
Computational Insight Concerning Catalytic Decision Points of the
Transition Metal Catalyzed [2 + 2 + 1] Cyclocarbonylation

Reaction of Allenes

Alexander S. Bayden, Kay M. Brummond,* and Kenneth D. Jordan*

Department of Chemistry, UniVersity of Pittsburgh, Pittsburgh, PennsylVania 15260

ReceiVed August 18, 2006

Summary: Rhodium- and molybdenum-catalyzed allenic [2+
2 + 1] cycloaddition reactions giVe 4-alkylidene andR-alky-
lidene cylopentenones, respectiVely. The selectiVe reaction of
one double bond of the allene oVer another is controlled by the
transition metal and not the substrate structure. Calculations
were performed to explain this unique control element using
the B3LYP functional as implemented in Gaussian 03. The
6-31G(d) basis set was applied to all elements except rhodium,
which is described with the LANL2 effectiVe core potential and
the LANL2DZ basis set. The product-determining step for both
reaction pathways is oxidatiVe addition of the metal to the
alkynyl allene to form the corresponding metallocycles B and
B′. The calculations strongly suggest that geometric constraints
imposed by the metal in the transition state are the key
controlling factor of the double-bond selectiVity. The transition
state structure of rhodium-catalyzed oxidatiVe addition has a
distorted square planar geometry that affords a lower transition
state energy when coordinated to the distal double bond of the
allene. In turn, the distorted trigonal bipyramidal geometry of
molybdenum in the transition state structure imposes confor-
mational constraints upon binding to the distal double bond on
the allene and thus leads to the energetically preferred
complexation and reaction with the proximal double bond.

Transition metal catalyzedcyclocarbonylationreactions of
allenes provide rapid entry into molecular skeletons that may
otherwise be difficult to synthesize. However, advantages of
incorporating an allene moiety into a synthetic sequence can
be negated by selectivity issues associated with this underutilized
functional group.1 Recently, we observed that during a cyclo-
carbonylation reaction of an allene, only one of the double bonds
reacted selectively, depending upon the metal catalyst em-
ployed.2 The selective reaction of one double bond over the
other is precedented,3 but in most cases the substrate structure,
not the reagent, is the controlling factor. We have subsequently
taken advantage of the new transition metal catalyzed control
element by applying this to the first synthetically feasible [2+
2 + 1] approach to bicyclo[5.3.0]decanes.4 In addition, we have
also shown that this regiocontrol element can be applied to other
types of transition metal catalyzed cyclocarbonylation reactions.5

Since this regioselectivity trend appears to be general, we
were eager to understand the nature of this transition metal

directed control element. As a first step in our approach, we
sought to understand the selectivity via theoretical investiga-
tions,6 since the information gained from these calculations could
also guide us in designing additional laboratory experiments.
The mechanism outlined in Figure 1 provides the basis for our
analysis. Initially, some assumptions were made concerning the
generally accepted mechanism of this transition metal catalyzed
[2 + 2 + 1] cycloaddition. It was assumed that the first step in
the cycloaddition reaction involves complexation of the alkyne
and the allene to the catalyst, giving either intermediate A or
A′. Next, oxidative addition affords the metallocyle B or B′,
which undergo carbon monoxide insertion to yield the product
C or C′, respectively. Finally, reductive elimination provides
either the R-alkylidene cyclopentenone D or 4-alkylidene
cyclopentenone D′, depending upon the metal catalyst employed
in the reaction.

Potential energy pathways for the proposed mechanisms were
mapped out using density functional theory with the B3LYP
functional implemented in Gaussian 03 to establish the most
likely rate-determining step. The composition of the rhodium
complex was chosen based upon experiment whereby a variety
of rhodium(I) catalysts were screened, and all gave similar
results. Thus, it was reasoned that the additional complexity of
introducing ligands other than carbon monoxide was not
beneficial or necessary. For the rhodium-based catalyst it was
determined that the oxidative addition step had the highest
energy of activation and was the least reversible. Thus, product
formation is determined early on along the reaction coordinate,
and our attention was focused on the transition states for the
oxidative addition step of the rhodium-catalyzed reaction.
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Figure 1. Proposed mechanism of allenic [2+ 2 + 1] cyclocar-
bonylation.
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The free energy landscape for the rhodium-catalyzed reaction
is shown in Figure 2.7 The first step of the reaction is the
oxidative addition of the alkynyl allene to the rhodium catalyst
leading to metallocycle1a. This step is rate-limiting, with a
free energy barrier of 16.8 kcal/mol.The relatiVe free energies
were calculated at 90°C, the temperature at which the reactions
were performed.Carbonyl insertion and reductive elimination
steps giving2 and3 have calculated free energy barriers of 1.0
and 11.5 kcal/mol, respectively. These last two steps are
energetically more feasible if an additional CO ligand is added
to the metal complex.

The free energy landscape for the molybdenum-catalyzed
process is shown in Figure 3. The composition of the molyb-
denum complex is based upon experiment, where molybdenum
aryl tricarbonyl complexes are used to catalyze the same CO
insertion reaction. The rate-determining step was found to be
the insertion of CO into the metallocycle6. This differs from
the rhodium-catalyzed process, where the oxidative addition step
was rate-determining. Interestingly, the free energy of the
transition state for the CO insertion is still 2.5 kcal/mol lower
than that for the oxidative addition of the metal to the distal
double bond of the allene. Moreover, all low-energy transition
states for the oxidative addition step involve the formation of a
metallocycle via a selective reaction with the proximal double
bond of the allene. Finally, the reductive elimination step is
energetically a very favorable process.

Extensive searches were performed on the oxidative addition
step of the rhodium- and molybdenum-catalyzed reactions, and
the results of these calculations are depicted in Figures 4 and
5, respectively. Interestingly, for the molybdenum process all
low-energy complexation species involved the proximal double

bond of the allene (compare7a and 11, Figure 5). The same
was true for the transition states (comparets7a-6andts11-13,
Figure 5). For the rhodium case, all low-energy complexes
involved the distal double bond of the allene (compare4a and
12a, Figure 4) and likewise for the transition states (compare
ts4a-1a and ts12a-14, Figure 4). For both rhodium and
molybdenum metallocycles, the larger sized ring is preferred
over the smaller ring. (For molybdenum compare13 and 6,
Figure 5, and for rhodium compare1a and14, Figure 4.) As a
consequence, the energy difference of the molybdenum- and
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Figure 2. Energy landscape for rhodium-catalyzed reaction.8 Parts
of the pathway where there is an extra CO present are shown in
blue.

Figure 3. Energy landscape for molybdenum-catalyzed reaction.8

Parts of the pathway where there is an extra CO present are shown
in blue.

Figure 4. Rhodium-catalyzed oxidative addition.8

Figure 5. Molybdenum-catalyzed oxidative addition.8
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rhodium-catalyzed reactions is reflected in the transition states
of the oxidative addition step. For example, in the rhodium case
the conversion of the complex to the metallocycle is an
exothermic process by∼15.6 kcal/mol and proceeds via an early
transition state. Thus, transition structurets4a-1apossesses a
slightly distorted square planar geometry, nearly the same as
the starting complex4a. The geometry constraints imposed by
the metal in the transition state preclude complexation of the
proximal double bond of the allene, leading to an energetically
preferred complexation with the distal double bond, which in
turn leads to the thermodynamically favored metallocycle1a.
Alternatively, conversion of the complexed molybdenum species
7a to the molybdenum metallocycle6 is a slightly endothermic
process with a later transition state. The trigonal bipyramidal
geometry of the metal in this transition state imposes confor-
mational constraints upon binding to the distal double bond on
the allene and thus leads to the energetically preferred com-
plexation with the proximal double bond, leading to the
kinetically preferred 6. It is important to point out that
experimentally iridum gives very similar results to rhodium,
and tungsten gives the same regioselectivities as molybdenum,

further supporting the conclusion that it is the transition state
geometry of the metal that drives the selectivity of this reaction.

In conclusion, computational evidence is provided to explain
an unusual selective reaction of either of the double bonds of
the allene in an intramolecular allenic [2+ 2 + 1] cycloaddition.

Acknowledgment. We thank the NSF (CHE0518253) and
the NIH (GM54161) for financial support, and K.M.B. thanks
Johnson & Johnson for a Focused Giving Award and the
University of Pittsburgh for a Chancellor’s Distinguished
Research Award. Further thanks go to Prof. Tara Meyer for
helpful discussions. The calculations were carried out on
computers in the University of Pittsburgh’s Center for Molecular
and Materials Simulations.

Supporting Information Available: Computational details and
references, including structures, energies, and vibrational frequencies
of all stationary points, are provided. This material is available free
of charge via the Internet at http://pubs.acs.org.

OM0607503

5206 Organometallics, Vol. 25, No. 22, 2006 Communications


