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ABSTRACT: The synthesis of aromatic ketones by chromium-catalyzed Kumada arylation of secondary amides with organo-
magnesium reagents is described. This reaction was enabled by using low-cost chromium(III) salt as precatalyst combined with 
trimethylsilyl chloride as additive, and presents a rare example of catalytic transformation of secondary amides to ketones at 
room temperature. It was shown that catalytically active low-valent chromium species might be responsible for the amide–
ketone exchange by mechanism involving the activation of benzimidate intermediate.                                                                   
KEYWORDS: chromium, homogeneous catalysis, Kumada reaction, amides, ketones 

Transition metal-catalyzed coupling reactions are one of the 
most powerful tools in synthetic chemistry.1,2 Among the 
numerous named reactions, Kumada coupling reaction has 
emerged as a useful strategy to form ubiquitous C–C bonds 
by catalytic assembly of two molecule fragments.3,4 Conven-
tional methods for Kumada reaction include the use of elec-
trophiles such as organic halides and pseudohalides to couple 
with organomagnesium reagents.5–10 In contrast, other elec-
trophilic reagents such as commercially available amides 
have rarely not been used as reactants for transition metal-
catalyzed Kumada-type reaction by treatment with Grignard 
reagents.11 This reaction would form acylative C–C bonds in 
providing access to ketone compounds that are important 
structural motifs found in pharmaceuticals, fragrances, bio-
active molecules, and organic materials.12–16 Because of the 
competitive over-addition of Grignard reagents to ketones in 
facilely giving alcohol byproducts,17 selectivity in the con-
struction of ketone motifs by Kumada-type reaction of am-
ides remains an issue.18 To overcome the over-addition ob-
stacle, we questioned whether it’s possible to develop new 
catalytic protocol using amide to react with organomagnesi-
um reagent in the formation of a masked intermediate, 
which may provide access to the ketone product upon work 
up with hydrolysis.  

Recently, the transformation of amides to ketones by tran-
sition metal catalysis has been described with cross-coupling 
reactions.19 Garg and Szostak achieved the Suzuki-Miyaura 
cross-coupling,20,21 Mizoroki-Heck cyclizations,22 and Negishi 
reactions23 of amides with nickel catalysis (Figure 1a).24 The 
palladium-catalyzed examples have been disclosed by the 
groups of Szostak25–28 and Zou.29 These conversion usually 
used tertiary amides containing substituent of N-Boc or Ts 
group to react with organoboron and organozinc reagents. 
To our knowledge, there have no report of the catalytic syn-
thesis of ketones by using relatively simple, widely accessible 
secondary amides as substrates, despite that Charette 
demonstrated that secondary amides could be converted to 

ketone compounds by an activation/addition sequential reac-
tion with three-step operation (Figure 1b).30 Herein, we re-
port a chromium-catalyzed Kumada arylation using second-
ary amides for the construction of arylative C–C bonds at 
room temperature (Figure 1c).31–42 This reaction was promot-
ed by low-cost chromium salt combined with trimethylsilyl 
chloride (TMSCl) as additive, allowing for the catalytic syn-
thesis of unsymmetrical aromatic ketone motifs upon hy-

(b) Using secondary amides by an electrophilic activation/addition sequential reaction

R1 N
H

O
R2 1) Tf2O

R1 N
H

OTf
R2

OTf 2) R3mMXn 3) HCl/THF

R1

N

R3

(c) Low-valent Cr-catalyzed Kumada arylation with secondary amides

Ar N
H

O
t-Bu + Ar'MgBr

Ar

O

Ar'

Cost-effective Cr catalysis
Using simple secondary amides

Mild reaction conditions

M = Mg, Li

R2

R1

O

R3

(a)Transition metal-catalyzed reactions of amides for the synthesis of ketones

R1 N

O
R2

R3

cat. [M]
+         R4–M

R1

O

R4

electrophile

R1 N

O
R2

R3

(M = B, Mg, Zn)

cat. Ni(cod)2/SIPr         cat. (SIPr)Pd complex
Garg (2015, 2016)                Szostak (2017)  
                  Suzuki-Miyaura reaction
Negishi-type reaction

Tertiary
amides:

R1 N
H

O
R2

Secondary
 amides:

cat. CrCl3/ArMgBr 
This work   

Kumada-type reaction

(R3 = Boc, Ts...)

R1 [M]

O
N R3

R2

via

R1 N

O
R2

TMS

[M]
via

2) NH4Cl/H2O

1) CrCl3 (10 mol %)
    TMSCl, THF, rt

 
Figure 1. (a) Transition-metal-catalyzed reactions of amides 
for ketone synthesis. (b) Using secondary amides as reac-
tants. (c) Chromium-catalyzed Kumada arylation with sec-
ondary amides. 
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drolysis in the work-up procedure, without giving the adducts 
of Grignard reagents to ketones.     

    We commenced our investigation by exploring the effect of 
N-substituent of benzamide (1) on the reaction with PhMgBr 
(Table 1). In the presence of 10 mol % of CrCl3 and 2 equiva-
lents of TMSCl, the arylative C–C bond formation reaction 
using N-methylbenzamide did not take place (entry 1). Grati-
fyingly, variation of methyl to phenyl in the nitrogen substit-
uent of benzamide allowed the reaction proceeding smooth-
ly, giving the benzophenone product 3a in 37% yield upon 
hydrolysis (entry 2). The conversion was largely increased 
when incorporation of bulky tert-butyl group into the nitro-
gen scaffold of secondary amide, the formation of 3a in 91% 
yield was observed (entry 4). Similar result was obtained us-
ing CrCl2 salt in the reaction (entry 6). In the absence of 
chromium salt, the Kumada arylation did not take place (en-
try 7). Other transition metal catalysts, including NiCl2, CoCl2, 
CuCl2 and PdCl2, cannot promote the transformation of sec-
ondary amide to ketone (entries 8–11). In addition, common 
Lewis acid catalysts such as FeCl3 and AlCl3 also showed no 
efficiency in the reaction (entries 12 and 13). It was found that 
TMSCl is required for the Cr-catalyzed C–C bond formation 
reaction of secondary amide with phenyl Grignard reagent. 
Decreasing the amount of TMSCl resulted in low conversion 
of N-(tert-butyl)benzamide (entry 14). Whereas the reaction 
was completely inhibited in the absence of TMSCl (entry 15).              

    Having establishing the optimal conditions, the substrate 

scope of secondary amides in the chromium-catalyzed reac-
tion with phenyl Grignard reagent was evaluated. As shown 
in Scheme 1, the introduction of either electron-donating or 
electron-withdrawing substituents into the meta position of 
N-(tert-butyl)benzamides did not largely impact on the trans-
formation, providing access to unsymmetrical benzophenone 
derivatives 3b–3f in good to excellent yields (79–92%). Para-
substituted benzamides was suitable reactants for the for-
mation of arylative C–C bonds at room temperature (3g–3k). 
Aromatic ketones containing di- or tri-substituents on the 
arenes could be accessed by the Cr-catalyzed protocol (3l–
3p). In addition, the Kumada-type reaction using secondary 
amides containing naphthyl scaffold, heterocycles of 1,3-
benzodioxole and 1,4-benzodioxine also proceeded smoothly, 
forming the desired ketone compounds 3q–3s in preparative-
ly useful yields. Synthetically valuable functionalities of 
alkoxy, fluoride, chloride, trifluoromethyl can be compatible 
with the catalytic system. Notably, the bis(amide) scaffolds 
on arene can be synchronously arylated by the Cr-catalyzed 
reaction with excess of PhMgBr. It provides a concise route to 
the preparation of bis(carbonyl)-containing phe-
nylenebis(phenylmethanone) derivatives 3t and 3u.          

Table 1. Probing the Effect of N-Substituents and Transi-
tion Metal Salts on Reaction of Benzamides with PhMgBra,c 

N

O
R2

+ PhMgBr

O

R1

1 2a 3a
2) NH4Cl/H2O

1) metal salt (10 mol %)
    TMSCl, THF, rt

 
entry –NR1R2 metal salt TMSCl 

(X equiv) 

yield 

 (3a) 

1 –NHMe CrCl3 2 ndb  

2 –NHPh CrCl3 2 37% 

3 –NHi-Pr CrCl3 2 51% 

4 –NHt-Bu CrCl3 2 91% 

5 –NMe2 CrCl3 2 43% 

6 –NHt-Bu CrCl2 2 91% 

7 –NHt-Bu – 2 ndb 

8 –NHt-Bu NiCl2 2 ndb 

9 –NHt-Bu CoCl2 2 ndb 

10 –NHt-Bu CuCl2 2 ndb 

11 –NHt-Bu PdCl2 2 ndb 

12 –NHt-Bu FeCl3 2 ndb 

13 –NHt-Bu AlCl3 2 ndb 

14 –NHt-Bu CrCl3 1 46% 

15 –NHt-Bu CrCl3 – ndb 
aReaction conditions: 1 (0.2 mmol), PhMgBr (0.8 mmol). 

Metal salt (0.02 mmol), TMS, THF, rt, 12 h; then NH4Cl/H2O. 
Isolated yields are given. bNot detected. cThe purities of metal 
salts: CrCl2 (99.99%), CrCl3 (99.99%), and CoCl2 (99.9%). 

Scheme 1. Chromium-Catalyzed Synthesis of Ketones by 
Reaction with Secondary Amidesa,b  
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aReaction conditions: 1 (0.2 mmol), 2a (0.8 mmol), CrCl3 (0.02 
mmol), TMSCl (0.4 mmol), THF, rt, 12 h; then NH4Cl/H2O. 
bIsolated yields are given. cPhMgBr(1.6 mmol) was employed.  
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Scheme 2. Cr-Catalyzed Reaction of Secondary Amides 
with Arylmagnesium Bromidesa,b 
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aReaction conditions: 1 (0.2 mmol), 2 (0.8 mmol), CrCl3 (0.02 
mmol), TMSCl (0.4 mmol), rt, 12 h; then NH4Cl/H2O. bIsolated 
yields are given.  

    We then examined the scope of organomagnesium rea-
gents in the Cr-catalyzed arylative C–C bond formation reac-
tion with aromatic amides (Scheme 2). Phenyl Grignard rea-
gents containing alkyl, alkoxy, fluoride and phenyl scaffolds 
underwent the amide–ketone exchange smoothly, leading to 
the desired products 3v–3ab in good yields. 2-Naphthyl Gri-
gnard reagent was amenable to the transformation in the 
production of naphthalen-2-yl(phenyl)methanone 3ac. Fur-
thermore, this methodology can be applied to access to un-
symmetrical diaryl ketones 3ad–3ah by the reaction between 
substituted benzamides with aryl Grignard reagents. Where-
as the arylation with aliphatic amides or alkyl Grignard rea-
gents failed to give the related ketone compounds.     

The chromium-catalyzed reaction between secondary am-
ide with phenylmagnesium bromide is scalable, and can be 
performed on gram-scale without loss of the efficiency (Fig-
ure 2, eq 1). Interestingly, the arylation using para-bromo-
substituted benzamide furnished bisarylated product 3ab by 
synchronously functionalization of the amide and bromide 
scaffolds (eq 2). The success of the arylative C–C bond for-
mation with secondary amides stimulated us to probe the 
possible mechanism for the conversion. According to our 
previous studies, reactive low-valent chromium species can 
be formed by the treatment of simple chromium salt with 
phenyl Grignard reagent.37,41,43 It was found that the in-situ 
generated low-valent chromium species shows high catalyti-
cally active for the amide–ketone exchange reaction, leading 
to the desired ketone in 79% yield (eq 3). Interestingly, the 
reaction of trimethylsilyl (Z)-N-phenylbenzimidate (4) with 
phenyl Grignard reagent was able to afford the benzophe-
none 3a in the presence of CrCl3 and TMSCl, albeit with low 
yield (eq 4). However, without chromium salt or TMSCl, the 
transformation cannot occur (eqs 5 and 6). These results 

suggest that chromium plays an important role in the for-
mation of arylative C–C bond with TMSCl. We envisioned 
that the relevant alkyl imidate intermediate, probably being 
formed by treating aliphatic amides with TMSCl and PhMgBr, 
may not be stable enough under present catalysis conditions, 
resulting in the unsuccessful reaction of aliphatic amides. 
The reaction using 4-benzoyl-substituted benzamide 5 did 
not form the related Kumada arylation product (eq 7). Nota-
bly, the addition of phenyl Grignard to carbonyl group oc-
curred to give the related alcohol compound 6 in 72% yield. 
This suggests that carbonyl group cannot be compatible with 
the reaction system, indicating that the ketone product 
might be formed upon hydrolysis in the final work-up proce-
dure, thereby avoiding the addition of Grignard reagent to 
carbonyl group. We hypothesized that the in-situ generated 
low-valent chromium may react with PhMgBr and TMSCl to 
give organochromium species, which can coordinate and 
activate the benzimidate intermediate, followed by the pro-
cesses of addition/reductive elimination to form the masked 
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Figure 2. Gram-scale reaction, bisfunctionalization, prelim-
inary mechanistic studies and possible pathway.  
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terminal state C. The desired ketone compound is probably 
produced upon hydrolysis in the work up procedure.                

In summary, we have developed a Kumada arylation of 
secondary amides for the synthesis of unsymmetrical aryl 
ketones with cost-effective chromium catalysis. This reac-
tion was enabled by the use of low-cost chromium salt as 
precatalyst combined with trimethylsilyl chloride as additive 
to give ketone products upon work up. The ketone is proba-
bly protected in the reaction cycle, thereby without forming 
the adduct of Grignard reagent to ketone. It presents a rare 
example of the use of readily available secondary amides as 
reactants for the arylative C–C bond formation reaction by 
catalytic activation of benzimidate intermediate with chro-
mium at room temperature. Further studies on understand-
ing the mechanism and application of the Cr-catalyzed pro-
tocol in synthesis are under way.       

ASSOCIATED CONTENT  
Supporting Information. Experimental procedures, characteri-
zation data for all products, detailed optimized geometries, and 
free energies. This material is available free of charge via the 
Internet at http://pubs.acs.org.  

AUTHOR INFORMATION 

Corresponding Author 

*E-mail: zengxiaoming@scu.edu.cn 

Author Contributions 
§C. Chen and P. Liu contributed equally. 

Notes 
The authors declare no competing financial interests. 

ACKNOWLEDGMENT  
We thank the National Natural Science Foundation of China 
(Nos. 21202128, 21572175), XJTU and SCU for financial support 
of this research.  

REFERENCES 
(1) Metal-Catalyzed Cross-Coupling Reactions, 2nd ed.; de Mei-

jere, A., Diederich, F., Eds.; Wiley-VCH: Weinheim, Germany, 
2004; Vol. 2. 

(2) Johansson Seechurn, C. C. C.; Kitching, M. O.; Colacot, T. J.; 
Snieckus, V. Palladium-catalyzed cross-coupling: A histori-
cal contextual perspective to the 2010 Nobel Prize. Angew. 
Chem., Int. Ed. 2012, 51, 5062–5085. 

(3) Tamao, K.; Sumitani, K.; Kumada, M. Selective carbon-
carbon bond formation by cross-coupling of Grignard rea-
gents with organic halides. Catalysis by nickel-phosphine 
complexes. J. Am. Chem. Soc. 1972, 94, 4374–4376. 

(4) Corriu, R. J. P.; Masse, J. P. Activation of Grignard reagents 
by transition-metal complexes. A new and simple synthesis 
of trans-stilbenes and polyphenyls. J. Chem. Soc., Chem. 
Commun. 1972, 144a. 

(5) Vechorkin, O.; Proust, V.; Hu, X. Functional group tolerant 
Kumada−Corriu−Tamao coupling of nonactivated alkyl hal-
ides with aryl and heteroaryl nucleophiles: Catalysis by a 
nickel pincer complex permits the coupling of functionalized 
Grignard reagents. J. Am. Chem. Soc. 2009, 131, 9756–9766. 

(6) Soulé, J.–F.; Miyamura, H.; Kobayashi, S. Copolymer-
incarcerated nickel nanoparticles with N-heterocyclic car-
bene precursors as active cross-linking agents for Corriu–
Kumada–Tamao reaction. J. Am. Chem. Soc. 2013, 135, 
10602–10605. 

(7) Fiorito, D.; Folliet, S.; Liu, Y.; Mazet, C. A general nickel-
catalyzed Kumada vinylation for the preparation of 2-
substituted 1,3-dienes. ACS Catal. 2018, 8, 1392–1398. 

(8) Rosen, B. M.; Quasdorf, K. W.; Wilson, D. A.; Zhang, N.; 
Resmerita, A.-M.; Garg, N. K.; Percec, V. Nickel-catalyzed 
cross-couplings involving carbon−oxygen bonds. Chem. Rev. 
2011, 111, 1346−1416. 

(9) Cornella, J.; Zarate, C.; Martin, R. Metal-catalyzed activation 
of ethers via C–O bond cleavage: a new strategy for molecu-
lar diversity. Chem. Soc. Rev. 2014, 43, 8081–8097. 

(10) Tobisu, M.; Chatani, N. Cross-couplings using aryl ethers via 
C–O bond activation enabled by nickel catalysts. Acc. Chem. 
Res. 2015, 48, 1717–1726.  

(11) Heller, S. T.; Newton, J. N.; Fu, T.; Sarpong, R. One-pot un-
symmetrical ketone synthesis employing a pyrrole-bearing 
formal carbonyl dication linchpin reagent. Angew. Chem., Int. 
Ed. 2015, 54, 9839–9843.  

(12) Cuquerella, M. C.; Lhiaubet-Vallet, V.; Cadet, J.; Miranda, M. 
A. Benzophenone photosensitized DNA damage. Acc. Chem. 
Res. 2012, 45, 1558–1570.  

(13) McDaniel, R.; Thamchaipenet, A.; Gustafsson, C.; Fu, H.; 
Betlach, M.; Betlach, M.; Ashley, G. Multiple genetic modifi-
cations of the erythromycin polyketide synthase to produce 
a library of novel “unnatural” natural products. Proc. Natl. 
Acad. Sci. USA 1999, 96, 1846–1851.  

(14) Zhang, X.; MacMillan, D. W. C. Direct aldehyde C–H aryla-
tion and alkylation via the combination of nickel, hydrogen 
atom transfer, and photoredox catalysis. J. Am. Chem. Soc. 
2017, 139, 11353−11356. 

(15) Vandavasi, J. K.; Hua, X. Halima, H. B.; Newman, S. G. A 
nickel-catalyzed carbonyl-Heck reaction. Angew. Chem. Int. 
Ed. 2017, 56,15441–15445.  

(16) Kinney, R. G.; Tjutrins, J.; Torres, G. M.; Liu, N. J.; Kulkarni, 
O.; Arndtsen, B. A. A general approach to intermolecular 
carbonylation of arene C–H bonds to ketones through cata-
lytic aroyl triflate formation. Nat. Chem. 2018, 10, 193–199. 

(17) (a) Bang, C. G.; Jensen, J. F.; O’Hanlon Cohrt, E.; Olsen, L. B.; 
Siyum, S. G.; Mortensen, K. T.; Skovgaard, T.; Berthelsen, J.; 
Yang, L.; Givskov, M.; Qvortrup, K.; Nielsen, T. E. A linker for 
the solid-phase synthesis of hydroxamic acids and identifi-
cation of HDAC6 inhibitors. ACS Comb. Sci. 2017, 19, 657–
669. (b) Theodorou, V.; Skobridis, K.; Karkatsoulis, A. Base-
induced rearrangement of tritylamines to imines: Discovery 
and investigation of the mechanism. Tetrahedron 2007, 63, 
4284–4289. 

(18) Lei, C.; Achtenhagen, M.; Szostak, M. Chemoselective ke-
tone synthesis by the addition of 
organometallics to N-acylazetidines. Org. Lett. 2016, 18, 
2375–2378.  

(19) Dander, J. E.; Garg, N. K. Breaking amides using nickel ca-
talysis. ACS Catal. 2017, 7, 1413–1423. 

(20) (a) Weires, N. A.; Baker, E. L.; Garg, N. K. Nickel-catalysed 
Suzuki–Miyaura coupling of amides. Nat. Chem. 2016, 8, 75–
79. (b) Shi, S.; Meng, G.; Szostak, M. Synthesis of biaryls 
through nickel-catalyzed Suzuki–Miyaura coupling of am-
ides by carbon–nitrogen bond cleavage. Angew. Chem., Int. 
Ed. 2016, 55, 6959–6963. 

(21) Boit, T. B.; Weires, N. A.; Kim, J.; Garg, N. K. Nickel-
catalyzed Suzuki−Miyaura coupling of aliphatic amides. ACS 
Catal. 2018, 8, 1003−1008. 

(22) (a) Medina, J. M.; Moreno, J.; Racine, S.; Du, S.; Garg, N. K. 
Mizoroki–Heck cyclizations of amide derivatives for the in-
troduction of quaternary centers. Angew. Chem., Int. Ed. 
2017, 56, 6567–6571. (b) Meng, G.; Szostak, M. General ole-
fin synthesis by the palladium-catalyzed Heck reaction of 
amides: sterically controlled chemoselective N–C activation. 
Angew. Chem., Int. Ed. 2015, 54, 14518–14522. 

Page 4 of 6

ACS Paragon Plus Environment

ACS Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

(23) (a) Simmons, B. J.; Weires, N. A.; Dander, J. E.; Garg, N. K. 
Nickel-catalyzed alkylation of amide derivatives. ACS Catal. 
2016, 6, 3176−3179. (b) Shi, S.; Szostak, M. Efficient synthe-
sis of diaryl ketones by nickel-catalyzed Negishi 
cross-coupling of amides by carbon–nitrogen bond cleavage 
at room temperature accelerated by a solvent effect. Chem. 
Eur. J. 2016, 22, 10420–10424. 

(24) (a) Huang, P.-Q.; Chen, H. Ni-catalyzed cross-coupling reac-
tions of N-acylpyrrole-type amides with organoboron rea-
gents. Chem. Commun. 2017, 53, 12584–12587. (b) Meng, G.; 
Szostak, R.; Szostak, M. Suzuki-Miyaura cross-coupling of 
N-acylpyrroles and pyrazoles: planar, electronically activat-
ed amides in catalytic N–C cleavage. Org. Lett. 2017, 19, 
3596–3599.  

(25) Lei, P.; Meng, G.; Shi, S.; Ling, Y.; An, J.; Szostak, R.; Szos-
tak, M. Suzuki–Miyaura cross-coupling of amides and esters 
at room temperature: Correlation with barriers to rotation 
around C–N and C–O bonds. Chem. Sci. 2017, 8, 6525–6530.  

(26) (a) Lei, P.; Meng, G.; Szostak, M. General method for the 
Suzuki–Miyaura cross-coupling of amides using commercial-
ly available, air- and moisture-stable palladium/NHC (NHC 
= N-heterocyclic carbene) complexes. ACS Catal. 2017, 7, 
1960–1965. (b) Liu, C.; Szostak, M. Decarbonylative phos-
phorylation of amides by palladium and nickel catalysis: the 
hirao cross-coupling of amide derivatives. Angew. Chem., Int. 
Ed. 2017, 56, 12718–12722. 

(27) Lei, P.; Meng, G.; Ling, Y.; An, J.; Nolan, S. P.; Szostak, M. 
General method for the Suzuki–Miyaura cross-coupling of 
primary amide-derived electrophiles enabled by 
[Pd(NHC)(cin)Cl] at room temperature. Org. Lett. 2017, 19, 
6510–6513.  

(28) Lei, P.; Meng, G.; Ling, Y.; An, J.; Szostak, M. Pd-PEPPSI: 
Pd-NHC precatalyst for Suzuki–Miyaura cross-coupling re-
actions of amides. J. Org. Chem. 2017, 82, 6638–6646. 

(29) Li, X.; Zou, G. Acylative Suzuki coupling of amides: Acyl-
nitrogen activation via synergy of independently modifiable 
activating groups. Chem. Commun. 2015, 51, 5089–5092. 

(30) Bechara, W. S.; Pelletier, G.; Charette, A. B. Chemoselective 
synthesis of ketones and ketimines by addition of organo-
metallic reagents to secondary amides. Nat. Chem. 2012, 4, 
228–234.    

(31) Fürstner, A. Carbon−carbon bond formations involving or-
ganochromium(III) reagents. Chem. Rev. 1999, 99, 991–1046. 

(32) Hargaden, G. C.; Guiry, P. J. The development of the asym-
metric Nozaki–Hiyama–Kishi reaction. Adv. Synth. Catal. 
2007, 349, 2407–2424. 

(33) Zeng, X.; Cong, X. Chromium-catalyzed transformations 
with Grignard reagents–new opportunities for cross-
coupling reactions. Org. Chem. Front. 2015, 2, 69–72. 

(34) Murakami, K.; Ohmiya, H.; Yorimitsu, H.; Oshima, K. Chro-
mium-catalyzed arylmagnesiation of alkynes. Org. Lett. 
2007, 9, 1569–1571. 

(35) Steib, A. K.; Kuzmina, O. M.; Fernandez, S.; Flubacher, D.; 
Knochel, P. Efficient chromium(II)-catalyzed cross-coupling 
reactions between Csp2 centers. J. Am. Chem. Soc. 2013, 135, 
15346–15349. 

(36) Kuzmina, O. M.; Knochel, P. Room-temperature chromi-
um(II)-catalyzed direct arylation of pyridines, aryl oxazolines, 
and imines using arylmagnesium reagents. Org. Lett. 2014, 
16, 5208–5211. 

(37) Cong, X.; Tang, H.; Zeng, X. Regio- and chemoselective Ku-
mada–Tamao–Corriu reaction of aryl alkyl ethers catalyzed 
by chromium under mild conditions. J. Am. Chem. Soc. 2015, 
137, 14367–14372. 

(38) Steib, A. K.; Kuzmina, O. M.; Fernandez, S.; Malhotra, S.; 
Knochel, P. Chemoselective chromium(II)-catalyzed 
cross-coupling reactions of dichlorinated heteroaromatics 

with functionalized aryl Grignard reagents. Chem.–Eur. J. 
2015, 21, 1961–1965. 

(39) Li, Y.; Deng, G.; Zeng, X. Chromium-catalyzed regioselec-
tive hydropyridination of styrenes. Organometallics 2016, 35, 
747–750. 

(40) Yan, J.; Yoshikai, N. Phenanthrene synthesis via chromium-
catalyzed annulation of 2-biaryl Grignard reagents and al-
kynes. Org. Lett. 2017, 19, 6630–6633. 

(41) Cong, X.; Fan, F.; Ma, P.; Luo, M.; Chen, H.; Zeng, X. Low-
valent, high-spin chromium-catalyzed cleavage of aromatic 
carbon–nitrogen bonds at room temperature: A combined 
experimental and theoretical study. J. Am. Chem. Soc. 
2017, 139, 15182–15190. 

(42) Yan, J.; Yoshikai, N. Chromium-catalyzed migratory aryl-
magnesiation of unactivated alkynes. Org. Chem. Front. 
2017, 4, 1972–1975. 

(43) Albahily, K.; Shaikh, Y.; Sebastiao, E.; Gambarotta, S.; 
Korobkov, I.; Gorelsky, S. I. Vinyl oxidative coupling as a syn-
thetic route to catalytically active monovalent chromium. J. 
Am. Chem. Soc. 2011, 133, 6388–6395. 

Page 5 of 6

ACS Paragon Plus Environment

ACS Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 
 

6 

Ar N
H

O
t-Bu + Ar'MgBr

TMSCl, THF, rt Ar

O

Ar'

Cost-effective Cr catalysis
Using simple secondary amides

Mild reaction conditions
Without addition of Grignard to ketone

Ph N

O
Ph

TMS

[Cr]
via

Cr

then NH4Cl/H2O

 

Page 6 of 6

ACS Paragon Plus Environment

ACS Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


