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Abstract: Experimental and computational studies provide
detailed insight into the selectivity- and reactivity-controlling
factors in bifurcated ruthenium-catalyzed direct C@H aryla-
tions and dehydrogenative C@H/C@H functionalizations.
Thorough investigations revealed the importance of arene-
ligand-free complexes for the formation of biscyclometalated
intermediates within a ruthenium(II/IV/II) mechanistic mani-
fold.

Over the last decade, catalyzed C@H activation has gained
considerable momentum and has emerged as a powerful tool
in molecular synthesis[1] with applications in the pharmaceut-
ical industry,[2] materials science,[3] and for the synthesis of
agrochemicals.[4] Among the commonly used transition-metal
catalysts, ruthenium[5] offers an effective, economically
attractive alternative to more costly palladium, platinum, or
iridium catalysts,[6] often proceeding through mechanistically
distinct pathways. Thus, protocols for the direct C@H
arylation under ruthenium catalysis have been developed,[7]

with major contributions by Oi/Inoue,[8] Dixneuf,[9] and our
group,[10] among others.[11] Despite the wealth of viable
canonical, isohypsic arylations, studies on more challenging
ruthenium-catalyzed dehydrogenative C@H/C@H activation
for the formation of C@C bonds continue to be largely limited
to the use of costly metal salts as terminal oxidants.[12] In
contrast, exploiting the potential of mild aryl halides as
oxidants through a unique manifold has been significantly
hampered by scarce mechanistic insights.[13] Within our
studies on ruthenium-catalyzed C@H activation,[14] we
obtained key insights into the working mode of bifurcated
C@H arylations and oxidative C@H/C@H activations, on
which we report herein. Notable results of this study comprise
(Scheme 1):
1) Chemoselectivity control through the judicious choice of

stereoelectronic properties.
2) Decoordination of p-cymene for the in situ formation of

an arene-ligand-free active catalyst.
3) Detailed mechanistic insights by DFT calculations,[15]

providing strong support for a turnover-limiting oxidative
addition event.

4) An energetically favorable ruthenium(II/IV/II) catalytic
manifold.

We initiated our studies by probing the effect exerted by
various aryl halides 2 in the carboxylate-assisted C@H
activation of arene 1 (Figure 1). Aryl halide 2e devoid of
a substituent in the ortho-position and 2-fluoro-substituted 2 f
furnished the expected arylated products 3 in excellent yield
and selectivity. In sharp contrast, aryl halides 2h–m, which
bear an electron-withdrawing substituent in the 2-position,
led to bifurcation in terms of a preferential formation of the
C@H/C@H activation product 4. Aryl chlorides were found to
be less reactive, while bromides and iodides showed com-

Scheme 1. Bifurcated ruthenium(II/IV)-catalyzed C@H/C@H arylations.
Bottom left: Structure of key transition state.

Figure 1. Bifurcated C@H arylations with halides 2. Yields of isolated
products are given. Mes=2,4,6-trimethylphenyl.
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parable reactivities, with sterically congested 2,6-disubstitu-
tion being less well tolerated.

Variation of the arylpyridine 1 revealed a strong influence
of its substitution pattern on the bifurcated course of the
reaction (Figure 2). Thus, substrates devoid of ortho-substitu-
ents and heteroatom-substituted compounds 1b and 1d
exclusively furnished the C@H arylated products 3, while
substrates 1 a and 1g,h containing alkyl or benzyl groups in
the 2-position underwent the oxidative C@H/C@H activation
process with high levels of selectivity.

Subsequently, the influence of the reaction medium on the
chemoselectivity was studied. The use of apolar solvents as
the reaction medium resulted in a mixture of products with
comparable performances (Table 1, entries 1–5). Interest-
ingly, when polar, aprotic MeCN was employed as the
solvent, product 4a was obtained as the sole product in high
yield (entry 6), while other polar solvents fell short in
providing comparable efficacies (entries 7–9). Furthermore,
the essential roles of the ruthenium catalyst and the
MesCO2H additive were confirmed (entries 2 and 3), sub-
stantiating the importance of carboxylate assistance.[16] A
cyclometalated complex failed to provide improved results
(entry 11).

The developed C@H/C@H activation strategy allowed the
rapid construction of densely substituted biaryls in good
yields and excellent levels of regioselectivity (Scheme 2). It is
noteworthy that compound 1 f containing a valuable naphthyl

moiety efficiently underwent the desired transformation,
delivering 2,2’-binaphthyl 4 f in high yield.[17]

Intrigued by the bifurcation behavior of the ruthenium-
catalyzed C@H arylation manifold, we became interested in
unraveling the catalystQs mode of action. Kinetic isotope
effect (KIE) studies with the two best performing aryl
bromides revealed KIE values of kH/kD& 2.2 and 1.8,
respectively (Scheme 3a). A reaction in the presence of
isotopically labeled D2O as the cosolvent led to significant H/
D scrambling in the ortho-position of recovered substrate 1a,
indicating a reversible C@H cleavage (Scheme 3b). Careful
analysis of the reaction mixture resulted in the detection of

Figure 2. Influence of the phenylpyridine substitution pattern. Yield of
isolated products are given. [a] Bis-arylated product was obtained.
Ar = 4-F-C6H4.

Table 1: Influence of the reaction medium.[a]

Entry Deviation from the standard conditions 3al [%] 4a [%]

1 – 22 51
2 without [Ru] – –
3 without MesCO2H 8[b] 8[b]

4 [Ru(O2CMes)2(p-cymene)] (5.0 mol%), without
MesCO2H

24 57

5 dioxane as solvent 25 40
6 MeCN as solvent trace 78
7 NMP as solvent 13 18
8 DMSO as solvent – –
9 DMF as solvent 11[b] 18[b]

10 p-cymene (1.0 equiv) added 22 54

11 22 55

(5.0 mol%)

[a] Reaction conditions: 1a (0.50 mmol), 2 l (0.75 mmol), [RuCl2(p-
cymene)]2 (2.5 mol%), MesCO2H (30 mol%), PhMe (2.0 mL), 120 88C,
20 h. Yields of isolated products are given. [b] Conversion determined by
1H NMR analysis using 4-(MeO2C)2C6H4 as the internal standard.

Scheme 2. Ruthenium-catalyzed dehydrogenative C@H/C@H arylation.
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74% of PhCF3 as byproduct, confirming aryl bromide 2 as the
terminal oxidant (Scheme 3 c).

Furthermore, during the course of the reaction, a substan-
tial amount of p-cymene decoordination from the ruthenium
precatalyst was observed. Hence, after a reaction time of
3 min, 26% of free p-cymene was detected, with this amount
further increasing to more than 70 %. These findings are
indicative of an arene-ligand-free complex being catalytically
competent (Figure 3).[18] Similar results were obtained irre-
spective of the nature of the employed substrates 1 and 2
(Figures S4–S6 in the Supporting Information).

Detailed kinetic analysis revealed a reaction order of
1 with respect to the phenylpyridine concentration for the C@
H/C@H activation as well as for the C@H arylation process
(Figures 4 a and S7). No dependence on the aryl halide
concentration was observed (Figure 4b), while a positive

reaction order was found with respect to the catalyst
concentration (Figure 4c).[19]

Motivated by our findings we became interested in further
investigating the reaction mechanism by means of density
functional theory (DFT) calculations at the PBE0-D3(BJ)/
def2-TZVP + SMD(MeCN)//TPSS-D3(BJ)/def2-TZVP level
of theory.[20] C@H ruthenation on one out of two coordinated
arylpyridine motifs occurs through formation of agostic
complex B, generating ruthenacyclic intermediate C
(Figure 5). Then, C@H ruthenation on the second substrate
leads to the generation of the biscyclometalated complex E,
which was calculated to be @0.6 kcalmol@1 more stable than
adduct A. In the presence of a nitrile either as solvent or
reagent, ligand exchange can occur on intermediate C, which
stabilizes the complex and reduces the energy barrier for the
second C@H ruthenation process. Subsequently, a turnover-
limiting oxidative addition of the aryl halide forms
ruthenium(IV) intermediate H, providing support for an
oxidation-induced reductive elimination event.[21] Employing
2-bromobenzonitrile as the oxidant further reduces the
energy of the oxidative addition elementary step by 3.8 kcal
mol@1 (Figure S10). It is also noteworthy that a ruthenium(II/
0/II) manifold as well as higher spin states were shown to be
unlikely to be operative (Figure S11 and Table S13).

The oxidative addition of the parent bromobenzene 2e
facilitates the reductive elimination between the aryl ligands,
leading to the preferential formation of the arylated com-
pound 3ae. In sharp contrast, the use of 2-bromobenzonitrile
(2 l) as the aryl halide led to a distinct change in the
chemoselectivity, favoring formation of the C@H/C@H acti-
vated product 4a with DDG*

TS6–TS7 values of 3.9 kcalmol@1

Scheme 3. Key mechanistic findings.

Figure 3. Detection of free p-cymene.

Figure 4. Kinetic analysis.
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and @5.7 kcalmol@1, respectively, for bromobenzene and 2-
bromobenzonitrile, with the aryl moiety acting as an electron-
withdrawing spectator ligand (Figure 6).[22] Thereafter, proto-
demetalation liberates the desired product and regenerates
the catalytically active complexes A and C, respectively
(Schemes S1–S3).

A detailed bond order analysis of the relevant C@H
ruthenation steps within a More OQFerral–Jencks plot is
suggestive of a base-assisted internal electrophilic substitu-
tion (BIES)[23] rather than a conventional concerted metal-
ation/deprotonation (CMD)[24] C@H cleavage event (Fig-
ures 7 and S12).[20]

In conclusion, we have reported on detailed insight into
bifurcated ruthenium-catalyzed oxidative C@H/C@H activa-
tions. Combined experimental and theoretical mechanistic
studies revealed the bifurcated C@H arylation manifold

through an arene-ligand-free ruthenium complex as the
catalytically competent species. In this context, comprehen-
sive DFT computations provided strong support for the
formation of a biscyclometalated complex as well as an
oxidation-induced reductive elimination process within
a ruthenium(II/IV/II) manifold.
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Figure 5. Gibbs free energy diagram for the formation of biscyclometalated complex E and oxidative addition at the PBE0-D3(BJ)/def2-
TZVP +SMD(MeCN)//TPSS-D3(BJ)/def2-TZVP level of theory. Ar =o-tolyl.

Figure 6. Gibbs free energy diagram for the selectivity-determining
reductive elimination for the bifurcated C@H arylation.

Figure 7. More O’Ferral–Jencks plot for the C@H ruthenation step.
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