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An alternative mechanism for intramolecular C-C coupling between heterocycles and alkenes with
rhodium phosphine catalysts is presented involving oxidative addition, alkene insertion, and reductive
elimination (route 2), as described previously for similar group 10 reactions by Cavell and McGuinness.
Computational studies indicate that the rate-determining step is associated with reductive elimination of
the product and overall barriers indicate this mechanism would be competitive with an alternative involving
formation of a carbene complex derived from mechanistic work by Bergman, Ellman, and associates
(route 1). Activation of the reacting azole through inclusion of an acid catalyst appears to support the
route 2 mechanism. A much lower activation barrier is observed under acidic conditions, a result consistent
with that found under experimental conditions.

Introduction

Carbon-carbon coupling reactions via transition-metal-
catalyzed C-H bond activation have become increasingly
important, with applications in many industries, including
medicine, energy, and the chemical industry in general.1-4 An
important subset of these reactions includes the C-C coupling
of heterocycles, substances abundant in natural product and
biological chemistry.5

In 2001, Bergman, Ellman, and co-workers reported the very
interesting intramolecular coupling of alkenes to heterocycles
to create 2-functionalized azoles6-10 (Figure 1).

In general, the C-C coupling reactions were performed using
a [RhCl(coe)2]2 (coe ) cyclooctene) precatalyst in the presence
of PCy3. While the reaction was catalytic at 150 °C with yields
frequently in the 70-80% range, addition of a weak acid was
found to increase the rate of the reaction considerably.8

Variations of the initial reaction included a range of different
azoles, incorporating electron-withdrawing and -donating groups

in the ring, functionalization built into the reacting alkene, and
intermolecular reactions involving free alkenes.7-10

As part of their studies, the Bergman-Ellman group included
some elegant computational and experimental studies to help
elucidate a mechanism for the reaction.

1. Reduction of the reaction temperature below 35 °C resulted
in an equilibrium between the free quinazoline/(PCy3)2RhCl
reactants and a nitrogen-bound quinazoline rhodium complex
(Figure 2).11

2. Raising the temperature between 45 and 75 °C with the
use of stoichiometric quantities of rhodium precatalyst and
phosphine ligand led to the isolation of a rhodium(I) carbene
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Figure 1. C-C coupling reaction.

Figure 2. σ-bound rhodium nitrogen complex.

Figure 3. Isolated rhodium carbene intermediate.
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complex (Figure 3) which, when reintroduced into a catalytic
environment, proceeded with the C-C coupling reaction identi-
cal with that established previously.7

3. Monitoring the reaction by NMR confirmed that the
carbene intermediate was present in significant quantities
throughout the reaction sequence, indicating that it is an
important intermediate in the catalytic cycle.7

4. Deuterium tracers indicated that it is the original azole C2
hydrogen which migrates to the nitrogen to form the carbene
complex via a rhodium hydride in an intramolecular reaction.11

5. Further deuterium tracers and cross-coupling experiments
showed that while there may be rapid alkene insertion into the
rhodium-hydride bond and subsequent �-hydride elimination,
there was no actual cross-coupling for product formation,
indicating that the coupling itself occurs in an intramolecular
fashion.6

With this information in mind and replacing the PCy3 ligand
with PMe3, a mechanism based on the combined experimental
and theoretical results by Bergman, Ellman, and co-workers7,11

can be proposed for the C-C coupling from the isolated carbene

complexinvolvinginsertionofthealkeneintotherhodium-carbene
bond (Figure 4: G f I), proton transfer (Figure 4: I f K) and
reductive elimination of the final product (Figure 4: Kf B). It
was envisaged that initial C-H activation of the azole via an
N-coordinated azole complex (Figure 4: B f E) to form a
rhodium hydride complex followed by hydride migration (Figure
4: E f G) may be the mechanism by which the carbene
complex itself is formed.

The computational study of the initial steps of the reaction
for an alkene-free quinazoline7,11 indicated that the oxidative
addition step (C f E) to create the rhodium hydride presented
a modest barrier to reaction, with subsequent formation of the
carbene complex (E f G) being relatively straightforward.
Further, the carbene complex G proved to be by far the most
stable intermediate of all possibilities along the post-carbene
pathway,7,11 a result consistent with the isolation and NMR
appearance of the complex under experimental conditions.
Overall, the rate-determining step for the post-carbene reaction
appeared to be associated with alkene insertion (Figure 4:
G f I).7,11,72

Figure 4. Proposed catalytic cycle for intramolecular C-C coupling of N-butenylimidazole: route 1 (TS ) transition structure; grayed area
indicates intermediates common to the route 2 mechanism (see below)).
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Independently, we and others have been interested in the
redox behavior of imidazolium salts12-15 and successful
cross-couplingreactionsinvolvingnickel16-20andpalladium12,13,21-43

carbene catalysts. In particular, we have been investigating
a C-C coupling reaction similar to that of Bergman and
Ellman’s group between alkenes and azolium salts using
nickel and palladium phosphine and carbene catalysts.22,23,44

Experimental and theoretical work on these group 10

transition-metal reactions indicated that the likely mechanism
comprises oxidative addition of the azolium salt, alkene
coordination, and insertion into the resultant metal hydride,
followed by reductive elimination of the coupled product
(route 2, Figure 573 shown for rhodium and azole equivalent
reaction). In general, the rhodium C-C coupling reaction
between azoles and alkenes performed by Bergman, Ellman,
and co-workers and the azolium salt/alkene coupling studied

Figure 5. Proposed catalytic cycle for intramolecular C-C coupling of N-butenylimidazole: route 2 mechanism (TS ) transition structure;
grayed area indicates intermediates common to route 1).

Figure 6. Energies for the route 1 catalytic cycle (reactants: 1/2[(coe)2RhCl]2 + PMe3 + 1-(3-butenyl)imidazole).
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by our group appear quite similar. Further, the proposed
mechanism for the rhodium catalysis involved some similar
steps, albeit in a modified order and with additional stages.
Consequently, we present here a computational study com-
paring the Bergman, Ellman, and co-workers inspired route
1 (Figure 4) and rhodium-equivalent Cavell-McGuinness
inspired route 2 mechanism (Figure 5).

Theoretical Calculations
Geometry optimizations and harmonic vibrational frequencies

for all systems were calculated at the B3LYP45-47 level of theory
with the LANL2DZ basis set (which incorporates the Hay and
Wadt48 small-core relativistic effective core potential and double-�
valence basis set) on rhodium and 6-31G(d) basis set on all other
atoms. Zero-point vibrational energy corrections were obtained

Figure 7. Energies for the route 2 catalytic cycle.

Figure 8. Energy comparison of the route 1 and route 2 mechanisms.

Table 1. Key Free Energies (Dimensionless) and Relative Turnover Frequencies (TOF) for Routes 1 and 2 at 298 Ka,b

route 1 route 2 (-carbene complex) route 2 (+carbene complex)

complex energy complex energy complex energy XTOF

MARIc G -21.2 9 -21.4 G -21.2
HETSd H 59.4 8 48.5 8 48.5 0.97

F 44.8 0.03
δE′ 80.6 48.6e 69.7
relative TOFf 1 7.98 × 1013 5.18 × 104

a See ref 66 for detailed methods of calculation. b ∆G ) 21.3, which refers to the overall process (positive by definition). c MARI ) most abundant
reaction intermediate. d HETS ) highest energy transition state. e δE′ ) E(8) - E(MARI) - ∆G, as 8 precedes MARI. f TOF values relative to route 1
as standard.
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using unscaled frequencies. All transition structures contained
exactly one imaginary frequency and were characterized by
following the corresponding normal mode toward the products and
reactants.

Higher level single-point calculations were performed on the
optimized geometries at the B3LYP level with a LANL2augmented:
6-311+G(2d,p) basis set, incorporating the LANL2 effective core
potential and a large LANL2TZ+(3f) basis set on rhodium. This
basis set was obtained by us in the same way as described for the
Pt LANL2TZ+(3f) basis set reported previously.49 All other atoms
used the 6-311+G(2d,p)50-52 basis set. Energies from these single-
point calculations were combined with the thermodynamic correc-
tions at the lower level of theory to obtain ∆G298 numbers. All
energies quoted in this paper refer to these final ∆G298 values.

Structures B, F-I, and 7-9 were reoptimized at the B3LYP
level in solvent (THF) with the polarized continuum method of
Tomasi and co-workers53,54 using the integral equation formalism
model (IEFPCM)55-58 with standard tesserae area of 0.2 Å2, the
UAKS parameter set for the united atom topological model for the
atomic radii, and the LANL2DZ:6-31G(d) basis set described above.
∆Gsolvation was then calculated on the optimized geometries using
HF and IEFPCM with the UAHF parameter set for the united atom

topological model for the atomic radii with the previously discussed
LANL2augmented:6-311+G(2d,p) basis set. The ∆Gsolvation values
were combined with gas-phase energies to provide the final solvated
energies.

All calculations were performed with the Gaussian 0359 set of
programs.

Results and Discussion

Initial Considerations. The mechanistic study by Bergman,
Ellman, and co-workers was published over several papers and
involved a variety of reacting azoles and phosphine ligands.
To allow comparisons between the overall mechanism derived
from that work for route 1 and those of our group for route 2,
we completed all calculations on each mechanism using model
reactants from the experimentally successful catalytic reactions,
namely 1-(3-butenyl)imidazole as the reacting azole,
[RhCl(coe)2]2 as the rhodium precursor complex, and 1 equiv
of trimethylphosphine (PMe3).

Use of this particular set of conditions led to a number of
considerations in the present study. First, two possible oxidative
addition routes were shown previously7,11 to be competitive in
the early stages of the reaction, where the rhodium hydride
complex required for carbene formation could be produced either
directly from oxidative addition (migration pathway) or indi-
rectly from rotation of the azole ligand once the rhodium hydride
had formed (rotation pathway). For simplicity in the energy
diagrams we have only included the migration pathway; barriers
for each reaction pathway were within 9 kJ mol-1 of each other.

Second, the initial study7,11 of the oxidative addition and
carbene formation steps did not involve the presence of an
alkene. The competition for oxidative addition over η2-alkene
coordination has been shown previously to be a delicate
balance;60-65 however, as the true catalytic system contained
only one phosphine ligand,15-18 it is expected that the alkene
would coordinate to the metal center prior to oxidative addition
to alleviate the coordinately unsaturated nature of the rhodium(I)
precursor complex.

Finally, crystal structures obtained by Bergman, Ellman, and
co-workers for carbene complexes with different azoles resulted
in one complex in which the chloride ligand was located trans

Figure 9. Route 1 and route 2 mechanisms starting from the carbene complex.

Table 2. Rate-Determining Solvation Energies for Route 1 and
Route 2

route 1 route 2

F G H I 7 8 9

gas phase 110.2 -52.3 146.2 43.1 5.6 119.4 -52.7
solvation (THF) 123.9 -41.3 140.2 51.5 16.1 130.3 -52.5

Table 3. Key Free Energies (Dimensionless) and Relative TOF
Values for Solvated Routes 1 and 2 at 298 Ka,b

route 1 route 2

complex energy complex energy XTOF

MARI G -16.8 G -16.8
HETS H 56.9 8 52.9 0.93

F 50.3 0.07
δE′ 73.7 69.7
relative TOFc 1 5.09 × 104

a See ref 66 for detailed methods of calculation. b ∆G ) 23.3, which
refers to the overall process (positive by definition). c TOF values
relative to solvated route 1 as standard.
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to the carbene ligand,11 and another in which the chloride was
located in the cis position.7 As these structures formed the basis
of the respective computational studies, the oxidative addition
and carbene formation results were presented with the trans-
located chloride, while the post-carbene mechanism utilized the
cis complex. Interestingly, our energy calculations for both cis
and trans pathways indicated that the lowest energy pathway
for the reaction, prior to carbene formation, is indeed with the
chloride ligand trans to the azole ligand, whereas the chloride
cis to the carbene is favored in the post-carbene steps.

As it is expected that alkene coordination and cis and trans
isomerization would occur relatively easily under experimental
conditions, details of these rearrangements are not presented in
the main paper, with only the lowest energy configurations
shown in the energy diagrams. However the full energy
diagrams for all combinations are presented in the Supporting
Information.

Complete Route 1 Mechanism. Combining all steps into
one cycle results in an interesting overall route 1 mechanism
(Figure 6).

First, it should be noted that previous computational results
with an N-methylazole system indicated that the barrier to
oxidative addition (B f E) was higher than that found for
carbene formation (Ef G). While this was also reflected under
experimental conditions, the use of the N-butenylazole instead
of the N-methylazole and the presence of only 1 equiv of
phosphine inverted the relative energies of these barriers in our
calculations. This result is expected with alkene coordination
straightforward onto the unsaturated rhodium (B) and subsequent
chelation drawing the reacting azole close to the metal center.
On its own, the initial oxidative addition step is only marginally
endothermic with a low activation energy.

Continuing with the catalytic cycle, hydride migration from
the oxidative addition product to form the carbene complex (E
f G) requires an additional 96.5 kJ mol-1. While this may not
appear restrictive as an individual step, when viewed in
sequence, it adds a further barrier to the preliminary steps of
the reaction, increasing the overall barrier from the azole
N-bound starting complex B to the carbene complex to a high
110.2 kJ mol-1.

Figure 10. Acid-cocatalyzed route 1 cycle (TS ) transition structure; grayed area indicates intermediates common to acid-cocatalyzed
route 1 and route 2 mechanisms).
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Despite the challenge of the initial steps of the reaction,
formation of the carbene complex results in a remarkably low
energy intermediate (G). Being 52.3 kJ mol-1 lower in energy
than the azole N-bound starting complex B, this carbene
complex is over 29 kJ mol-1 more stable than any other of the
central intermediates and has high barriers for continued
(G f I) or reverse (G f E) reaction. Consequently, it is not
surprising that Bergman, Ellman, and co-workers were able to
isolate this complex under experimental conditions.

Interestingly, continuation of the cycle from the carbene
intermediate (Gf I) requires more energy than the reversal of
the hydride migration and reductive elimination of the starting
materials (G f B), with activation energies standing at 146.2
and 110.2 kJ mol-1, respectively. This higher barrier is
consistent with formation of the carbene complex at tempera-
tures lower than those required for full catalysis. Regardless of
whether the reaction proceeds forward or reverts to starting
materials, it is expected to be a smooth transition, with all
remaining barriers below 33 kJ mol-1.

Complete Route 2 Mechanism. As mentioned previously,
the Route 2 mechanism follows a path of oxidative addition
(2 f 5), alkene insertion (5 f 7) and reductive elimination (7
f 9). One of the most significant differences between this
mechanism and route 1 is the oxidation state of the metal center
throughout the catalytic cycle. Route 1 alternates between the
formal +1 and +3 charges on the metal for the majority of the
catalytic cycle. The intermediates are generally square planar,
with only a single phosphine attached to the metal at any one
time. In contrast, the route 2 mechanism involves three
negatively charged ligands and it is likely that the formal +3
oxidation state remains on the metal for all but the weakly bound
reactant and product complexes (9 f 3).

Despite this, the initial steps of the route 2 mechanism (1 f
5) match those of route 1 (A f E), with oxidative addition
resulting in the formation of the rhodium hydride. From this
point, the hydride migration in route 1 is replaced by the
coordination and insertion of the alkene into the Rh-H bond
(5 f 7).

As the geometry optimization of the oxidative addition
product indicated that the alkene ligand is the most stable when
perpendicular to the Cl-Rh-P plane, only a small movement
of the hydride ligand toward the alkene itself is required to reach
the insertion transition structure. Consequently, the barrier for
the insertion reaction is small at 56.1 kJ mol-1 (Figure 7).

While this is very promising for the overall reaction, the
resultant alkyl complex 7 is only 8.1 kJ mol-1 more stable than
the hydride alkene complex 5. With a moderate barrier to
insertion, the reverse �-hydride elimination reaction may occur
as rapidly as the formation of the alkyl complex and this step
may be seen as a facile yet easily reversible step in the overall
reaction; a result reflected in the experimental deuterium tracer
results of Bergman, Ellman, and co-workers.6

In the final step of the cycle, the reductive elimination
energetics combine a reasonable activation barrier with a highly
exothermic reaction (7 f 9). Standing at 113.8 kJ mol-1, the
energy required for reductive elimination is the highest indi-
vidual barrier along the reaction pathway. Once overcome,
however, the energy benefits are considerable with the nitrogen-
bound imidazole product 9 reminiscent of that found in the
reactants (2) and lying 58.3 kJ mol-1 lower in energy than the
four-coordinate alkyl/acyl complex 7.

Despite the overall reaction being quite favorable, with the
C-C coupled product being 52.7 kJ mol-1 lower in energy than
the azole N-bound starting complex B, it appears that the straight
route 2 mechanism studied here would be a challenging one
under the reaction conditions. In general, the individual steps
have relatively low barriers to reaction; however, an overall
activation energy of 119.4 kJ mol-1 and no clear lower energy
intermediates or catalyst resting states indicate other mechanisms
may compete successfully with the route 2 mechanism.

Comparison of the Route 1 and Route 2 Mechanisms. A
direct comparison of the energies for the route 1 and route 2
mechanisms reveals some interesting insights into catalytic
cycles (Figure 8).

Analysis of these cycles by the method of Kozuch and Shaik66

indicates that route 2 has a significantly higher turnover

Figure 11. Energies for the acid-cocatalyzed and neutral route 1 cycles.

4764 Organometallics, Vol. 27, No. 18, 2008 Hawkes et al.



frequency (TOF) under steady-state conditions (Table 1). Both
cycles have only one transition structure influencing the TOF:
namely, the C-C coupling transition structure (route 1, G f
I; route 2, 7 f 9). However, the energetic difference (δE′)
between the highest energy transition state (HETS) and the
lowest energy intermediate (most abundant reaction intermedi-
ate, MARI) is significantly lower for route 2, resulting in a
higher TOF (Table 1: route 2 - carbene complex).

While these observations suggest the route 2 mechanism could
be active for this reaction, the experimental evidence confirming
the presence of the carbene complex by NMR observations
during catalysis and the actual isolation of this complex indicate
an alternate mechanism may be in operation at certain temper-
atures. With the exception of the reactants and final products,
this complex is by far the most stable intermediate over both
routes.

At this point, it is important to observe the barriers on either
side of the carbene complex. With these barriers within 36 kJ

mol-1 of each other, continuation of the cycle in either direction
would be feasible. This might suggest that both mechanisms
may be operating in tandem, as indicated in Figure 9. It is not
unusual for several low-energy pathways to be accessible for a
catalytic cycle,67,68 and interestingly, the isolation and presence
of the carbene complex during catalysis with this system is
consistent with both mechanisms, as the barrier to carbene
formation (A f G: 110 kJ mol-1) is lower than the barrier to
full catalysis by either route (route 1, 146.2 kJ mol-1; route 2,
119.4 kJ mol-1).

Indeed, inclusion of the carbene complex in the overall
reaction for route 2 significantly decreases the calculated TOF
(Table 1: route 2 + carbene complex). C-C coupling remains
the dominant controlling factor in the TOF; however, in this
case the barrier associated with formation of the carbene
complex also has a minor influence on the overall kinetics.
Despite this, results indicate route 2 would remain the preferred
route under steady-state conditions.

Figure 12. Acid-cocatalyzed route 2 cycle (TS ) transition structure; grayed area indicates intermediates common to acid-cocatalyzed
route 1 and route 2 mechanisms).
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A further important observation is the nature of some
intermediates and their associated transition structures. The rate-
determining C-C coupling step of route 1 involves the
transformation of the neutral carbene complex G into the
zwitterionic complex I, while route 2 involves straight reductive
elimination from rhodium(III) to rhodium(I) (7 f 9). With
calculations performed in the gas phase, the zwitterionic charge
associated with the transition from G to I is expected to be
artificially high, with little charge delocalization possible within
the molecule itself. Indeed, solvent reoptimization and energy
calculations of the rate-determining complexes for both routes
did indicate that the activation energy for route 1 decreases
slightly with solvation (Table 2: G f H), while the activation
energy for route 2 remains almost constant (Table 2: 7 f 8).

Despite these changes in individual activation energies, it
should be noted that the TOF for route 2 remains greater than
that for route 1 (see Table 3) and, therefore, route 2 most likely
remains the more dominant cycle for full catalysis under steady-
state conditions.

Interestingly, experimental results to date do not conclusively
support or eliminate either mechanism. First, isolation of the
carbene complex G at lower temperatures and the significant
presence of this complex in higher temperature catalytic
reactions is consistent with both routes, since in each case (as
previously mentioned), the activation barrier to carbene forma-
tion (Ef G) is lower than the rate-determining C-C coupling
step (route 1, G f I; route 2, 7 f 9). While the carbene
complex is vital for the route 1 mechanism, it can be thought
of as part of a nonessential side reaction for a route 2 mechanism
(see Figures 7 and 9); therefore, the absence of this complex
should still conceivably result in C-C coupling.

However, two further experimental results indicate this may
not be the case. First, use of the bulky PCy3 ligand in
experiments would be expected to decrease the barrier to C-C
coupling in comparison to the PMe3 used in theoretical

calculations. Despite this, carbene formation is still prevalent
under experimental conditions, indicating the barrier to H
migration to form the carbene complex B remains below that
for C-C coupling. Second, reagents incapable of forming
carbene complexes such as pyrimidine and indole have not been
successfully coupled, indicating the carbene complex is required
for overall catalysis.

Alternatively, deuterium tracer experiments indicate rapid
alkene insertion into the M-H bond in solution, followed by
�-hydride elimination.6 This result is strong support for the
insertion step for route 2 (5 f 7) and, therefore, the presence
of 7 under the reaction conditions. With the overall activation
barrier for C-C coupling (7 f 9) 26.8 kJ mol-1 lower than
that for route 1 (G f I), it seems plausible that C-C coupling
could occur from the carbene complex via route 2 (Figure 9).

With carbene formation and alkene insertion into the M-H
bond both being rapid and facile reactions, the question of which
is a “side reaction” and which occurs prior to the rate-
determining C-C coupling step is unknown. Further experi-
mental investigation may be possible to help distinguish the
two mechanisms in order to further refine and extend these
important coupling reactions. In particular, it may be possible
to independently verify each step for both mechanisms, as we
have done previously for similar nickel-, palladium-, and
platinum -based reactions.14,15,22,23,43

Acid-Catalyzed Coupling. After successfully catalyzing the
cyclization of various alkene heterocycles, Bergman, Ellman,
and co-workers made the further observation that the rate and
yield of catalysis could be improved by the addition of a weak
acid catalyst. In particular, intermolecular coupling was made
possible with the use of the Brønsted acid HClPCy3. They
proposed a mechanism for the acid-cocatalyzed C-C coupling
reaction that involved a carbene complex similar to those
described previously (G). While not explicitly mentioned, it is
assumed the formation of the carbene complex in this acid-

Figure 13. Energies for the acid-cocatalyzed and neutral route 2 cycles.
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cocatalyzed route is via the same mechanism as the noncatalyzed
route: i.e., route 1, Af G. Creation of the carbene complex is
followed by oxidative addition of HCl, forming a rhodium(III)
hydride to which alkene insertion into the M-H bond results
in a rhodium(III) alkyl complex. Alkyl migration creates the
coupled product, and the catalytic cycle is regenerated either
by reductive elimination of HCl or by addition of a new azole
and direct formation of an Rh(III) hydride carbene complex
similar to G.

With the carbene complex forming under reasonably mild
conditions in the absence of an acid cocatalyst, this mechanism
seems highly plausible. However, we note that RX addition to
an imidazole is a commonly utilized synthesis for the imida-
zolium salts used as precursors to many transition-metal carbene
complexes.69-71 Further, oxidative addition of such azolium salts
has led directly to the formation of transition-metal carbene

hydride complexes previously.22,23 Consequently, we thought
it possible that a modified route 1 or route 2 mechanism may
exist in the acid-cocatalyzed reaction, in which the catalytic
cycle is initiated by oxidative addition of an imidazolium salt
in preference to the unactivated imidazole.

As an additional consideration, in the study by Bergman,
Ellman, and co-workers the range of successfully coupled
reactants was extended and reaction conditions improved
exclusively with the use of the coordinating Cl- anion. Testing
of numerous noncoordinating anions provided little benefit and,
in some cases, suppressed the reaction altogether. With this clear
preference for the coordinating anion in experiment in mind,
we undertook a study of the effects of the HClPMe3 additive
for the imidazolium salt alternative route 1 and route 2
mechanisms, including both the coordinating and noncoordi-
nating anion instances for comparison. Further, we have included

Figure 14. Acid-cocatalyzed route 3 cycle (TS ) transition structure, numbers in braces refer to structure labels on mechanism proposed
by Bergman, Ellman and co-workers10).
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calculations for the intramolecular adaptation of the catalytic
cycle proposed by Bergman, Ellman, and co-workers for the
coupling of 1-(3-butenyl)imidazole18 (route 3) to help elucidate
the true catalytic mechanism.

Acid-Catalyzed Route 1 Mechanism. Introduction of an
imidazolium salt has a very pronounced effect on the overall
reaction sequence for a route 1 acid-cocatalyzed mechanism
(Figure 10).74

A study of the initial interactions between all reactants
indicated that no barrier exists for the oxidative addition of HCl
to the RhCl(PMe3) fragment, with the coordinatively unsaturated
HRhCl2(PMe3) complex considerably more thermodynamically
favored. From here, a particularly stable N-coordinated imida-
zole complex forms (BCl

+), reminiscent of the N-bound imi-
dazole complex B formed for the neutral catalytic cycle.
Protonation of the imidazole nitrogen with subsequent coordina-

Figure 15. Energies for the route 1 and acid-cocatalyzed route 3 mechanisms.

Figure 16. Comparison of acid-catalyzed energies for each of the proposed routes.

Table 4. Key Free Energies (Dimensionless) and Relative TOF Values for Acid-Catalyzed Routes 1-3 at 298 Ka,b

route 1 route 2 route 3 (including BCl
+)

complex energy complex energy complex energy

MARI BCl
+ -24.5 2Cl

+ -24.5 BCl
+ -24.5

HETS HCl
+ 47.3 4Cl

+ 37.4 fCl
+ 63.4

δE′ 71.8 61.9 87.9
rel TOFc 1 1.99 × 104 1.05 × 10-7

rel TOF (uncatalyzed)d 6.97 × 103 1.39 × 108 7.32 × 10-4

a See ref 66 for detailed methods of calculation. b ∆G ) 21.3, which refers to the overall process (positive by definition). c TOF values relative to
route 1 as standard. d TOF values relative to (uncatalyzed) neutral route 1 as standard.
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tion of the alkene arm forms the oxidative addition precursor
CCl

+. With several low-energy pathways available for formation
of the oxidative addition precursor CCl

+, we have only included
the reaction “end points” (BCl

+ and CCl
+) in the main paper.

Details of the intermediate steps, including a discussion of intra-
and intermolecular transfers, are provided in the Supporting
Information.

From the oxidative addition precursor complex CCl
+

, the acid-
cocatalyzed route 1 mechanism continues in a manner similar
to that for the neutral cycle, with a few important changes.
Oxidative addition of an imidazolium salt leads directly to a
Rh(III) carbene hydride complex (ECl

+/GCl
+), and therefore,

the two steps involved in the transformation of B to G from
the neutral route 1 mechanism have been compacted into a single
step (BCl

+f ECl
+/GCl

+), followed immediately by the insertion
of the carbene into the metal-alkene bond (ECl

+/GCl
+f ICl

+/
KCl

+). Reductive elimination of the hydride and alkyl chain
creates a C-C-coupled imidazolium salt (ICl

+/KCl
+ f MCl

+),
which transfers a proton back to the metal center (MCl

+ f
BCl

+). Replacement of the loosely bound salt by an unreacted
imidazole resumes the catalytic cycle.

With energies referenced to the oxidative addition precursor
complex “C” in each case, addition of an acid cocatalyst with
a noncoordinating anion provides little benefit for a route 1
mechanism, as reflected under the experimental conditions
(Figure 11). Despite a reduction in the number of steps to
complete the cycle, the C-C coupling step remains the rate-
determining step with a relatively high activation energy of
117.1 kJ mol-1 (E+/G+ f I+/K+). Further, no low-energy
intermediates are created and oxidative addition and reductive
elimination barriers actually increase, indicating an overall
deterioration of the likelihood of catalytic reaction.75

Inclusion of a coordinating anion into the acid-cocatalyzed
cycle provides some interesting results. While it is noted that
all intermediates are lower in energy with respect to the
oxidative addition precursor CCl

+, the rate-determining C-C
coupling barrier (ECl

+/GCl
+ f ICl

+/KCl
+) is only marginally

more favorable than in the noncoordinating anion system at
111.2 kJ mol-1, with other reaction barriers for oxidative
addition and reductive elimination remaining constant. As such,
it is unlikely a route 1 equivalent mechanism is active under
acid-cocatalyzed conditions, as little benefit would be observed
experimentally.

Acid-Cocatalyzed Route 2 Mechanism. In contrast to the
route 1 acid-cocatalyzed mechanism, introduction of the HCl
reactant does not dramatically alter the proposed steps involved
in the acid-modified route 2 mechanism (Figure 12). Interest-
ingly, it now becomes clear under acidic conditions that the
route 1 and route 2 mechanisms converge to a remarkable
degree, with the initial five structures (Figure 10, ACl

+f ECl
+

/GCl
+; Figure 12, 1Cl

+ f 5Cl
+) and final structure (Figure 10,

MCl
+; Figure 12, 9Cl

+) equivalent in the two cycles.
Despite having little effect on the reaction steps and, indeed,

the optimized reaction geometries for the route 2 mechanism,
azole N-activation does impact on the energies for the catalytic
cycle (Figure 13).

Interestingly, with a noncoordinating anion, the barrier to
oxidative addition (3+f 5+) is raised compared to that for the
neutral reaction. Similarly, while the strength and electron-
donating capacity of the carbene ligand helps promote the alkene
insertion (5+ f 7+) reaction, the rate-determining reductive
elimination barrier (7+f 9+) is raised even further from 113.8
kJ mol-1 in the neutral reaction to 133.3 kJ mol-1 for a
noncoordinating acid cocatalyst. These results indicate, that once

again, acid catalysis with a noncoordinating anion would actually
be detrimental to the overall reaction.75

Despite the failure of a noncoordinating anion system,
employment of the coordinating Cl- anion results in a much
more favorable catalytic cycle for a route 2 type mechanism.
The activation energy for the rate-determining C-C coupling
step (Figure 13, 7Cl

+ f 9Cl
+) drops to 90.6 kJ mol-1, with the

only remaining sizable barrier to reaction being the regeneration
of the oxidative addition precursor complex (9Cl

+f 3Cl
+), due

mainly to the stability of the azole-coordinated complex 2Cl
+.

The low energy of all intermediates indicates that the coordinat-
ing anion route 2 mechanism appears very plausible.

Acid-Catalyzed Route 3 Mechanism. As mentioned above,
Bergman, Ellman, and co-workers proposed an alternative
mechanism for the acid-cocatalyzed C-C coupling reaction
involving oxidative addition of HCl to the preformed carbene
complex. Adaptation of this mechanism for the intramolecular
coupling of 1-(3-butenyl)imidazole leads to the catalytic cycle
depicted in Figure 14.

With the assumption that the carbene complex forms as
proposed for the neutral reaction, this mechanism becomes the
combination of the neutral route 1 for formation of the carbene
complex (Figure 14, bCl

+ f gCl
+), oxidative addition of HCl

(Figure 14: gCl
+f iCl

+), with continuation of the cycle (Figure
14, hCl

+ f lCl
+) being identical with the final steps in the

coordinating route 2 mechanism discussed in the previous
section (Figure 12, 5Cl

+ f 9Cl
+).
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As indicated in Figure 15, oxidative addition of HCl to the
carbene complex (gCl

+ f iCl
+) decreases the relative energy

for all remaining intermediates of the catalytic cycle in
comparison to those for the neutral route (Gf I). In particular,
the activation energy for the C-C coupling step reduces
dramatically from 198.5 kJ mol-1 for the noncatalyzed route
(G f I) to 90.6 kJ mol-1 for the HCl-catalyzed route (kCl

+ f
mCl

+).
With such low barriers to reaction, it appears creation of the

carbene complex itself would become the rate-determining step
if route 3 were operative under acidic conditions. This result is
particularly interesting in light of experimental results, in which
the carbene complex forms under very mild conditions without
the aid of an acid cocatalyst.

Overall Acid Catalysis Effects. Energy calculations for all
three mechanisms generally reflect the results found under
experimental conditions, with the acid-cocatalyzed reaction only
enhancing the reaction when a coordinating anion is employed.
To further elucidate which of the three mechanisms is preferred
under experimental conditions, a direct comparison for the three
coordinating anion systems is made possible with the observa-
tion that each route proceeds through an identical hydride
intermediate (route 1, ECl

+/GCl
+; route 2, 5Cl

+; route 3, iCl
+).

A comparison of the energies for all three acid-cocatalyzed
mechanisms referenced to this intermediate reveals some
interesting information (Figure 16).

As mentioned in the previous section, the initial steps of the
acid-cocatalyzed reaction with a coordinating anion are shared
by routes 1 and 2 (Figure 16, ACl

+ f ECl
+/GCl

+ and 1Cl
+ f

5Cl
+, respectively). Similarly, the final insertion and reductive

elimination steps are shared by routes 2 and 3 (Figure 16, 5Cl
+

f 9Cl
+ and iCl

+ f mCl
+). Further, the difference between the

route 1 and route 2 mechanisms becomes one of timing. Both
follow a path of oxidative addition, insertion, and reductive
elimination; however, in the route 2 case the insertion is the
alkene into the metal-hydride bond (5Cl

+ f 7Cl
+), while the

route 1 mechanism requires insertion of the carbene into
the metal-alkene bond (ECl

+/GCl
+ f ICl

+/KCl
+). In addition,

the reductive elimination steps involve C-C reductive elimina-
tion (route 2 mechanism: 7Cl

+ f 9Cl
+) compared to C-H

reductive elimination (route 1 mechanism: ICl
+/KCl

+fMCl
+).

As such, it is unsurprising route 2 has a lower barrier to insertion
and, conversely, route 1 has a lower barrier to reductive
elimination.

Once again, within the actual catalytic cycle the C-C
coupling step remains the highest individual barrier for all three
mechanisms, regardless of the exact mechanism (note: BCl

+/
2Cl

+ to CCl
+/3Cl

+ is a actually a multistep process with low-
energy intermediates, as outlined in the Supporting Information).
Despite this, the route 2 and route 3 mechanism barrier is
considerably lower at 90.6 kJ mol-1 (7Cl

+ f 9Cl
+ and kCl

+ f
mCl

+) compared to 116.5 kJ mol-1 for route 1 (ECl
+/GCl

+ f
ICl

+/KCl
+).
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From a catalysis point of view, the overall reaction is an
interesting one, with the standout feature being the stability of
the N-bound azole starting complex BCl

+/2Cl
+. While it is not

directly involved in the route 3 catalytic cycle, the ease of
formation and relative low energy of this complex would
indicate its involvement in any reaction mixture, therefore
becoming the “starting” complex of all three routes and the most
abundant reaction intermediate under steady-state conditions.
With this in mind, the results strongly indicate a favoring of
the route 2 mechanism for the acid-cocatalyzed reaction (Table
4). In contrast to the acid-free reaction, oxidative addition
becomes the TOF controlling transition structure for route 2
and a significantly higher TOF is found relative to those for
the equivalent route 1 and 3 mechanisms.

Another interesting feature highlighted in Table 4 is the
benefit (as seen experimentally) from employing an acid
cocatalyst. On comparison directly with the non-acid-cocata-
lyzed reactions in Table 1 there is a large increase in the overall
TOF for routes 1 and 2. In particular, the TOF for the favored
route 2 increases by a factor of 103. Overall, these results
indicate catalysis with an acid cocatalyst containing a coordinat-
ing anion would enhance the C-C coupling reaction, as found
experimentally, and would most likely proceed via a mechanism
represented by route 2.

Conclusions

Two neutral mechanisms for intramolecular coupling have
been investigated in this paper. Overall, it is not clear-cut
whether the route 1 (C-H oxidative addition, hydride migration,
alkenyl M-C insertion, C-H reductive elimination) or route 2
(C-H oxidative addition, alkenyl M-H insertion, C-C reductive
elimination) mechanism would be preferred under experimental
conditions. Insertion of the carbene into the alkene-metal bond
in route 1 appears restrictive with an activation barrier of 198.5
kJ mol-1, while the rate determining reductive elimination of
the C-C coupled azole in the route 2 mechanism has a
comparatively smaller barrier of 113.8 kJ mol-1. However, as
indicated in Figure 9, if catalysis were initiated from the carbene
complex isolated by Bergman, Ellman and co-workers, either
route may be followed depending on whether carbene insertion
or hydride migration occurs first. Despite this, calculations of

TOF indicate route 2 would be the favored mechanism under
steady-state conditions.

Additional experimental work is required to elucidate the true
mechanism or, indeed, confirm the applicability of both mech-
anisms. Despite this, it appears that the overall neutral catalytic
process would benefit from optimization of the C-C coupling
step itself or destabilization of the carbene complex, regardless
of which mechanism is followed.

Further experimental results by Bergman, Ellman, and co-
workers indicate that inclusion of a Brønsted acid increases the
rate of the reaction significantly. Interestingly, noncoordinating
counterions were found to be detrimental to the reaction, and
theoretical results presented here confirm this finding, with
overall barriers being reduced considerably only when the
coordinating Cl- counterion is employed. Despite there being
no obviously favored mechanism for the neutral azole C-C
coupling reaction (i.e., without a Brønsted acid present), it
appears that the route 2 mechanism will be followed if an acid
catalyst is included in the reaction mixture. While all three acid-
cocatalyzed routes studied share an identical intermediate,
activation of the imidazole nitrogen to create an azolium-like
salt favors the sequence of reaction steps in the route 2
mechanism with the introduction of a very low energy starting
complex. In contrast to the neutral reaction, optimization of the
acid-catalyzed oxidative addition step would help reduce overall
reaction barriers further and assist in the advancement and
extension of this important C-C coupling reaction.

Acknowledgment. We wish to thank the Australian and
Tasmanian Partnerships for Advanced Computing (APAC
and TPAC) for supercomputing time and the Australian
Research Council for funding and Professors Bergman and
Ellman and their groups for helpful discussions.

Supporting Information Available: Tables giving pictures,
energies, and Cartesian coordinates (XYZ) for complete route 1,
route 2, acid-catalyzed route 1, acid-catalyzed route 2, and acid-
catalyzed route 3 mechanisms including cis/trans isomerization. This
material isavailablefreeofchargevia theInternetathttp://pubs.acs.org.

OM800472V

Rhodium-Catalyzed C-C Coupling Reactions Organometallics, Vol. 27, No. 18, 2008 4771


