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Sequential C-H bond addition with two different coupling partners is a powerful method for the rapid
and modular construction of complex molecules based on simple starting materials. Herein, an efficient
ruthenium-catalysed multicomponent long-range C-H functionalization of 2H-imidazoles was developed.
This protocol showed good substrate suitability and yielded alkyl arylation products with potential bio-
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As a multipurpose synthetic method with high atom economy,
C-H functionalization of the ubiquitous C-H bond enables vari-
ous functional couplings catalyzed by transition metals, leading to
its wide application in synthetic chemistry [1-5]. Considering the
limitation of two-component C-H functionalization, an effective
combination with a multicomponent strategy would be highly de-
sirable. Multicomponent reactions (MCRs) provide convenient and
comprehensive synthetic routes by assembling various heterocyclic
scaffolds from simple starting materials, although they are trapped
in the precise regulation of the reaction sequence [6-10].

The most recent primary approach to the modular construc-
tion of molecular complexity is the sequential addition of multiple
components that forms potential stereo centers and performs vari-
ous chemical combinations. This efficient transformation occurs in
two ways: formation of a new coupling partner from two different
coupling partners, followed by C-H functionalization (Scheme 1a,
path a) [11-15]. The other way is to extend the reaction by intro-
ducing a second different coupling partner after activation of the
C-H bond and addition to the first coupling partner (path b) [16-
22].

In addition, the 2H-imidazole moiety embedded in drugs and
active molecules is an important intermediate in synthesis [23-
29]. Our group pioneered the use of 2H-imidazole as a lead group
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for performing various annulations in the field of C-H activation
[30-32]. In view of this, the elaboration of a modular design ap-
proach to increase the complexity of 2H-imidazole derivatives is
of great research value. Inspired by the above research progress,
we have disclosed the Ru-catalyzed multicomponent addition reac-
tion of 2H-imidazoles with bromodifluoroacetates via an olefin as
a bridge with a long C(sp?)-H bond (Scheme 1b), which provides
an efficient approach for the alkyl arylation of 2H-imidazoles with
good substrate compatibility and tolerance to functional groups.
At the beginning of our studies, we investigated the coupling
reaction of 2H-imidazoles 1a, 4-methoxystyrene 2a and bromod-
ifluoroacetates 3a (Table 1). First, we investigated the ligands re-
quired for the reaction, and only in phosphine ligand systems con-
taining strong electron-withdrawing groups could traces of cou-
pling products 4 (entries 1-5) be detected. Considering the im-
portance of ligands for metal catalysts, we prepared a series of
ruthenium catalysts with different anionic ligands based on lit-
erature reports to screen the reaction conditions (entries 6-8)
[33,34], and Ru(OAc),(p-cymene) showed the optimal catalytic ac-
tivity. Subsequent tests with different alkaline additives showed
that potassium carbonate was best suited for this reaction (en-
tries 9-13). Further heating was beneficial for the progress of the
reaction, yielding 4aa and 4aa’ in an overall yield of 76% (entry
14). Increasing the amount of catalyst led to a slight improve-
ment in reaction efficiency (entry 15). In addition, ether solvent
and toluene did not show any better effect compared to DCE (en-
tries 16-18). Control experiments showed that ruthenium catalysts
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((a) Multicomponent C-H bond addition by different coupling partners )

CP: coupling partners

((b) This work: Three-component remote C(sp?)-H coupling )
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Scheme 1. Multicomponent sequential C-H addition with two different coupling
partners in C-H functionalization.

and phosphine ligands were essential for the reaction (entries 19
and 20).

Under the best conditions, we investigated the possibilities of
2H-imidazoles for their suitability as three-component coupling
products 4 (Scheme 2). The introduction of ethyl, butyl and phenyl
substituents had no significant effect on the reaction efficiency and
afforded 4ba-4da in 61%-72% yields. In addition, the cycloalkanes
also participated in the reaction and afforded the compounds 4ea-
4ga in 55%-68% yields. The incorporation of electron donating or
withdrawing groups in the para position of the aromatic ring en-
abled the conversion of the substrates 1h-1i into the correspond-
ing products 4ha-4ia in 47%-56% yields. Unfortunately, the intro-
duction of substituents in the ortho position of the aromatic ring
led to a significant decrease in reaction efficiency, resulting in the
product 4ja in only 27% yield.

We then turned our attention to the substrate region of the
olefins (Scheme 3). By introducing substituents in the para or meta
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Scheme 3. Substrate scope of olefins 2. @ Unless otherwise stated, reaction con-
ditions are as follows: 1a (0.1 mmol), 2 (0.3 mmol), 3a (0.3 mmol), [Ru(OAc),(p-
cymene)] (5mol%), P(4-CF3CsHs)3 (0.2 equiv.), KOAc (0.5 equiv.), 120°C, DCE (1 mL),
Ar, 161, isolated total yield. Major isomer is shown.

positions of the aromatic styrene rings, the corresponding com-
pounds 4ab-4ae can be obtained in good yield. However, the re-
action activity of styrene containing fluorine in the ortho position
was lower, so that the product 4af was obtained in only 52% yield
due to steric hindrance. The positional selectivity of products 4ab
and 4ae was consistent, as both afforded the single meta products,
while substrates 2¢, 2d, and 2f with electron-withdrawing groups
afforded the regional isomers 4ac’, 4ad’, and 4af’, which may be
attributed to the influence of electronic effects. The 2-naphthalene-
ethylene 2g was suitable for this transformation and formed the
corresponding compounds 4ag in 78% yield. Taking into account
the influence of electronic effects, methyl acrylate 2h and tert-
butyl acrylate 2i showed lower activity in the reaction.

The next step was to test the applicability of the reaction
to brominated difluoroalkanes (Scheme 4). Various bromodiflu-
oroacetamides were suitable for this system. Cyclopropyl- and
butyl-substituted difluoroacetamides could be readily used for

N z Et0,CF,C R?
= 3
O<rs RU(OAC)(p-cymene) - N R
R (4-CF3CeHa)sP, KoCOs SRS
+ + BrCF,CO,Et DCE Ar O O
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1 2a 3a
COzEt COZEt COQEt COzEt
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s < §> O <8 e
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4ga, 68%" 4ha, 56%"

Scheme 2. Substrate scope of 2H-imidazoles 1. Unless otherwise stated, reaction conditions are as follows: Condition A: 1 (0.1 mmol), 2a

4ia 47%°

4ja, 27%?

(0.3 mmol), 3a (0.3 mmol),

[Ru(OAc),(p-cymene)] (5 mol%), P(4-CF3CgHs )3 (0.2 equiv.), K,CO3; (2.0 equiv.), 120°C, DCE (1 mL), Ar, 12 h, isolated total yield. Major isomer is shown. @ [Ru(OAc),(p-cymene)]
(10 mol%). ® Condition B: 1 (0.1 mmol), 2a (0.4 mmol), 3a (0.6 mmol), [Ru(OAc),(p-cymene)] (5 mol%), P(4-CF;CsHs )3 (0.2 equiv.), KOAc (2.0 equiv.), 120°C, DCE (1mL), Ar, 18 h,

isolated total yield.
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Table 1
Optimization of the reaction conditions.?

_N Z - EtO,CF,C EtO,CF,C
H \N>< ligand, base
N O O
H H Svte DCE, Ar MeO N

100 °C,12 h

1a 2a 3a 4aa, major 4aa’, minor
Entry Catalyst Ligand Base m:p ® Total yields (%)°
1 [RuCl,(p-cymene)], PPh3 K,CO3 - -
2 [RuCl,(p-cymene)], P(4-MeCgH,4)3 K,CO3 - -
3 [RuCl,(p-cymene)], P(4-FCgHy)3 K,CO5 - -
4 [RuCl,(p-cymene)], P(4-CF3CgHy)3 K,CO3 - <5%
5 [RuCl,(p-cymene)], P(3,5-(CF3);CgH3)3 K,CO3 - trace
6 [Ru(MesCO; ),(p-cymene)] P(4-CF3CgHy )3 K;CO5 10.5: 1 24
7 [Ru(AdCO, ), (p-cymene)] P(4-CF3CgHy)3 K,CO3 10.5: 1 11
8 [Ru(OAc),(p-cymene)] P(4-CF3CgHy)3 K;COs5 10.5: 1 58
9 [Ru(OACc),(p-cymene)] P(4-CF3CgHy )3 Na,CO3 10.5: 1 23
10 [Ru(OAc);(p-cymene)] P(4-CF3CgHy)3 NaOAc 10.5: 1 32
11 [Ru(OAc),(p-cymene)] P(4-CF3CgHa)s KOAc 10.5: 1 54
12 [Ru(OAc);(p-cymene)] P(4-CF3CgHy )3 K3PO4 10.5: 1 26
13 [Ru(OAc),(p-cymene)] P(4-CF3CgHy )3 KF - -
144 [Ru(OAc),(p-cymene)] P(4-CF3CgHa)3 K,CO3 10.5: 1 76
15d.e [Ru(OAc);(p-cymene)] P(4-CF3CgHy)3 K,CO5 10.5: 1 80
16f [Ru(OAc),(p-cymene)] P(4-CF3CgHy )3 K,CO5 10.5: 1 38
17¢ [Ru(OAc),(p-cymene)] P(4-CF3CgHy)s K;CO5 - trace
18h [Ru(OAC),(p-cymene)] P(4-CF3CgHy)3 K,CO4 - trace
194 - P(4 CF3CgHa)3 K»CO; - -
204 [Ru(OAC),(p-cymene)] K,CO3 - -

3 Unless otherwise stated, reaction conditions are as follows: 1a (0.1 mmol), 2a (3.0equiv.), 3a (3.0 equiv.), catalyst (5mol%), ligand (0.2 equiv.), base (2.0equiv.), DCE
(1.0mL), under Ar, 100°C, 12 h. MTBE = tert-butyl methyl ether, DCE = 1,2-dichloroethane.

b Detected by '"H NMR.

¢ Isolated total yields.

4 120°C.

¢ [Ru(OAc),(p-cymene)] (10 mol%).

f MTBE (1.0mL).

¢ Dioxane (1.0 mL).

b Toluene (1.0 mL).
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Scheme 4. Substrate scope of brominated difluoroalkanes 3. Unless otherwise stated, reaction conditions are as follows: Condition A: 1a (0.1 mmol), 2a (0.3 mmol),
3 (0.3mmol), [Ru(OAc),(p-cymene)] (5mol%), P(4-CF3CgHs)3 (0.2 equiv.), K,CO3 (2.0equiv.), 120°C, DCE (1mL), Ar, 12h, isolated total yield. Major isomer is shown.
2 [Ru(OAc),(p-cymene)] (10mol%). ® Condition B: 1 (0.1 mmol), 2a (0.4 mmol), 3a (0.6 mmol), [Ru(OAc),(p-cymene)] (5mol%), P(4-CF3CsHs )3 (0.2 equiv.), KOAc (2.0 equiv.),
120°C, DCE (1 mL), Ar, 18h, isolated total yield.

this transformation and gave the compounds 4aj-4ak in 63% the late functionalization of natural products was tested and the

yield. The alkenyl and alkynyl substrates 31-3m, which were suit- complex difluorinated products 4ap-4as were obtained in 42%-57%
able for further functionalization, were also successfully converted yield.
and afforded the corresponding compounds in 51%-58% yields. To investigate the reaction mechanism, the radical scav-

The benzyl- and tryptamine-substituted coupling partners showed enging experiments were performed with 2,2,6,6-tetramethyl-
good reactivity and afforded the products 4an and 4ao in 60%-62% 1-piperidinyloxy (TEMPO) or butylated hydroxytoluene (BHT)
yields. Inspired by the broad compatibility of the functional groups, (Scheme 5a), which suppressed this catalytic system. Meanwhile,
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(a) The Free Radical Scavenging Experiments
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Scheme 5. Preliminary mechanistic investigation.

without the presence of 1a, benzyl radicals were generated by
the addition of 2a and 3a with TEMPO. Subsequently, deuterium-
labeling was performed under standard conditions in the absence
of 2a and 3a (Scheme 5b). Here, 64% deuterium was detected at
the two ortho positions of the 2H-imidazole 1a. The stepwise ex-
periment showed that styrene and bromodifluoroacetate reacted
first in the system (Scheme 5c).

Based on previous studies on Ru metachemistry and experi-
mental results [11-14], a possible mechanism was proposed in
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Scheme 6. The catalytic cycle starts with a reversible C-H cy-
clometalation between Ru(Il) and 2H-imidazole 1a to form ruthe-
nium complex I. Subsequently, benzyl radicals 2a’ are formed by
addition of 2a and 3a via a SET process. The newly formed radical
2a’ completes the Ca.—H bond addition at the para or meta posi-
tion to the C-Ru bond and yields intermediates II or II’, followed
by rearomatization to ruthenacycles III or III'. Finally, the expected
three-component coupling products 4aa and 4aa’ are released by
demetallation. At the same time, the active ruthenium(Il) is regen-
erated.

In summary, we have successfully developed a Ru-catalyzed
three-component remote C-H functionalization of 2H-imidazoles,
which provides new ideas for the modular construction of com-
plex 2H-imidazole scaffolds. Using radical scavenging experiments,
we have shown that the reaction is based on a radical mechanism,
and a possible mechanism is presented.
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