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Transition-metal-catalyzed higher-order [m+ n+o] carbo-
cyclization reactions represent powerful methods for the
construction of complex polycyclic systems.[1] A key feature in
these transformations is the dichotomy in reactivity that a
substrate will display with different transition-metal com-
plexes, reminiscent of enzyme-directed terpene biosynthe-
sis.[2] Although catalyst-controlled reactions are very well
established, they are generally identified empirically rather
than through the ability to a priori select the optimal catalyst
for a particular transformation. DFT calculations have
emerged as a powerful predictive tool capable of aiding the
design and understanding of these types of reactions and their
application to challenging synthetic problems.[3] Herein, we
demonstrate theoretically the impact of coordination number
on the level of diastereocontrol in the rhodium-catalyzed
Pauson–Khand (PK) reaction [Eq. (1)] and experimentally
support the hypothesis.[4]

Initial computational studies focused on the examination
of the rhodium-catalyzed PK reaction of functionalized 1,6-
enyne 1 with carbon monoxide in the context of the
diastereoselective formation of the bicyclopentenones 2 and
3 [Eq. (1)]. At the outset of this study, we sought to address
the following objectives: 1) determine the composition of the
active catalytic species, 2) provide an accurate model for
stereocontrol, and 3) understand the role of spectator ligands
on the metal center. Although we had demonstrated that
excellent diastereoselectivity could be obtained using various
rhodium catalysts of the general type [{RhCl(CO)L}n] (where
n= 1, 2 and L = PPh3, 1,2-bis(diphenylphosphanyl)ethane
(dppe), etc.),[5] we elected to examine simpler complexes
that lacked the phosphine ligands to garner a deeper under-
standing of their influence on selectivity.[6–11]

The origin of stereocontrol had originally been rational-
ized by invoking facially selective metal binding, which was
envisioned to originate from steric demands imposed by the
substituent at the C2 stereogenic center.[5] To accurately
probe and fully understand the origin of the selectivity in
greater detail, we utilized high-level density functional
methods at the B3LYP/cc-pVTZ(-f)[12,13] level of theory
implemented in the numerically efficient program package
Jaguar,[14] which allowed us to explore a large number of
possible structural isomers and reaction pathways.[15] Mech-
anistically, the cyclization is generally accepted to occur
through the initial formation of a p complex, which then
undergoes oxidative addition, migratory insertion of CO, and
reductive elimination to regenerate the rhodium(I) catalyst
and afford the cyclopentenone. Interestingly, we discovered
that the relationship between the metal complex and stereo-
control is much more complex than had previously been
envisioned.

A critical obstacle in the construction of a theoretical
model for the rhodium-catalyzed PK reaction was that the
exact composition of the catalytically competent rhodium
complex was unknown. Hence, we envisioned probing this
relationship with [RhICl(CO)] and [RhICl(CO)2], which
should form p complexes with the 1,6-enyne to afford an
approximately square-planar 16-electron complex i and a
trigonal-bipyramidal 18-electron complex vi, respectively
(Scheme 1).[3] Exploration of the complete reaction pathways
using both possibilities determined that each of these path-
ways is mechanistically relevant. Figure 1 illustrates the
computed solution-phase free-energy reaction profiles using
[RhICl(CO)] as the catalytically competent species. Upon
formation of the p adduct i, oxidative addition affords one of
two possible diastereomeric metallacycles ii and ii’, in which
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the C3 hydrogen atom is either syn or anti to R1, respectively.
Addition of a CO ligand gives complexes iii and iii’, which
undergo migratory insertion to give the six-membered metal-
lacycles iv and iv’ after traversing the non-rate-limiting
transition states iii-TS and iii-TS’. Reductive elimination
finally furnishes the product complexes v and v’. The reaction
pathway leading to diastereomer 2 is associated with a
solution-phase activation free energy of 27.6 kcal mol�1 (i-
TS in Figure 1), whereas the transition state i-TS’ that
ultimately yields product 3 is computed to be only 1.2 kcal
mol�1 higher in energy. This energy difference predicts the
upper limit of the diastereomeric ratio (d.r.) to be approx-
imately 10:1, which is too small to explain the observed level
of diastereocontrol.

Surprisingly, the rate-
determining transition states
of the two possible reaction
pathways are found to be
highly sensitive to the pres-
ence of an additional carbonyl
ligand on the rhodium center.
Figure 2 illustrates the reac-
tion energy profiles for the
addition of a carbonyl ligand
to the initial reactant complex
i to afford the five-coordinate
18-electron complex vi, which
is energetically disfavored by
6.7 kcal mol�1 owing to the
weakening of the rhodium–

enyne interaction and loss of entropy upon carbonyl binding.
As the metal center accepts s electron density from the
additional CO ligand, the antibonding interaction of the now
five-coordinate rhodium complex with the original substrate
becomes more pronounced. The different energy components
are enumerated in the Supporting Information. The axial
addition of the carbonyl ligand to the pseudo-square-planar
rhodium center forces the chlorido ligand to be trans to the
axial CO ligand in vi. The presence of the second carbonyl
ligand increases the overall reaction rate slightly, with the
energy of the new transition state vi-TS being 26.6 kcal mol�1.
Interestingly, the additional carbonyl ligand has the opposite

Scheme 1.

Figure 1. Reaction energy profile utilizing [RhCl(CO)] as the catalyti-
cally active species.

Figure 2. Reaction energy profile utilizing [RhCl(CO)2] as the catalyti-
cally active species.
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effect on the reaction pathway that gives rise to the
diastereomeric analogue 3 and increases its barrier to
33.6 kcal mol�1, which is too high to give any reaction under
the prescribed reaction conditions. Hence, the calculations
predict high levels of diastereoselectivity only if the catalyti-
cally active species is the trigonal-bipyramidal adduct.

At an energetic difference to i of 6.7 kcalmol�1, inter-
mediate vi is thermodynamically not preferred. The equilib-
rium between i and vi, however, is highly dependent on the
CO concentration. At relatively high CO concentrations, the
most prevalent species will be vi, while i is expected to be the
dominant species at low CO concentration. Thus, our
calculations predict a substantial loss in diastereoselectivity
when the CO concentration is lowered, owing to a shift of the
equilibrium in favor of i. Note that our molecular calculations
assume a 1:1 stoichiometry of i and CO for the formation of
vi. Because we are able to quantify neither the concentration
of the catalytically active Rh species nor that of CO in
solution, we are unable to correct our idealized simulated
energies for standard states. However, it is clear that the
energy of the transition state vi-TS is an upper-limit estimate
and would be a few kilocalories per mole lower if the
concentration differentials could be considered. The com-
puted rate-determining barriers for the four-coordinate
Rh catalyst do not suffer from the pre-equilibrium condition.
Thus, our calculations suggest that the energy difference
between the lowest barrier for forming 2a and 3a (R1 = R2 =

Me) is at least (but likely larger than) 2.25 kcalmol�1, thus
suggesting a d.r. larger than 100:1 in favor of 2a under high
CO pressure.

To challenge this theoretical hypothesis, the reaction was
performed with varying compositions of argon and carbon
monoxide to alter the equilibrium ratio. Table 1 summarizes
the results from this study, which provides compelling
evidence in support of our prediction. For example, while
the PK reaction at high CO concentration proceeded with
excellent diastereoselectivity (Table 1, entry 1), the reactions
at 10% and 5% CO furnished the bicyclic products 2a and 3a

with significantly diminished diastereomeric ratios of 10:1
and 6:1 respectively (Table 1, entries 2 and 3).[16]

In light of the experimental findings, we were prompted to
question why the additional carbonyl ligand has such a
decisive impact on the two reaction pathways. An intuitive
rationale emerges by considering the two transition states
illustrated in Figures 1 and 2. In i-TS and i-TS’, the reactive
rhodium center adopts an approximately square-planar
geometry in which the p-donating chlorido ligands increase
the polarizability of the metal-centered electron density in the
molecular plane. As a result, the rhodium center is highly
reactive towards oxidative addition when the metallacycle is
formed in the molecular plane. Addition of carbonyl as the
fifth ligand, on the other hand, forces the chlorido group into
the axial position in order to maximize the push-and-pull
resonance in the p space along the linear Cl-Rh-CO axis.
Thus, the rhodium center is less electron-rich, and structural
differences translate into larger energy differences of the
transition state, as the correct molecular orbitals have to align
properly to promote oxidative addition, thus leading to higher
selectivity.[17] This analysis implies that the trigonal-bipyra-
midal coordination geometry of rhodium is generally pref-
erable for promoting stereoselective carbocyclizations.
Hence, the presence of strongly binding spectator ligands,
such as phosphines, are likely to enforce a trigonal-bipyrami-
dal geometry and thereby afford high levels of diastereose-
lectivity, regardless of CO pressure. We were able to confirm
this prediction experimentally, as outlined in Table 1
(entries 4–6), which thereby further supports the original
theoretical prediction. The lower overall efficiency of the
transformations at lower CO pressure may be attributed to
the catalyst promoting alternative reaction pathways (Table 1,
entries 5,6).

In summary, we have demonstrated that theoretical
analysis of the rhodium-catalyzed PK reaction provides two
mechanistic scenarios for the origin of diastereoselectivity, in
which optimum selectivity can be attributed to a five- rather
than a four-coordinate organorhodium complex. The relative
population of these complexes is related to carbon monoxide
concentration, which contrasts the phosphine-containing
rhodium(I) complexes that preferentially adopt a 5-coordi-
nate configuration irrespective of the amount of carbon
monoxide present. Finally, this work serves to highlight how
an intuitive mechanistic scenario, such as the applied CO
pressure being a controlling factor for the stereochemical
outcome of the PK reaction, may be predicted and exper-
imentally verified.
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Table 1: Effect of CO pressure on the diastereoselectivity of the rhodium-
catalyzed Pauson–Khand reaction.[a]

Entry Rhodium complex Pressure [atm] Yield [%][b] d.r.[c] 2a :3a
CO Ar

1 [{RhCl(CO)2}2] 1.00 0.00 81 22:1
2 [{RhCl(CO)2}2] 0.10 0.90 64 10:1
3 [{RhCl(CO)2}2] 0.05 0.95 57 6:1
4 [{RhCl(CO)(dppp)}2]

[d] 1.00 0.00 88 �99:1
5 [{RhCl(CO)(dppp)}2] 0.10 0.90 51 58:1
6 [{RhCl(CO)(dppp)}2] 0.05 0.95 44 57:1

[a]All reactions were carried out on a 0.25 mmol reaction scale utilizing
3 mol% of the rhodium complex in xylene at 110 8C. [b] Yields of isolated
product. [c] Ratios of diastereoisomers were determined by capillary GLC
analysis on the crude reaction mixtures. [d] dppp=1,3-bis(diphenyl-
phosphanyl)propane.
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