as a first approximation of relative

TABLE 2. NPA Charges (Electrons; NPA Charges in the Optimized Uncoordinated Olefin in Parentheses)

2a 2b 2b′ 2c 2c′

Co(1) +0.175 +0.171 +0.157 +0.168 +0.156
C(1) -0.215 (-0.205) -0.229 (-0.200) -0.222 (-0.200) -0.252 (-0.211) -0.246 (-0.211)
C(2) -0.238 (-0.205) -0.228 (-0.200) -0.235 (-0.200) -0.269 (-0.211) -0.259 (-0.211)
C(3) -0.417 -0.404 -0.411 -0.383 -0.407
C(4) -0.204 -0.202 -0.201 -0.205 -0.196

TABLE 3. Activation Energies (∆E‡) and Energy Differences (∆E) between Complexes 2 and Cobaltacycle
Intermediates, in kcal/mol-1 (Corrected ZPE Values in Parentheses)

2a 2b 2b′ 2c 2c′

∆E‡
B3LYP 14.5 (15.2) 9.5 (10.0) 12.4 (12.7) 5.6 (6.2) 10.8 (11.2)

∆E‡
ONIOM 15.4 10.6 11.7 2.5 6.6

∆EB3LYP 0.7 (2.5) -6.9 (-5.2) 0.7 (1.2) -13.0 (-10.9) -1.7 (0.4)
∆EONIOM -3.0 -10.0 1.1 -13.9 1.8

TABLE 4. Transition-State Distances (Å) in the Co2(CO)5-Olefin Complexes (ONIOM Values in Parentheses)

2a 2b 2b′ 2c 2c′

Co(1)-C(1) 2.002 (2.004) 2.007 (2.005) 2.016 (1.999) 2.019 (2.014) 2.035 (2.030)
Co(1)-C(2) 2.247 (2.268) 2.262 (2.286) 2.249 (2.239) 2.248 (2.290) 2.268 (2.297)
C(1)-C(3) 1.884 (1.893) 1.997 (1.938) 1.964 (1.948) 2.057 (2.119) 2.051 (2.121)
C(1)-C(2) 1.476 (1.486) 1.463 (1.475) 1.457 (1.462) 1.457 (1.473) 1.448 (1.463)

TABLE 5. CDA Results

2a 2b 2b′ 2c 2c′

q[d] (e-) 0.506 0.430 0.441 0.456 0.479
q[b] (e-) 0.096 0.141 0.125 0.181 0.143
q[r] (e-) -0.311 -0.297 -0.328 -0.309 -0.339
q[s] (e-) -0.070 -0.084 -0.084 -0.095 -0.094

TABLE 6. LUMO Energies of Free and Coordinated
Olefins and HOMO Levels of the Co2(CO)5
Complexes (eV)

2a 2b 2b′ 2c 2c′

LUMO (free)a +0.715 +0.631 +0.631 +0.423 +0.423
LUMO (coord)b +0.336 +0.203 +0.168 -0.087 -0.053
HOMOc -6.347 -6.261 -6.319 -6.100 -6.286
EHOMO - ELUMO(coord) -6.683 -6.463 -6.487 -6.013 -6.233

a Energy of LUMO of optimized uncoordinated olefin. b Energy
of LUMO of olefin with geometry as in complex. c Energy of the
HOMO of the Co2(CO)5-propyne complex with a geometry as if
the corresponding olefin were present.
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reactivity.20 Pauson-Khand transformations found in the
literature would seem to support this possibility: cyclo-
hexadiene, for example, reacts in toluene at 70 °C to
produce the expected adduct in 65% yield,21 whereas

cyclohexene, under the same conditions, affords a mere
3% yield of the expected cyclopentenone.22 Likewise, ethyl
vinyl ether (LUMO, 0.825 eV) and vinyl benzoate (LUMO,
-1.648 eV), under essentially identical experimental
conditions, produce the corresponding adducts in 43%
yield (60 h) and 80% yield (16 h), respectively.23,24

The same trend can be seen in the thermodynamic data
(Table 7). Norbornene has the largest interaction energy,

(20) It appears that a correlation exists between the CdC-C angle
of the olefin (2a, 123°; 2b, 112°; 2c, 107°) and the energy level of its
LUMO: the smaller the angle, the lower the LUMO energy. Calcula-
tion of the LUMO orbital energy of 3-hexene (bond angle ) 128° and
CdC bond distance ) 1.346 Å) with the bond angle and CdC bond
distance of norbornene (107° and 1.350 Å) shows a decrease of the
LUMO energy of 0.369 eV.

(21) Khand, I. U.; Pauson, P. L.; Habid, M. J. A. J. Chem. Res. 1978,
4401-4405.

FIGURE 3. Optimized transition states for cobaltacycle formation.

TABLE 7. Thermodynamic Data (in kcal/mol)

2a 2b 2b′ 2c 2c′

Eint
a -18.90 (-23.98) -20.78 (-25.74) -22.17 (-27.14) -24.89 (-30.06) -24.64 (-30.26)

De
b +0.2 -0.4 -2.5 -1.8 -4.6

∆E (geometry)c 4.9 4.7 5.0 6.2 6.0

a Interaction energy in parentheses is not corrected for the basis set superposition error (bsse). b De ) EH (complex) - EH (Co2CO5) -
EH (olefin); EH are ZPE-corrected energies. cEnergy change on transforming the geometry of the olefin from that in the uncoordinated
structure to that in the Co2(CO)5-propyne-olefin complex.
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followed by cyclopentene and then cyclohexene, paral-
leling the decrease in the back-donation in going from
2c to 2a. Likewise, the binding energy, calculated from

De ) EH (complex) - EH (Co2CO5) - EH (olefin), is exo-
thermic for norbornene and cyclopentene, whereas for
cyclohexene, which is practically unreactive in the Pau-
son-Khand reaction, a slightly endothermic value has
been calculated. Steric decompression due to C-C length-
ening does not seem to be involved, however, since in
going from cyclohexene to norbornene there is a differ-
ence of merely ca. 1 kcal/mol.

In conclusion, the LUMO of the coordinated olefin
appears to have a crucial role in olefin reactivity in the
PK reaction. It determines to a large degree the back-
donation in the complex, which impacts significantly the
effectiveness of the LUMO overlap with the HOMO of
the Co2(CO)5-acetylene complex, and it is this interaction
that is key in the subsequent C-C bond formation. The
surprising differences in reactivity of cyclohexene, cyclo-
pentene, and norbornene thus find an explanation, one
that can also be used to understand the behavior of other
olefins and the effect of certain additives in this impor-
tant transformation.
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(UJF) and the centers IDRIS and CINES (Project
011219) and CECIC for providing computer facilities.
We also express our gratitude to Dr. P. Vatton for the
installation of the software programs. Financial support
from the UJF and the CNRS (UMR 5616) and a
postdoctoral fellowship to T. J. M. de Bruin from the
CNRS are gratefully acknowledged.

Supporting Information Available: Cartesian coordi-
nates of all optimized structures described in this publication.
This material is available free of charge via the Internet at
http://pubs.acs.org.

JO035294W

(22) Khand, I. U.; Pauson, P. L. J. Chem. Res., Miniprint 1977, 165-
187.

(23) Kerr, W. K.; McLaughlin, M.; Pauson, P. L.; Robertson, S. M.
J. Organomet. Chem. 2001, 630, 104-117.

(24) Calculations performed on methyl vinyl ether (LUMO ) -0.244
eV) and vinyl acetate (LUMO ) -1.729 eV), olefins with similar
electron-donating and electron-withdrawing substituents, indeed show
that the reactive complex (type II) exhibits Co(1)-C(2) and C(1)-C(3)
distances of 2.373 and 2.868 Å, respectively, for the former and 2.154
and 2.758 Å, respectively, for the latter. Likewise, the computed
activation energy barriers are 12.0 (methyl vinyl ether) and 9.4 kcal/
mol (vinyl acetate).

FIGURE 4. Schematic HOMO-LUMO orbital interaction.
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