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Cobalt-Catalyzed Oxidative C-H/N-H Cross-Coupling: Selec-
tive and Facile Access to Triarylamines  

Cong Du, Peng-Xiang Li, Xinju Zhu, Jiao-Na Han, Jun-Long Niu,* and Mao-Ping Song* 

College of Chemistry and Molecular Engineering, Zhengzhou University, Zhengzhou 450001, P. R. China 

ABSTRACT: As a powerful synthetic tool for the formation of aromatic C−N bonds, the reported transition-metal-catalyzed direct C−H 
amination has been ineffective for the synthesis of triarylamines for a long time. Herein, an elegant strategy for the preparation of 
triarylamines was disclosed using inexpensive Co(OAc)2·4H2O as the catalyst. It is noteworthy that unactivated arenes and simple anilines 
were employed as the starting materials with good functional group tolerance. In addition, an organometallic Co(III) species was isolated and 
identified by X-ray crystallography, thus providing some in-depth insights into the mechanism.  

KEYWORDS. cobalt catalysis, C-H activation, C-H/N-H cross-coupling, amination, triarylamine  

Triarylamines are widely utilized in optoelectronic materials due 
to their prominent physical and electrochemical properties.1 Con-
ventional methods for their synthesis rely on the Pd or Cu cata-
lyzed coupling reactions between aryl halides and anilines 
(Ullmann and Buchwald−Hartwig reactions), which typically en-
counters pre-activated starting materials, multistep syntheses and 
stoichiometric amounts of metal halide byproducts (Scheme 1a).2 
Although some technical improvements have been made in recent 
years,3 these strategies still did not overcome the inherent re-
strictions. Therefore, it is highly desirable to develop an efficient 
and sustainable strategy for constructing these structures avoiding 
the use of aryl halides. 

Alternatively, transition-metal-catalyzed C-H amination has 
emerged as a straightforward and step-economical synthetic meth-
odology to form aromatic C-N bonds.4 To date, several amine 
sources have been successfully employed in direct Csp2-H 
amination (Scheme 1b).5 In particular, transition-metal-catalyzed 
cross-dehydrogenative coupling (CDC) amination is highly desira-
ble, in which non-preactivated aromatic amine were directly uti-
lized as a reactant (Scheme 1c).6 Pioneering studies in this area 
have been reported by Chatani 6a and Chang,6b who have demon-
strated Cu-mediated and Ir-catalyzed direct C−H amination with 
arylamine, respectively. Furthermore, Cu-mediated or catalyzed 
CDC amination with simple anilines was disclosed by Yu,6c 
Daugulis6d and Jana.6e Despite this great success, these strategies 
were unfortunately limited to the synthesis of diarylamine products. 

On the basis of above discussion, the syntheses of triarylamines 
via direct C–H functionalization from readily available starting 
materials is highly attractive, especially if the first-row transition 
metals could be used as the catalysts. Recently, the earth-abundant 
cobalt catalysts have received particular attention due to their high 
activities in C−H functionalizations.7 In particular, several catalytic 
systems have exhibited distinct reactivity on the construction of C-
C bond.8,9 Inspired by the previous progress, we attempted to ex-
plore an efficient method for the construction of C-N bond using 
simple cobalt salts as the catalyst.10,11 Herein, a new protocol for 
cobalt-catalyzed CDC amination is reported, which allows for se-

lective and facile access to triarylamines. (Scheme 1d). The main 
challenges for the strategy were listed as follows: 1) The cobalt 
catalyst is easily susceptible to the highly nucleophilic aniline, 
which may decrease the catalytic performance. 2) The sensitive 
anilines requires a finely tuned oxidant system. 3) The amination 
should be preferred to diarylamine products compared with the 
sterically congested triarylamines. 

 
Scheme 1. Representative Synthetic Methods for Diarylamine 
and Triarylamine 

Table 1. Optimization of the Cobalt-Catalyzed Amination 

 
entry solvent cooxidant ratio (3aa:3a')b 3aa (%)c 

1 MeOH Ag2CO3 49:51 15 

2 TFE Ag2CO3 67:33 18 

3 HFIP Ag2CO3 94:6 25 

4 HFIP Ag2SO4 50:50 16 

5 HFIP Mn(OAc)2
.4H2O 43:57 9 

6d HFIP - 50:50 21 

7d HFIP Cp2Fe 97:3 56 
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8d,e HFIP Cp2Fe 100:0 72 
aReaction conditions: 1a (0.2 mmol), 2a (0.2 mmol), Co(OAc)2·4H2O (20 
mol %), cooxidant or [Ag] (0.4 mmol), CsOAc (0.2 mmol), solvent (1.0 mL), 
air atmosphere, 12 h, 90 °C. bThe ratio was determined by 1H NMR analysis. 
cIsolated yield. dO2 atmosphere. e2a (0.6 mmol), CsOAc (0.4 mmol), HFIP (0.5 
mL), 100 °C. 

Our investigation to explore CDC aromatic amination began 
with the reaction of 8-aminoquinoline amide (1a) and aniline (2a) 
(Table 1 and Table S1-6 in the Supporting Information). Alcohol 
solvents (entries 1-3) can promote the amination reaction to pro-
duce triarylamine product (3aa), and non-protonic solvents, such 
as DMSO, PhMe, DCE, and CH3CN were ineffective. Various 
catalytic systems were also investigated and exhibited a great effect 
on the reaction efficiency. The previously reported catalytic sys-
tems in this area, such as Co(II)/Ag(I), Co(II)/Mn(II or III), and 
Co(II)/O2 catalytic system,9,11 all displayed some catalytic activities, 
yet proved to be less effective (entries 4-6). When ferrocene 
(Cp2Fe) was used as cooxidant, the yield of 3aa was improved to 56% 
and the selectivity increased to 97:3 (entry 7). After a series of ad-
justments,12 the highest yield (72%) and selectivity (100%) was 
obtained (entry 8). It is noteworthy that the diarylamine product 
was not detected during the optimization of the reaction conditions 
even with an excess of aniline.12 

Table 2. Scope with Respect to Aromatic Amides 

 

 
aReaction conditions: 1 (0.2 mmol), 2a (0.6 mmol), Co(OAc)2·4H2O (20 
mol %), Cp2Fe (0.4 mmol), CsOAc (0.4 mmol), HFIP (0.5 mL), O2 atmos-
phere, 12 h, 100 °C. b48 h. 

With the optimized reaction conditions in hand, the scope of 
benzamide substrates was firstly explored (Table 2). A variety of 
functional groups, such as alkyl groups (Me, Et, iPr, tBu), halogens 
(F, Cl, Br, I), phenyl, ester, and CF3, are well tolerated, providing 
aminated products in 52-83% yields (3ba-la). For unsymmetrical 
meta-substituted benzamides, the amination mainly occurred at the 
sterically less-hindered position (3ma-oa). This amination strategy 
further proved to be effective for ortho-monosubstituted 
benzamides (3pa-qa). Sterically congested disubstituted amides 

were also compatible with the transformation, thus furnishing the 
aminated product with two tetrasubstituted aromatic rings (3ra). 
Additionally, the substrates were not limited to substituted 
benzamides, direct amination of naphthalene and thiophene were 
also accessible (3sa-ta). 

Table 3. Scope with Respect to Anilines 

 

 
aReaction conditions: 1a (0.2 mmol), 2 (0.6 mmol), Co(OAc)2·4H2O (20 
mol %), Cp2Fe (0.4 mmol), CsOAc (0.4 mmol), HFIP (0.5 mL), O2 atmos-
phere, 12 h, 100 °C. b6 h. c24 h. 

Subsequently, the scope of the anilines was investigated (Table 
3). A variety of substituted anilines were compatible with the Co-
catalyzed amination regardless of the electronic properties of the 
substrates (3ab-an). It is noteworthy that the valuable groups (F, 
Cl, Br, I, COOMe) could be readily synthesized, which provides an 
opportunity for further elaboration. Although triarylamines con-
taining three ortho-monosubstituted aromatic rings are highly 
challenging even for traditional methods, the ortho-substituted 
anilines underwent reactions successfully to give the corresponding 
aminated products (3ao-aq). Specially, the steric hindrance 2-
aminodiphenyl (2q) could be coupled with benzamide. For 
disubstituted anilines, the reaction was also found to proceed 
smoothly. The strongly coordinating groups (arylpyridine and 
piperidine), which were employed as reagents for direct C-H func-
tionalization,9f,11b-c were fully tolerated with high chem- and regio-
selectivity (3at-au). 

To further demonstrate the potential application of this strategy, 
the gram-scale reaction of 1a and 2a was carried out and aminated 
product 3aa was obtained in 67% yield under slightly modified 
conditions.12 Next, the 8-aminoquinoline auxiliary could be easily 
removed and recovered by the simple base hydrolysis to afford the 
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triarylamine (4) containing ortho-carboxy-substituted benzene 
rings (Scheme 2). 

 

Scheme 2. Gram Scale Synthesis of Triarylamine (3aa) and 
Removal of the 8-Aminoquinoline Auxiliary 

 

 Scheme 3. Control Experiments and Mechanistic Studies 

To provide some insights into the mechanism of the Co-
catalyzed amination, a sequence of control experiments and mech-
anistic studies were carried out (Scheme 3). Under an argon at-
mosphere, Co(OAc)2·4H2O and Cp2Fe could not promote the 
reaction (Scheme 3, eq 1), whereas this transformation could occur 
with Co(II)/Ag(I), Co(II)/Mn(II or III), and Co(II)/O2 catalytic 
system (Table 1). Without any cobalt salt, the amination did not 
occur.12 These facts indicate that oxygen should be the actual oxi-
dant and Cp2Fe should be the cooxidant. When stoichiometric 
Co(acac)3 was employed under Ar, the aminated product 3aa 
could be obtained. Benzamide or cyclometalated Co(III) species 
513 did not react with phenylazide, whereas the organometallic 
species 5 and aniline could be transformed into 3pa (Scheme 3, eq 
2). These facts indicate that the reaction process probably initiates 
from a cobalt(III) species and should not involve a higher valence 
Co-imido species. Next, several diarylamines were attempted for C-
H amination with benzamide 1a (Scheme 3, eq 3), which showed 
only the compound 6 could give triarylamine product. These re-
sults indicate that this amination reaction might undergo a stepwise 
pathway and the 8-aminoquinoline directing group is the key moie-
ty for subsequent amination. Furthermore cyclometalated Co(III) 
compound 7 could be obtained from the reaction of 6 with stoichi-
ometric amounts Co(OAc)2·4H2O at room temperature under air 

(Scheme 3, eq 4). When the compound 7 was placed under basic or 
acidic conditions, the dimerization product 8 was generated 
(Scheme 3, eq 5), which indicated that two C-H/N-H activation 
steps might occur in a stepwise manner involving an Co(III)/Co(I) 
cycle. In addition, a kinetic isotope effect (KIE) value of 1.6 was 
observed in the reaction of 1a and [D5]-1a with 2a; 2.4 was ob-
served in the reaction of 1a and [D5]-1a with 6. Meanwhile, the 
KIEs of 1.2 (for the reaction of 1a or [D5]-1a and 2a) and 1.5 (for 
the reaction of 1a or [D5]-1a and 6) were observed in parallel reac-
tions, suggesting that the C-H bond cleavage was not involved in 
the rate-limiting step.12 

 
Scheme 4. Proposed Reaction Mechanism 

Based on the above mechanistic studies and relevant litera-
tures,6,9-11 a plausible mechanism is proposed in Scheme 4. Initially, 
cobalt salt was oxidized to Co(III) species in the presence of Cp2Fe 
and O2, which activated the ortho C−H bond of benzamide to form 
the intermediate A. After the coordination of aniline, the interme-
diate B was obtained. As shown above in Scheme 3, when 
phenylazide was utilized instead of aniline, neither the diarylamine 
nor triarylamine could be detected. Also, benzamide (1a) and spe-
cies 5 could be converted to triarylamines under an argon atmos-
phere. So, it is more likely that the intermediate B underwent 
deprotonation to give intermediate C. However, the dissociative 
diarylamine could not be detected during the reaction optimiza-
tions probably due to the strong chelation of the diarylamine 6 and 
cobalt salt. Subsequently, the intermediate C was oxidized to 
Co(III) species, followed by coordination with benzamide via C-H 
bond activation, which led to key intermediate D. It is also possible 
that intermediate D was generated via a ligand exchange between 
intermediate C and A. Finally, the aminated product 3aa was ob-
tained by deprotonation and reductive elimination, accompanied 
with the regeneration of Co(III) by the oxidant (O2) and cooxidant 
(Cp2Fe). Although the above mentioned experiments suggest a 
Co(III)/Co(I) cycle, the Co(IV)/Co(II) cycle could not be com-
pletely excluded. 

In conclusion, we have successfully demonstrated Co(II)-
catalyzed oxidative C-H/N-H cross-coupling reactions between 
unactivated arene and simple aniline to accomplish the 
triarylamines using commercially available Co(OAc)2·4H2O as the 
catalyst and Cp2Fe as the cooxidant. The significant aspects of our 
work include: 1) The sterically congested triarylamines were ob-
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tained with high chemoselectivity via twofold CDC amination. 2) 
A wide range of functional groups including electron-donating and 
electron-withdrawing groups were compatible under the current 
methodology. This protocol could provide new insight into Co-
catalyzed C-H functionalization for the formation of C−N bonds, 
which paves the way for other Co-catalyzed carbon−heteroatom 
bond cross-coupling reactions. 

ASSOCIATED CONTENT 

Supporting Information. Experimental procedures, spectral data for 
new compounds and single crystal X-ray diffraction data for compound 
3aa, 7. “This material is available free of charge via the Internet at 
http://pubs.acs.org.” 

AUTHOR INFORMATION 

Corresponding Author 

*E-mail: niujunlong@zzu.edu.cn (J.-L Niu).  
*E-mail: mpsong@zzu.edu.cn (M.-P Song). 
 
Notes 
The authors declare no competing financial interest. 

ACKNOWLEDGMENT 

The work was supported by the National Natural Science Foundation 
of China (Nos. 21502173, 21672192), Outstanding Young Talent 
Research Fund of Zhengzhou University (No. 1521316002). 

REFERENCES 
(1) (a) Strohriegl, P.; Grazulevicius, J. V. Adv. Mater. 2002, 14, 1439. (b) 

Ning, Z.; Tian, H. Chem. Commun. 2009, 5483-5495.  
(2) For selected reviews on Ullmann and Buchwald−Hartwig reactions, 

see : (a) Ley, S. V.; Thomas, A. W. Angew. Chem. Int. Ed. 2003, 42, 5400-
5449. (b) Monnier, F.; Taillefer, M. Angew. Chem. Int. Ed. 2009, 48, 6954-
6971. (c) Surry, D. S.; Buchwald, S. L. Chem. Sci. 2011, 2, 27-50. 

(3) For selected examples: (a) Chen, C.; Yang, L. M. Org. Lett. 2005, 7, 
2209-2211. (b) Hatakeyama, T.; Imayoshi, R.; Yoshimoto, Y.; Ghorai, S. K.; 
Jin, M.; Takaya, H.; Norisuye, K.; Sohrin, Y.; Nakamura, M. J. Am. Chem. 
Soc. 2012, 134, 20262-20265. 

(4) For recent reviews on transition-metal-catalyzed C−H bonds 
amination, see : (a) Jiao, J.; Murakami, K.; Itami, K. ACS Catal. 2016, 6, 
610-633. (b) Kim, H.; Chang, S. ACS Catal. 2016, 6, 2341-2351. (c) Park, 
Y.; Kim, Y.; Chang, S. Chem. Rev. 2017, 117, in press, DOI: 
10.1021/acs.chemrev.6b00644. For selected examples, see: (d) Matsubara, 
T.; Asako, S.; Ilies, L.; Nakamura, E. J. Am. Chem. Soc. 2014, 136, 646-649. 
(e) Zhu, C.; Yi, M.; Wei, D.; Chen, X.; Wu, Y.; Cui, X. Org. Lett. 2014, 16, 
1840-1843. (f) Seth, K.; Raha Roy, S.; Chakraborti, A. K. Chem. Commun. 
2016, 52, 922-925. 

(5) For selected examples, see : (a) Ryu, J.; Shin, K.; Park, S. H.; Kim, J. 
Y.; Chang, S. Angew. Chem. Int. Ed. 2012, 51, 9904-9908. (b) Lee, D.; 
Kim, Y.; Chang, S. J. Org. Chem. 2013, 78, 11102-11109. (c) Du, J.; Yang, 
Y.; Feng, H.; Li, Y.; Zhou, B. Chem. Eur. J. 2014, 20, 5727-5731. (d) Yu, S.; 
Tang, G.; Li, Y.; Zhou, X.; Lan, Y.; Li, X. Angew. Chem. Int. Ed. 2016, 55, 
8696-8700. (e) Zou, M.; Liu, J.; Tang, C.; Jiao, N. Org. Lett. 2016, 18, 
3030-3033. 

(6) For selected examples on CDC amination, see: (a) Uemura, T.; 
Imoto, S.; Chatani, N. Chem. Lett. 2006, 35, 842-843. (b) Kim, H.; Shin, 
K.; Chang, S. J. Am. Chem. Soc. 2014, 136, 5904-5907. (c) Shang, M.; Sun, 
S.-Z.; Dai, H.-X.; Yu, J.-Q. J. Am. Chem. Soc. 2014, 136, 3354-3357. (d) 
Roane, J.; Daugulis, O. J. Am. Chem. Soc. 2016, 138, 4601-4607. (e) Singh, 
B. K.; Polley, A.; Jana, R. J. Org. Chem. 2016, 81, 4295-4303.  

(7) For recent reviews: (a) Ackermann, L. J. Org. Chem. 2014, 79, 
8948-8954. (b) Gao, K.; Yoshikai, N. Acc. Chem. Res. 2014, 47, 1208-1219. 

(c) Moselage, M.; Li, J.; Ackermann, L. ACS Catal.  2016, 6, 498−525. (d) 
Wei, D.; Zhu, X.; Niu, J.-L.; Song, M.-P. ChemCatChem 2016, 8, 1242-
1263. 

(8) For selected examples of Cp*Co(III)-catalyzed C-H bond function-
alization on C-C bond formation, see: (a) Yoshino, T.; Ikemoto, H.; 
Matsunaga, S.; Kanai, M. Chem. Eur. J. 2013, 19, 9142-9146. (b) Yoshino, 
T.; Ikemoto,H.; Matsunaga, S.; Kanai, M. Angew. Chem. Int. Ed. 2013, 52, 
2207-2211. (c) Yu, D.-G.; Gensch, T.; de Azambuja, F.; Vásquez-Céspedes, 
S.; Glorius, F. J. Am. Chem. Soc. 2014, 136, 17722-17725. (d) Hummel, J. 
R.; Ellman, J. A. J. Am. Chem. Soc. 2015, 137, 490-498. (e) Sun, B.; 
Yoshino, T.; Kanai, M.; Matsunaga, S. Angew. Chem. Int. Ed. 2015, 54, 
12968-12972. (f) Zell, D.; Bu, Q.; Feldt, M.; Ackermann, L. Angew. Chem. 
Int. Ed. 2016, 55, 7408–7412. (g) Liang, Y.; Jiao, N. Angew. Chem. Int. Ed. 
2016, 55, 4035-4039. (h) Prakash, S.; Muralirajan, K.; Cheng, C.-H. Angew. 
Chem. Int. Ed. 2016, 55, 1844-1848. (i) Boerth, J. A.; Hummel, J. R.; 
Ellman, J. A. Angew. Chem. Int. Ed. 2016, 55, 12650-12654. (j) Lerchen, 
A.; Knecht, T.; Daniliuc, C. G.; Glorius, F. Angew. Chem. Int. Ed. 2016, 55, 
15166-15170. 

(9) For selected examples of Cp*-free cobalt-catalyzed C-H bond func-
tionalization on C-C bond formation, see: (a) Grigorjeva, L.; Daugulis, O. 
Angew. Chem. Int. Ed. 2014, 53, 10209-10212. (b) Zhang, L.-B.; Hao, X.-
Q.; Zhang, S.-K.; Liu, Z.-J.; Zheng, X.-X.; Gong, J.-F.; Niu, J.-L.; Song, M.-P. 
Angew. Chem. Int. Ed. 2015, 54, 272-275. (c) Zhang, J.; Chen, H.; Lin, C.; 
Liu, Z.; Wang, C.; Zhang, Y. J. Am. Chem. Soc. 2015, 137, 12990-12996. 
(d) Zhang, L.-B.; Hao, X.-Q.; Liu, Z.-J.; Zheng, X.-X.; Zhang, S.-K.; Niu, J.-
L.; Song, M.-P. Angew. Chem. Int. Ed. 2015, 54, 10012-10015. (e) 
Gandeepan, P.; Rajamalli, P.; Cheng, C.-H. Angew. Chem. Int. Ed. 2016, 
55, 4308-4311. (f) Du, C.; Li, P.-X.; Zhu, X.; Suo, J.-F.; Niu, J.-L.; Song, M.-
P. Angew. Chem. Int. Ed. 2016, 55, 13571-13575. (g)Tan, G.; He, S.; 
Huang, X.; Liao, X.; Cheng, Y.; You, J. Angew. Chem. Int. Ed. 2016, 55, 
10414-10418. (h) Thrimurtulu, N.; Dey, A.; Maiti, D.; Volla, C. M. R. 
Angew. Chem. Int. Ed. 2016, 55, 12361-12365. 

(10) For selected examples of Cp*Co(III)-catalyzed C-H bond aro-
matic amination, see: (a) Sun, B.; Yoshino, T.; Matsunaga, S.; Kanai, M. 
Adv. Synth. Catal. 2014, 356, 1491-1495. (b) Liang, Y.; Liang, Y.-F.; Tang, 
C.; Yuan, Y.; Jiao, N. Chem. Eur. J. 2015, 21, 16395-16399. (c) Park, J.; 
Chang, S. Angew. Chem. Int. Ed. 2015, 54, 14103-14107. (d) Sun, B.; 
Yoshino, T.; Matsunaga, S.; Kanai, M. Chem. Commun. 2015, 51, 4659-
4661. (e) Patel, P.; Chang, S. ACS Catal. 2015, 5, 853-858. (f) Wang, H.; 
Lorion, M. M.; Ackermann, L. Angew. Chem. Int. Ed. 2016, 55, 10386-
10390. 

(11) For selected examples of Co(II)-catalyzed C-H bond amination, 
see: (a) Wu, X.; Yang, K.; Zhao, Y.; Sun, H.; Li, G.; Ge, H. Nat. Commun. 
2015, 6, 6462-6472. (b) Zhang, L.-B.; Zhang, S.-K.; Wei, D.; Zhu, X.; Hao, 
X.-Q.; Su, J.-H.; Niu, J.-L.; Song, M.-P. Org. Lett. 2016, 18, 1318-1321. (c) 
Yan, Q.; Xiao, T.; Liu, Z.; Zhang, Y. Adv. Synth. Catal. 2016, 358, 2707-
2711.  

(12) For detailed information, see the Supporting Information. 
(13) Organometallic species 5 was synthesized according to literature 

procedure: Maity, S.; Kancherla, R.; Dhawa, U.; Hoque, E.; Pimparkar, S.; 
Maiti, D. ACS Catal. 2016, 6, 5493-5499. 
 

Page 4 of 5

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



 

 

5

Table of Contents  

 

Page 5 of 5

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


