
Subscriber access provided by READING UNIV

ACS Catalysis is published by the American Chemical Society. 1155 Sixteenth Street
N.W., Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

Article

Sequential meta-/ortho-C–H Functionalizations
by One-Pot Ruthenium(II/III) Catalysis

Korkit Korvorapun, Nikolaos Kaplaneris, Torben Rogge,
Svenja Warratz, A. Claudia Stückl, and Lutz Ackermann

ACS Catal., Just Accepted Manuscript • Publication Date (Web): 01 Dec 2017

Downloaded from http://pubs.acs.org on December 1, 2017

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a free service to the research community to expedite the
dissemination of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts
appear in full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been
fully peer reviewed, but should not be considered the official version of record. They are accessible to all
readers and citable by the Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered
to authors. Therefore, the “Just Accepted” Web site may not include all articles that will be published
in the journal. After a manuscript is technically edited and formatted, it will be removed from the “Just
Accepted” Web site and published as an ASAP article. Note that technical editing may introduce minor
changes to the manuscript text and/or graphics which could affect content, and all legal disclaimers
and ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors
or consequences arising from the use of information contained in these “Just Accepted” manuscripts.



Sequential meta-/ortho-C–H Functionalizations by One-Pot Ruthe-

nium(II/III) Catalysis 

Korkit Korvorapun,† Nikolaos Kaplaneris,† Torben Rogge,†  Svenja Warratz,† A. Claudia Stückl,‡ 
and Lutz Ackermann*,† 
†Institut für Organische und Biomolekulare Chemie, Georg-August-Universität Göttingen, Tammannstraße 2, 37077 
Göttingen, Germany  
‡Institut für Anorganische Chemie, Georg-August-Universität Göttingen, Tammannstraße 4, 37077 Göttingen, 
Germany  

 

ABSTRACT: The sequential twofold meta-C–H/ortho-C–H functionalization was achieved by means of versatile rutheni-
um(II) biscarboxylate catalysis. The double C–H activation proved viable in a one-pot fashion by assistance of synthetical-
ly useful imidates. The operationally-simple twofold C–H functionalization occurred with high levels of positional selec-
tivity control, and was conducted in a non-sequential manner by the judicious choice of the reaction temperature. De-
tailed experimental mechanistic studies, including unprecedented EPR experiments, provided strong support for a homo-
lytic C–X cleavage and a facile C–H ruthenation, while a computational DFT analysis was supportive of a novel mechanis-
tic scenario, involving synergistic catalysis via cyclometalated ruthenium(III) complexes as key intermediates.                                                

KEYWORDS: C–H activation, DFT, EPR, remote selectivity, ruthenium, sequential catalysis.  

C–H activation has emerged as a transformative plat-
form for molecular syntheses, enabling the step- and 
atom-economical synthesis of organic compounds from 
easily accessible raw materials.1 The sustainable nature of 
this approach has further been improved by the design of 
sequential one-pot processes, ideally exploiting a single2 
metal catalyst for two mechanistically-distinct transfor-
mations. Despite of considerable advances in the field, 
these multicatalytic single-component3 C–H activations 
are thus far restricted to entropically-favored intramolec-
ular reactions,4 functionalizations of electronically-biased 
heteroarenes,5 or proximity-induced ortho-C–H function-
alizations.6 In sharp contrast, the implementation of chal-
lenging remote meta-C–H functionalizations7 into single-
catalyst component8 one-pot sequential9 catalysis has 
thus far proven elusive,10 which contrasts the notable 
recent progress in remote C–H functionalizations7, 11 with 
ruthenium catalysts by inter alia Frost, Greaney and 
Ackermann, among others.12 Within our program directed 
towards sustainable C–H activation,13 we have now de-
vised the first strategy for multicatalytic meta-C–H/ortho-
C–H functionalizations, on which we report herein 
(Scheme 1). Notable features of our findings include (a) a 
versatile ruthenium(II) biscarboxylate catalyst for a posi-
tional-selective meta-C–H alkylation/ortho-C–H 
arylation14,15 manifold, (b) synthetically-meaningful16 im-
idates17 for meta-C–H functionalizations, (c) mild reaction 
conditions of 40-60 °C, and (d) detailed mechanistic in-

sights into homolytic C–X cleavage. Thus, first electron 
paramagnetic resonance (EPR) spectroscopic studies on 
remote C–H functionalizations and computational in-
sights provided strong support for a novel rutheni-
um(II/III) catalysis manifold on a single ruthenium cata-
lyst.  

 

 

Scheme 1. Sequential meta-C–H/ortho-C–H functionali-
zation  

 

We commenced our studies by probing various reaction 
conditions for the envisioned meta-C–H functionalization 
of aryloxazoline 1a (Table 1, and Table S-1 in the Support-
ing Information).18 Carboxylate assistance19 was found to 
be key to success for the remote-C–H alkylation process 
(entries 1-7), with best results being accomplished in 1,4-
dioxane as the solvent (entries 5–8). The high catalytic 
efficacy of the ruthenium(II)biscarboxylate catalysis 
manifold was reflected by comparably high yields under 
rather mild reaction conditions,20 featuring a mild base at 
a reaction temperature of only 40 °C (entry 9).  Control 
experiments verified the key role of the carboxylate (entry 
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3) and phosphine additive (entry 10), illustrating the im-
portance of a synergistic catalysis regime. 

 

Table 1. meta-C–H-Alkylation by Oxazoline Assistancea
 

   

 

 

 

 

entry [Ru] Solvent Yield (%) 

1 - 1,4-dioxane - 
2 Ru3(CO)12 1,4-dioxane - 
3 [RuCl2(p-cymene)]2 1,4-dioxane (<5) 
4 [RuCl2(p-cymene)]2 1,4-dioxane (<5)b, c 

5 [Ru(O2CMes)2(p-cymene)] PhMe (17) 

6 [Ru(O2CMes)2(p-cymene)] 1,2-DCE (10) 

7 [Ru(O2CMes)2(p-cymene)] 1,4-dioxane 76 

8 [Ru(O2CAd)2(p-cymene)] 1,4-dioxane 73 

9 [Ru(O2CMes)2(p-cymene)] 1,4-dioxane 65d 

10 [Ru(O2CMes)2(p-cymene)] 1,4-dioxane traceb 
a Reaction conditions: 1a (0.5 mmol), 2a (1.5 mmol), [Ru] (10 

mol %), PPh3 (10 mol %), K2CO3 (1.0 mmol), solvent (2.0 mL), 

60 °C, 20 h, isolated yield. Conversion of 3aa in parentheses by 1H-

NMR with CH2Br2 as internal standard. b Without PPh3. 
c AgSbF6 

(20 mol %). d 40 °C. 

 

With the optimized ruthenium(II) biscarboxylate catalyst in 
hand, we initially explored its versatility in the remote C–H 
functionalization of synthetically useful arylimidates 
(Scheme 2). Thus, the ruthenium(II) catalysis proved broadly 
applicable, tolerating a wealth of valuable electrophilic func-
tional groups, including ester, chloro and bromoarenes as 
well as primary alkyl bromides. The meta-C–H functionaliza-
tion occurred with excellent levels of positional selectivity, 
exclusively leading to functionalization in the meta-position. 
Here, the ortho-substituted aryloxazolines 1h/i delivered the 
more densely-1,2,3-substituted isomers 3ha/3ia as the sole 
products. The robustness of the ruthenium(II) biscarboxylate 
catalyst was mirrored by the gram-scale synthesis of product 
3aa, at the same time featuring a reduced catalyst loading.  

 

 

 

 

 

 

 

 

Scheme 2. meta-C–H-Alkylation of Aryloxazolines 1 

 

 

The synergistic ruthenium(II)-catalyzed meta-C–H func-
tionalization was not limited to the assistance of imidates 
1 (Scheme 3). Indeed, the versatility of our strategy was 
mirrored by efficient meta-C–H alkylations with various 
organic electrophiles accomplished on arenes bearing 
pyrimidine, removable21 pyrazoles, purine bases or 
ketimines. Here, the ruthenium(II) complex 
[Ru(O2CAd)2(p-cymene)]19 proved to be most generally 
applicable, allowing for high-yielding meta-C–H alkyla-
tions under exceedingly mild conditions at 40 °C. There-
by, α-bromo-substituted esters, amides and ketones were 
smoothly converted into the desired products 5. In this 
context, it is noteworthy that secondary and primary alkyl 
groups could be installed in the meta-position, which 
among others set the stage for a step-economical ap-
proach to ketoprofen derivatives 5lb/5mb. The connectiv-
ity of the thus obtained products was unambiguously 
confirmed by X-ray crystal structure analyses.18 Moreover, 
it is noteworthy that 2-pyrimidylanilines delivered instead 
the para-substituted22 products 5nk-5ok,18 most likely by an 
electrophilic mode of action (for detailed DFT calculations 
on the para-selectivity, see the Supporting Information).18 
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Scheme 3. Scope of meta- and para-C–H-Alkylation 

 

After having established a general strategy for remote meta-
C–H transformations on arylimidates 1, we next explored the 
desired sequential meta-C–H/ortho-C–H functionalization 
through the action of a single ruthenium(II) catalyst in a 
sustainable one-pot operation. After considerable experi-
mentation, we found that the operationally-simple addition 
of the second electrophilic aryl bromide 6 upon completion 
of the meta-C–H functionalization enabled the twofold one-
pot C–H activation. Thereby, sequential meta-C–H/ortho-C–
H functionalizations proved viable with complete positional 
selectivity control (Scheme 4). It is particularly noteworthy 
that a change of the catalyst or of the solvent was not re-
quired, significantly reducing the overall footprint of the 
sustainable C–H activation strategy. The mass balance was 
accounted for by meta-alkylated intermediate 3. The sequen-

tial catalysis was found to be highly robust, delivering the 
desired arenes 7 with high catalytic efficacy and ample sub-
strate scope. 

 

 

Scheme 4. Sequential meta-C–H-Alkylation/ortho-C–H-
Arylation of Aryloxazolines 1 

 

 

The one-pot meta-C–H/ortho-C–H functionalization strategy 
was not limited to arylimidates 1, but further set the stage for 
the twofold C–H functionalization with useful pyrazoles and 
purine bases 4 (Scheme 5). Again, excellent levels of chemo 
and positional selectivity were observed, allowing among 
others for the late-stage fluorescence labeling on purine 
bases. The molecular structure of product 8e was again es-
tablished by X-ray crystal structure analysis.18 
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Scheme 5. Scope of sequential one-pot meta-C–H-
Alkylation/ortho-C–H-Arylation 

 

 

In order to elucidate the working mode of the ruthenium(II)-
catalyzed meta-C–H activation we next conducted experi-
mental mechanistic studies. To this end, intermolecular 
competition experiments showed only a minor electronic 
influence (Scheme 6a). Reactions with isotopically labeled 
cosolvent [D]4-MeOH provided strong support for a facile 
reversible H/D-exchange, solely occurring in the ortho-
position (Scheme 6b), while kinetic experiments with the 
substrates 1a and [D]5-1a suggested both of the C–H cleavag-
es not to be kinetically relevant.  

 

(b) H/D-Exchange study
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Scheme 6. Mechanistic Studies of meta-C–H-Alkylation 
by Oxazoline Assistance 

 

Subsequently, we became attracted to better understanding 
the nature of the C–X cleavage event. The addition of the 
typically used radical trap TEMPO led to complete inhibition 
of the catalytic C–H activation (Scheme 7a). The isolation of 
the TEMPO-adduct 9 can thus be explained by a homolytic 
C–X cleavage. In good agreement with these findings, the 
stereochemically well-defined substrate 2l highlighted a 
significant loss of stereochemical integrity at the alkyl bro-
mide motif. This observation is again in good agreement with 
a single-electron-transfer (SET)-induced C–X cleavage. Fur-
ther support for a radical reaction pathway was gained by 
first electron paramagnetic resonance (EPR) spectroscopic 
studies in remote C–H functionalization. Hence, the use of 
5,5-dimethyl-1-pyrroline-N-Oxide (DMPO) as a spin trap 
label unraveled the in-situ generation of an alkyl radical 
(Scheme 7c).18 
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Scheme 7. Support for Radical Reaction Mechanism of 
meta-C–H-Functionalization 

 

 

To rationalize the positional selectivity of the meta-C–C 
bond formation, computational studies were conducted by 
means of a Fukui indices23a analysis for proposed cyclometal-
lated complexes. In this context it is noteworthy that nucleo-
philicity Fukui indices were largely employed in previous 
reports to rationalize the site-selectivity in C–H functionali-
zations.12c,f, 23a In stark contrast, we found that radical Fukui 
indices were better suited to rationalize the radical C–H 
functionalization which were obtained at the B3LYP/def2-
TZVP level of theory (Figure 1).23b-e Thus, our computational 
studies are suggestive of an initial SET process to generate a 
ruthenium(III) species. Accordingly, we compared the pat-
tern of various cyclometalated ruthenium(III) complexes. 
Since the C-3 and C-6 positions are significantly blocked by 
steric effects that are not well described by the computation-
al analysis (for the full analysis, please, see the Supporting 
Information),18 the schematic presentation in Figure 1b high-
lights the relative C-5/C-4 selectivities. Interestingly, the 
synergistic coordination of the phosphine and carboxylate 
ligands, the latter in a bidentate fashion, emerged to best 
reproduce the experimentally observed meta-selectivity in 
the C–C formation through attack of the radical species. It is 
noteworthy that the ruthenium(III)bromide complexes D–F 
are generally better suited to explain the observed positional 
selectivity as compared to the corresponding ruthenium(II) 
complexes A–C. Overall, our analysis supports the initial 
coordination of the phosphine ligand, along with a SET from 
the cyclometalated ruthenium to the alkyl halide, which 
upon halide transfer delivers the alkyl radical and the ruthe-
nium(III) bromide.24 Thus, a change of the arene ligand’s 
hapticity or, preferentially, its dissociation is proposed to 
account for the observed synergistic ruthenium/phosphine 
effect. In this context it is noteworthy that arene-ligand-free 
ruthenium complexes were thus far employed for ruthenium-
catalyzed ortho-C–H arylations.6b, 25  

 

 

 

Figure 1. Calculated Relative Radical Fukui Indices at 
the B3LYP/def2-TZVP Level of Theory. L = 1,4-dioxane. 

 

Based on our mechanistic findings, we propose a plausible 
catalytic cycle to commence by reversible carboxylate-
assisted C–H ruthenation (Scheme 8). Thereafter, SET occurs 
from the ruthenium(II) complex 11 to the alkyl halide 2, gen-
erating after halide transfer the cyclometalated rutheni-
um(III) intermediate 12. Radical attack on the aromatic moi-
ety then proceeds at the para-position to ruthenium, leading 
to species 13, while the subsequent rearomatization furnishes 
ruthenacycle 14. Finally, protodemetalation delivers the 
desired meta-substituted product 3, which at the same time 
regenerates the catalytically active ruthenium(II) complex 10. 
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Scheme 8. Plausible catalytic cycle with ruthenium(III) 
intermediate 

 

 

 

Finally, the power of our sequential meta-C–H/ortho-C–H 
functionalization strategy was illustrated by the facile 
late-stage modification of the thus obtained arylimidates 
3 and 7 (Scheme 9). Thus, the efficient transformation of 
the imidates to carboxylic derivatives 15 and 16 proved 
viable. Moreover, we accomplished the chemo-selective 
decarboxylation of the aliphatic carboxylic acids through 
a visible-light photoredox26 catalysis reduction manifold. 

 

 

 

 

 

 

 

 

 

 

 

ON

CO2Me

n-Bu

CO2H

CO2H

n-Bu

aq. HCl

105 °C, 20 h

16: 89%3 or 7

O

n-Bu

CO2H

NH

Cl

15: 76%

aq. HCl

105 °C, 20 h

R H

2-pym

R

CO2Me

n-Bu

2-pym

R

CO2H

n-Bu

2-pym

R

H

n-Bu
NaOH

CH2Cl2:MeOH

(9:1)

23 °C, 24 h
R = H (17a): 94%

R = Ph (17b): 89%

(1-4 mol %)

[(4-ClPh)S]2 (10 mol %)

2,6-lutidine (20 mol %)
DCE, rt (23 °C), 16 h

blue LED R = H (18a): 88%

R = Ph (18b): 54%
5aa or 8g

N

Me
ClO4

Me Me

Me

(2 mol %)

[(4-ClPh)S]2 (10 mol %)

2,6-lutidine (20 mol %)

DCE, 23 °C, 16 h
blue LED

N

Me
ClO4

Me Me

Me

CO2H

H H

CO2H

CO2H

n-Bu

H

n-Bu

19: 90%16

 

Scheme 9. Late-stage modification 

 

The user-friendly nature of the meta-C–H-alkylation/ortho-
C–H-arylation was reflected by performing the desired dou-
ble C–H functionalization in a one-pot fashion. Thus, the 
complex mixture of substrate 4a and electrophiles 2a and 6 
delivered the tri-substituted product 8g using either the aryl 
bromide or the aryl chloride 6 by the judicious choice of the 
reaction temperature control (Scheme 10). 

 

 

Scheme 10. One-pot meta-C–H-alkylation/ortho-C–H-
arylation by temperature control 

 

In summary, we have reported on the twofold me-

ta/ortho-C–H functionalizations by a single ruthenium(II) 
biscarboxylate catalyst. The well-defined single-
component catalyst proved broadly applicable with excel-
lent levels of positional selectivity. The three-component 
reaction could be achieved in a non-sequential fashion by 
the judicious temperature control. Detailed mechanistic 
studies, including EPR27 findings and computational radi-
cal Fukui indices analysis, provided strong support for a 
facile C–H cleavage under mild reaction conditions, 
which is followed by radical attack on cyclometalated 
ruthenium(III) intermediates.  
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