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Ruthenium complexes with chelating carboxylate-NHC ligands
as efficient catalysts for C—H arylation in water
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Ruthenium(1r) complexes with chelating N-heterocyclic
carbene (NHC) ligands were studied in the arylation of
phenyl group in 2-phenylpyridine and 1-phenylpyrazole
with aryl chlorides in water. Complexes with NHC-ligands
containing a hemilabile coordinating N-carboxylatomethyl
group enable fast and selective ortho-CH-diarylation in the
absence of carboxylate-assisting additives.
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Transition-metal catalyzed C(sp?)-H bond arylation becomes
an indispensable tool for the synthesis of unsymmetric biaryls,
liquid crystals, organic electronic materials, drugs, crop
protection agents and many other valuable compounds.l-3
Ruthenium(11) complexes have been acknowledged as highly
efficient catalysts for the site-selective C—H arylation of
(hetero)aromatic compounds with N- and O-containing ortho-
directing groups.*> Ruthenium(ir) compounds often provide
good tolerance to water, the most green solvent, that is an
important benefit over many other transition metals used for
catalysis of C—H and C-heteroatom arylation.5-8 N-Heterocyclic
carbenes (NHCs) represent prominent class of ligands used in
transition-metal catalyzed C-H activation reactions which
often provide higher robustness and lower toxicity of catalytic
systems compared to phosphines and many other ligands.®-13
Complexes of Ru with NHC-ligands (Ru/NHC) were reported
as efficient catalysts for site-selective C—H arylation.14-22
Remarkably, recent study revealed their feasibility for the
catalysis of CH-arylation with (hetero)aryl chlorides in water.?
Ruthenium catalyzed CH-arylation is often conducted in the
presence of carboxylic acid salts'%-25 or amides?® which provide
carboxylate(carboxamide)-assistance of C-H bond activation
via  concerted  metalation-deprotonation ~ (CMD)%7-2°
mechanism peculiar for Ru-catalysis. We proposed that
installation of hemilabile carboxylate or carboxamide wingtip
groups capable of reversible coordinating with Ru atom on the
N-atom of imidazol-2-ylidene ligand can enhance catalytic
performance of Ru/NHC systems 1 and 2 owing to participation
of the COO~ or CONHR groups in CMD catalysis. In addition,
chelated structure of such complexes can enhance their stability
against undesired reductive elimination of NHC ligands.303! It
should be noted that chelated complexes of general structure 1
were reported previously as catalysts for styrene hydrogenation
and revealed significantly higher activity than complexes of
close structure without carboxylatomethyl groups.®? However,
to the best of our knowledge, complexes of general types 1
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and 2 were never studied before in catalysis of CH-arylation
reactions.

Herein, we report results of our study of chelated complexes
1and 2 in the arylation of 2-phenylpyridine and 1-phenylpyrazole
with aryl chlorides in water and represent a new promising
catalyst for directed ortho-CH-arylation of aromatic compounds.

Complexes Ru/NHC la-c, 2a-d and 3a,b studied in this
work were obtained from the corresponding NHC-proligands by
transmetalation of in situ generated Ag/NHC complexes with
[RuCl,(cymene)], (for details and characteristics of compounds
1c, 2a—c, see Online Supplementary Materials). Compound 3c
was synthesized by previously reported method.3® Complexes 1
and 2 represent air-stable orange microcrystalline compounds.
Their structures were confirmed by elemental analyses, NMR
and ESI-MS spectra as well as single crystal X-ray studies of
compounds 1c and 2a—c (Figure 1)." Spectral data for previously
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T Crystal data for 1c-Et,0. CgH,sCIN,OzRu (M = 630.21), triclinic,
space group P1 at 100(2) K, a=10.4819(2), b=10.8202(2) and
c=14.24493) A, p=96.5280(10)°, V=1493.16(5)A3, Z=2,
gt = 1402 g cm™3, 11 (MoKar) = 0.648 mm™2, F(000) = 660. Total of 72541
reflections were collected (10812 independent reflections, R;,; = 0.0782)
and used in the refinement, which converged to wR(F2) = 0.0868, GOOF
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Figure 1 General view of (a) complex 1c, (b) complex 2a, (c) complex 2b and (d) complex 2c in the representation of atoms via thermal ellipsoids at the

50% probability level. Disorder is omitted.

described complexes 1a,b, 3a—c correspond to those reported in
literature.32 X-ray structures of compounds 1c¢ and 2a—c are
analogous to those of described Ru/NHC complexes containing
similar chelating NHC-ligands and p-cymene co-ligand.323435
Catalytic properties of the obtained Ru/NHC complexes 1-3
as well as [RuCl,(cymene)], (for comparison) were evaluated in
CH-arylation of 2-phenylpyridine 4 with 4-chlorotoluene in
water (Table 1, Scheme 1) under conditions typical for the
Ru-catalyzed arylations.?236:37 Moderate conversions of starting
compound 4 were observed at 80-100 °C (see Table 1, entries

1.020 for all independent reflections [R; = 0.0446 was calculated for
8156 reflections with | > 25 (1)].

Crystal data for 2a-H,0. CygH4;Cl,N3;O,Ru (M = 623.61), triclinic,
space group P1 at 100(2) K, a=10.1277(2), b=10.3823(2) and
c=1551753) A, B =92.7864°, V = 1454.35(5) A3, z=2,
Ogare = 1.424 g cm=3, u(MoKay) = 0.752 mm~t, F(000) = 648. Total of
143979 reflections were collected (14087 independent reflections,
Rint =0.0307) and used in the refinement, which converged to
WR(F?) =0.0600, GOOF 1.052 for all independent reflections
[R; = 0.0262 was calculated for 12943 reflections with | > 2 (1)].

Crystal data for 2b-H,0. CygH4;CI,N;O,RU (M = 623.61), triclinic,
space group P1 at 100(2) K, a=9.8425(5), b=19.8425(5) and
c=15.3995(8) A, B =76.7820(10)°, V=1628.14(15) A3, Zz=2,
Ogaie = 1.272 g cm=3, u(MoKay) = 0.672 mm~t, F(000) = 648. Total of
79315 reflections were collected (11766 independent reflections,
Rint =0.0545) and used in the refinement, which converged to
WR(F?) =0.1335, GOOF 1.029 for all independent reflections
[R; = 0.0566 was calculated for 9354 reflections with | > 2o (1)].

Crystal data for 2¢:1.82H,0. Cy3Hyq65CloN30, RU (M = 700.40),
monoclinic, space group P2;/n at 100(2) K, a=9.76421(13),
b =21.3530(3) and c=15.6948(2) (3) A, B =97.3468(13)°,
V =3245.43(8) A3, Z= 4, dye = 1.433 g cm3, u(MoKar) = 0.684 mm™2,
F(000) = 1456.7. Total of 58895 reflections were collected (13264
independent reflections, R;,; = 0.0301) and used in the refinement, which
converged to WR(F?) =0.0613, GOOF 1.040 for all independent
reflections [R; =0.0247 was calculated for 11678 reflections with
I >20(1)].

X-ray diffraction data were collected at 100 K on a Bruker Quest D8
diffractometer equipped with a Photon-I11 area-detector (crystals 1c and
2a,b) and on a Rigaku Synergy-S diffractometer equipped with a
HyPix600HE area-detector (2c), using graphite-monochromatized
MoKa-radiation and shutterless m-scan technique. The intensity data
were integrated by the SAINT program® and were corrected for
absorption and decay using SADABS® (1c and 2a,b) or were integrated
and corrected by CrysAlisPro*° (2c). The structures were solved by direct
methods using SHELXT*! and refined on F2 using SHELXL-2018.42 Al
non-hydrogen atoms were refined with anisotropic displacement
parameters. Hydrogen atoms were placed in ideal calculated positions
and refined as riding atoms with relative isotropic displacement
parameters; a rotating group model was applied for methyl groups.
Unidentified disordered non-coordinating solvent molecules in crystal
channels of 2b were removed by the SQUEEZE method.*

CCDC 2109279-2109282 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via http://www.ccdc.cam.ac.uk.

Table 1 Comparison of Ru/NHC complexes in the arylation of
compound 4.2

i 04)C

Entry Catalyst Solvent Base T/°C QOnver-bM
sion (%) 5a 5a
1 1la H,O0 K,CO; 120 99 82 17
2 1b H,O K,CO; 120 99 79 20
3 Ic H,O K,CO; 80 60 9 51
4 1c H,O0 K,CO; 100 90 85 5

5 1c H,O0  K,CO; 120 100 99 (97)4 1,1°
99,2647 32f
6 1c H,O0 K,CO; 120 95 859 10
7 1l H,O  Na,CO0;120 95 82 13
8 1lc H,O0  Cs,CO;100 86 73 13
9 1c H,O0  Cs,CO;120 91 76 15
10 1c H,O KOH 120 92 86 6
11 1c H,O  Ks;PO, 120 98 72 26
12 1c NMP  K,CO; 120 83 36 47
13 1c Toluene K,CO; 120 40 2 38
14 2a H,O0  K,CO; 120 100 65 35
15 2b H,O0 K,CO; 120 74 26 48
16 2c H,O0  K,CO; 120 100 80 20
17 2d H,O0 K,CO; 120 98 71 27
18 3a H,O0 K,CO; 120 85 52 33
19 3b H,O0 K,CO; 120 76 31 45
20 3c H,O0 K,CO; 120 89 17 72
21 [RuCly(cymene)], H,O  K,CO3 120 92 47 45
22 none H,0 K,CO; 120 0 0 0

aReagents and conditions: 2-phenylpyridine 4 (0.1 mmol), 4-MeCgH,CI
(0.25 mmol), [Ru] (0.0025 mmol, 2.5 mol%), K,CO5 (0.25 mmol), H,0
(1 ml), 12 h. PConversion of 2-phenylpyridine. °GC-MS vyield. 9Isolated
yield. ©With 5 mol% 1c. fWith 1 mol% 1c. 98 h.
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—_— =
979 Ar Ar b Ar=ph
85-97% ¢ Ar=4-MeOCgH4
d Ar=4-CF3C¢Hq
e Ar=4-FCgH,
6 7a—g f Ar=4-MeC(0)CgHy
g Ar=3-MeCgHy

Scheme 1 Reagents and conditions: i, 4 or 6 (0.1 mmol), ArCI
(0.25 mmol), K,CO4 (0.25 mmol), catalyst 1c (2.5 mol%), H,O (1 ml),
120 °C, 12 h.
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3, 4). However, conversion of 4 and yield of the diarylated
product 5a were improved significantly when the reaction was
performed at 120 °C (entry 5). Among various Ru complexes,
compound 1c containing chelating N-carboxylatomethyl group
and bulky N'-DiPP substituent in the NHC-ligand (DiPP is
2,6-diisopropylphenyl) demonstrated the best catalytic
performance (entries 3-13). Complexes la,b containing the
same N-carboxylatomethyl group but less bulky N'-substituents
also provided complete conversion of the starting compound 4,
although gave slightly lower yields of the diarylated product 5a.
Complexes 2a—d with chelating N-carboxamidomethyl groups
in the NHC-ligands also demonstrated good activities, however
resulted in slightly lower yields of product 5a (entries 14-17)
than complex 1c. Complexes 2a,c containing aromatic N-aryl
group in the carboxamide moiety revealed higher conversions of
4 and higher yields of 5a (entries 14, 16) compared to complexes
2b,d with N-Butgroup in the carboxamide moiety (entries 15, 17).
Nonchelated complexes 3a—c containing simple
N,N-dialkyl(aryl) ligands were less efficient catalysts (entries
18-20), their catalytic performance was even lower than the
performance of [RuCl,(cymene)], used for comparison (see
Table 1 and Figure S1 of Online Supplementary Materials).
After optimization of the reaction conditions by varying Ru
loadings, reaction times and bases (see Table 1), conditions of
entry 5 were accepted as the optimal. Remarkably, experiments
with other solvents often used for Ru-catalyzed C-H arylations
(entries 12, 13) revealed that water was a more efficient solvent.

With the optimal conditions in hands, we studied arylation of
compound 4 and 1-phenylpyrazole 6 with various aryl chlorides
(see Scheme 1). It has been found that the developed catalytic
system provides efficient ortho-diarylation of both substrates
with aryl chlorides containing electron-withdrawing as well as
electron-donating substituents in the absence of additional
carboxylate ligands.

In conclusion, Ru complexes with NHC ligands containing
chelating N-carboxylatomethyl or N-carboxamidomethyl groups
were studied as catalysts in the ortho-arylation of benzene ring
directed by pyridine or pyrazole groups. A new Ru/NHC complex
containing  N-carboxylatomethyl-N'-DiPP-imidazol-2-ylidene
ligand was found to be an efficient catalyst for the ortho-
diarylation in water with aryl chlorides. The use of water as the
green solvent, cheap base (K,COj3) and the absence of necessity
in carboxylate ligand additives represent important advantages
of the developed catalytic system.

This work was supported by the Russian Science Foundation
(grant no. 19-73-20085). The authors are grateful to Academician
of the Russian Academy of Sciences, Professor V. P. Ananikov
for a fruitful discussion of the results of this work and valuable
comments. The authors also thank the Shared Research Center
‘Nanotechnologies” of the Platov South-Russian State
Polytechnic University for NMR and GC-MS services, and the
Shared Research Center of Zelinsky Institute of Organic
Chemistry for mass-spectrometry and X-ray analyses.

Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2022.03.017.
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