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ABSTRACT: The rhodium-catalyzed intramolecular car-
boacylation of quinolinyl ketones serves as an ideal subject
for the mechanistic study of carbon-carbon bond activa-
tion. Combined kinetic and NMR studies of this reaction
allowed the identification of the catalytic resting state and
determination of the rate law, 12C/13C kinetic isotope effects,
and activation parameters. These results have identified the
activation of a ketone-arene carbon-carbon single bond as
the turnover-limiting step of catalysis and provided quanti-
tative detail into this process.

The transition metal-catalyzed activation and functionaliza-
tion of carbon-carbon single bonds presents a significant

challenge for organic chemists.1 Despite the ubiquity of these
bonds, the development of useful methodologies remains largely
unrealized, due in part to the inherent challenges of carbon-
carbon bond stability and relative steric inaccessibility. Successful
methodologies typically rely upon strategies such as ring strain2

and enforced proximity3,4 to achieve transition metal-catalyzed
activation.5,6 In recent years, the field has been expanding to less
specialized substrates, and additional emphasis has been placed
upon coupling activation with a functionalization step, most
notably the insertion of alkenes and alkynes into the activated
bond. Such a process can form two new carbon-carbon bonds
and holds the potential for the construction of two stereocenters,
leading to a rapid increase of molecular complexity.7,8 Recent
advances by several groups have demonstrated the potential of
these new methods for the manipulation of carbon-carbon
single bonds in methodologies that extend well beyond tradi-
tional retrosynthetic disconnects.

In accordance with the scarcity of carbon-carbon bond-
activation methodology, mechanistic studies of these transition
metal-catalyzed transformations are relatively sparse. To date,
studied systems have been primarily limited to reactions utilizing
strained substrates or the activation of carbon-nitrile bonds.9,10

To address this shortcoming and to develop a greater under-
standing of the carbon-carbon bond-activation process within a
catalytic cycle, we initiated a mechanistic investigation of the
rhodium-catalyzed carboacylation reaction of quinolinyl ketones
reported by Douglas and co-workers (Scheme 1).7 Upon initial
examination, we found this system to be particularly amenable
for kinetic study due to its clean conversion with complete
specificity. Our mechanistic study, including the determination

of the rate law, activation parameters, and 12C/13C kinetic iso-
tope effects, has provided heretofore unknownmechanistic detail
into this unique and promising transformation and provides a
quantitative measurement of the activation energy of a transition
metal-catalyzed carbon-carbon single bond activation.

Investigation of the intramolecular carboacylation reaction
focused on the conversion of the parent substrate, quinolinyl
ketone 1, to compound 2 and utilized 1H NMR spectroscopy to
monitor reaction progress. In order to achieve air-free conditions
and the elevated temperature required for reaction, the kinetic
experiments were performed in toluene-d8 in resealable NMR
tubes. The NMR tubes were immersed in an oil bath heated to
130 �C and periodically removed for spectrum acquisition and
measurement of substrate and product concentrations.

The kinetic observation of this reaction immediately yielded a
surprise: a plot of the concentration of 1 versus time revealed the
linear consumption of starting material through at least 80%
conversion, clearly indicating that the reaction rate was indepen-
dent of starting material concentration (Figure 1). The reaction
rate displayed zero-order dependence upon substrate and first-
order dependence upon catalyst concentration for rhodium con-
centrations between 0.004 and 0.02 M (4-20 mol %). These
combined results provide an overall first-order rate law where
k = 4.98 � 10-4 s-1 (eq 1).

-
d½1�
dt

¼k½Rh�1½1�0 ð1Þ

Due to the similarity of the quinoline in both 1 and 2, it is
notable that no obvious product inhibition was observed during
the kinetic run. To further test for inhibition, a series of kinetic
runs were initiated with typical concentrations of quinolinyl
ketone 1 (0.082 M) and catalyst (0.024 M) but with 0.297 M
of added product 2, conditions that mirror reaction conditions at
80% completion (inset, Figure 1). In these reactions, the initial
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rate of reaction matched the independent runs relatively closely
(3.58 � 10-4 s-1 vs 4.98 � 10-4 s-1).11 As the reaction pro-
ceeds, however, the reaction demonstrates a rate dependence
upon starting material, which accurately fits a first-order decay.
These results suggest that the previously observed zero-
order dependence on substrate 1 stems from saturation kinetics.
Substrate 1 binds the rhodium catalyst much more tightly than
does the product, resulting in the equilibrium of rhodium-
containing species in solution lying completely toward complex
A (Scheme 2). Sufficiently high concentrations of 2, however,
result in competitive binding to rhodium and increasing con-
centrations of intermediate B. Under such conditions, small
variations in the concentrations of 1 and 2 influence the relative
concentrations of A and B and thus the rate of reaction, leading
to first-order substrate dependence and product inhibition
(Scheme 2).12

To probe the influence of PPh3 upon the rate of reaction, a
series of kinetic runs were performed with exogenous PPh3 con-
centrations between 0 and 0.108 M. Addition of PPh3 causes
reaction inhibition while simultaneously resulting in a change in
the dependence on quinolinyl ketone 1, which displays first-order
kinetics under these conditions. The rate dependence upon the
concentration of PPh3 is approximately inverse first-order, as
increasing concentrations of PPh3 in a ratio of up to 5 equiv to
catalyst results in increasing inhibition.

The combined observed data are consistent with competition
of PPh3 with both substrate 1 and product 2 for binding at the
metal center, suggesting that RhCl(PPh3)3 must lose an equiva-
lent of PPh3 prior to catalysis. In the absence of exogenous PPh3,
the zero-order dependence can be rationalized with the assign-
ment of intermediate A, a rhodium-quinoline complex, as the
resting state of catalysis, with only minimal concentrations of B
and RhCl(PPh3)3 (Scheme 2). The addition of PPh3, however,

causes a shift in the equilibrium from A back toward RhCl-
(PPh3)3, resulting in a reduced reaction rate.

Due to the intramolecular nature of this reaction, it is impos-
sible to probe the relative energies of the proposed activation
(oxidative addition), alkene insertion, and reductive elimination
steps by traditional kinetic means. Numerous studies support the
assumption that reductive elimination of a carbon-carbon bond
should occur very quickly relative to activation and insertion,13,14

and thus we focused on differentiating between turnover-limiting
activation and insertion. We turned to the Singleton method15 to
measure the 12C/13C kinetic isotope effects, thus allowing us to
ascertain the potential involvement of the ketone and/or the
alkene in the turnover-limiting step of catalysis. Turnover-limit-
ing activation of the carbon-carbon bond would be expected
to result in isotope effects on the ketone and R-carbons with
little effect on the alkene carbons. In contrast, rate limiting
alkene insertion should result in kinetic isotope effects on the
alkene carbons and on the adjacent aromatic carbon, with little
effect on the ketone. Two gram scale reactions were run to approx-
imately 90% conversion, and the reisolated starting material was
examined for 13C content using quantitative 13C NMR spectros-
copy. The 12C/13C kinetic isotope effects were determined for a
number of carbons, including the ketone and adjacent R carbons
and the alkene, with the results summarized in Figure 2.16 Signif-
icant isotope effects were observed at the ketone and aromatic
carbons (1.027 ( 0.005 and 1.026 ( 0.005 for the ketone, and
1.026( 0.008 and 1.028( 0.004 for the aromatic carbon), while
negligible isotope effects on the alkene carbons (less than 1.003
in all experiments) suggest the lack of involvement in the rat-
limiting step. Taken together, these results suggest that carbon-
carbon bond activation is the turnover-limiting step of catalysis.17

The observation of kinetic isotope effect on both the ketone and
aromatic carbons provides clear support for an oxidative addi-
tion-type activation of the carbon-carbon single bond and the
intermediacy of a rhodium-acyl-arene species (intermediate C
in Scheme 3.)10

These results, in conjunction with the previously determined
rate law, are consistent with the catalytic cycle provided in
Scheme 3. Under typical reaction conditions, the reaction
follows saturation kinetics, and A is the resting state of cat-
alysis; with sufficient product concentration, inhibition is
observed. The addition of exogenous PPh3 pushes the equi-
librium of rhodium-containing species toward RhCl(PPh3)3
and changes the rate law to one that displays first-order
dependence on the quinolinyl ketone. The nature of the inter-
mediates C and D cannot be directly probed as they occur
following the turnover-limiting step, and the understanding
of the relationship of A, B, and RhCl(PPh3)3 is limited to
inferences from the inhibitory nature of excess product and
PPh3 on the rate of reaction.

Figure 1. Plot of substrate (1) conversion versus time for the reaction of
1 (0.097 M) catalyzed by 0.0104 M RhCl(PPh3)3 in toluene-d8 at 130 �C.
Inset shows the results of a second experiment performed under identical
conditions with the addition of 0.297 M product (2).

Scheme 2

Figure 2. Observed 12C/13C kinetic isotope effects for select carbons
during the carboacylation of 1.
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Finally, quantitative information about carbon-carbon single
bond activation as the turnover-limiting step of catalysis was
obtained through kinetic runs performed between 110 and 140 �C.
These results led to the determination of the activation param-
eters, ΔHq = 27.8 ( 1.0 kcal/mol and ΔSq = -4.3 ( 2.4 eu.
The relative neutrality of the activation entropy is consistent with
A as the resting state and the activation of A to generate C as the
turnover limiting step, as little change in the overall molecular
organization would be expected in this sequence.

Herein we have provided quantitative insight into the mech-
anism of transition metal-catalyzed carbon-carbon bond activa-
tion by Wilkinson’s catalyst. From a resting state of a rhodium-
quinolinyl species, the reaction proceeds via turnover-limiting
activation of a Csp2-Csp2 ketone-aryl bond as indicated by the
12C/13C kinetic isotope effect determination. The quantitative
measurement of the energy requirement for carbon-carbon
bond activation within the context of the catalytic cycle provides
ameans by which to gauge future catalysts andwill prove valuable
in the process of developingmore general and synthetically appli-
cable carbon-carbon bond-activation methodology.
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