
 FULL PAPER 

 
 * E-mail: xiaominxie@sjtu.edu.cn; Tel.: 0086-21-5474-8925; Fax: 0086-21-5474-8925 
  Received April 18, 2017; accepted May 12, 2017; published online XXXX, 2017. 
  Supporting information for this article is available on the WWW under http://dx.doi.org/10.1002/cjoc.201700276 or from the author.  
   

Chin. J. Chem. 2017, XX, 1—6 © 2017 SIOC, CAS, Shanghai, & WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim  1 

DOI: 10.1002/cjoc.201700276 

PdCl2(Ph3P)2/Salicylaldimine Catalyzed Diarylation of Anilines 

with Unactivated Aryl Chlorides 

Xiaochun Tao,a Lei Li,a Yu Zhou,b Xuanying Qian,a Min Zhao,*,a Liangzhen Cai,a  

and Xiaomin Xie*,b　 

a School of Chemistry and Molecular Engineering, East China University of Science and Technology, 
Shanghai 200237, China 

b School of Chemistry and Chemical Engineering, Shanghai Jiao Tong University, Shanghai 200240, China 

Triphenylphosphine and salicylaldimine could be used as a mixed ligand system to obtain a high catalytic activ-
ity for palladium catalyzed diarylation of primary anilines with unactivated aryl chlorides by the synergistic effect 
of ligands. The activity and selectivity of the catalytic system could be improved by modifying the structure of sa-
licylaldimine. In refluxing o-xylene, PdCl2(Ph3P)2 with 2,5-ditrifluoromethyl N-phenylsalicylaldimine as a coligand 
shows high efficiency for the diarylation of various anilines. The catalytic system shows good toleration for the ste-
ric hindrance of the substrates. The facile catalytic system works as well on the multiple arylation of 1,1'-biphenyl- 
4,4'-diamine with aryl chlorides to afford N,N,N',N'-tetraaryl-1,1'-biphenyl-4,4'-diamines which are important in-
termediates of organic light emitting diode (OLED) hole transport materials. 
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Introduction 

The palladium-catalyzed cross-coupling of aryl hal-
ides and amines is a well C(sp2)－N bond-forming 
methodology and has been found widespread using in 
many areas, such as the synthesis of important interme-
diates for fine chemicals, photographic materials, con-
ducting polymers and pharmaceuticals.[1] In recent years, 
a considerable effort in ligand designing has been de-
voted to improving the efficiency and the substrate 
scope of the cross-coupling reactions. Most ligands 
were designed and synthesized which bear the elec-
tron-rich and steric bulk character to promote the oxida-
tive addition of the organic electrophile and the reduc-
tive elimination of the desired coupling product to re-
generate the catalytically active species, such as bulky 
and electron-rich phosphine[2] and N-heterocyclic car-
bene ligands.[3] However, the syntheses of these ligands 
always suffer from tedious steps or expensive materials. 
Recent researches show that ancillary ligands surround-
ing the catalytic metal center also play a very crucial 
role in their catalytic performance.[4] Therefore, using a 
mixed ligand system may be an alternative strategy to 
obtain a high catalytic activity by the synergistic effect 
of ligands, which is a synthetically convenient method 
to adjust the electronic and steric environments sur-
rounding the catalytic center.  

Triphenylphosphine (Ph3P), a simple and cost-effi-

cient phosphine, has been used as a ligand in most of 
Pd-catalyzed coupling reactions.[5] However, it is gener-
ally less effective for the intermolecular coupling reac-
tion of amines and aryl halides, possibly due to its rela-
tively less electron richness and smaller steric hin-
drance.[6] Therefore, seeking an accessible ancillary 
ligand to improve the activity of PdCl2(Ph3P)2 for the 
formation of C－N bonds is attractive, because the in-
dustrial process appeals to the inexpensive and readily 
accessible catalytic systems.[1c] Salicylaldimine ligands 
are a type of simple and versatile bidentate ligands 
which can be readily prepared by the condensation of 
amines with salicylaldehyde. Moreover, the electronic 
and steric properties of these ligands can be easily tuned 
using appropriate substituents. These ligands have been 
utilized extensively in the metal catalyzed reactions.[7] 
Jin et al. utilized salicylaldimines as ancillary ligands in 
the Pd/N-heterocyclic carbene catalytic system to de-
velop an effective catalytic system for the coupling of 
aryl chlorides and amines under aerobic conditions.[4a] 
Our preliminary research found that PdCl2(Ph3P)2/sali-
cylaldimine catalytic system showed good catalytic ac-
tivity for the palladium catalyzed amination of unacti-
vated aryl chlorides with anilines to prepare diaryla-
mines.[8] However, the catalytic system did not work 
effectively for the synthesis of triarylamines which are 
commonly encountered in photographic materials and 
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conducting polymers.[9] The problems for diarylation of 
anilines with unactivated arylchlorides are that the 
monoarylation intermedium, secondary aryl amine, 
shows less nucleophilicity and bulkier hindrance for 
coupling. Herein, we reported that palladium and simple 
mixed ligand (triphenylphosphine and salicylaldimine) 
catalyzed effectively the diarylation of anilines with 
unactivated aryl chlorides, and the effect of steric and 
electronic nature of ancillary ligands (salicylaldimines) 
on the catalytic activity for the diarylation. 

Experimental  

Materials and methods 

All reagents and solvents were obtained from com-
mercial sources. Anhydrous toluene was pre-dried over 
sodium wire prior to continuous distillation over sodi-
um-benzophenone. Xylene and mesitylene were pre- 
dried over sodium wire and freshly distilled. Reactions 
were routinely carried out under an atmosphere of ni-
trogen with magnetic stirring. The crude products were 
purified by flash column chromatography on silica gel. 
1H NMR and 13C NMR spectra were recorded on 500 or 
400 MHz spectrometer. High resolution mass spectra 
(HRMS) were obtained on an ESI-TOF mass spectrom-
eter.  

Experimental procedure and characterization data 
of salicylaldimine (L1－L11) 

To a solution of aniline (1.0 equiv., 10.0 mmol) and 
salicylaldehyde (1.1 equiv, 11.0 mmol) in anhydrous 
ethanol (20 mL) was added a drop of formic acid at 
room temperature (25 ℃). The mixture was heated to 
reflux and stirred for 6 h. The reaction completion was 
detected by TLC. After cooling to room temperature, an 
amount of crystalline solid was precipitated. The mix-
ture was filtrated and the solid was washed with ethanol 
(5 mL×2). The salicylaldimine was obtained after dry-
ing in vacuo.  

2-((Phenylimino)methyl)phenol (L1)[10]  Yellow 
acicular crystal (yield: 85%); m.p. 51－52 ℃; 1H NMR 
(500 MHz, CDCl3) δ: 13.26 (br, 1H), 8.60 (s, 1H), 7.35
－7.43 (m, 4H) 7.26－7.29 (m, 3H), 7.02 (d, J＝7.5 Hz, 
1H), 6.93 (t, J＝7.5 Hz, 1H); 13C NMR (125 MHz, 
CDCl3) δ: 117.20, 118.99, 119.17, 121.11, 126.83, 
129.34, 132.23, 133.08, 148.44, 161.12, 162.60. 

(E)-2-((p-Tolylimino)methyl)phenol (L2)[11]  Yel-
low acicular crystal (yield: 89%); m.p. 90－91 ℃; 1H 
NMR (500 MHz, CDCl3) δ: 13.36 (br, 1H), 8.62 (s, 1H), 
7.37－7.41 (m, 2H), 7.19－7.25 (m, 4H), 7.01 (d, J＝
7.5 Hz, 1H), 6.91 (t, J＝7.5 Hz, 1H), 2.38 (s, 3H); 13C 
NMR (125 MHz, CDCl3) δ: 21.01, 117.48, 119.10, 
121.01, 129.97, 132.01, 132.74, 136.90, 145.85, 161.59. 

(E)-2-(((4-Methoxyphenyl)imino)methyl)phenol  
(L3)[12]  Yellow acicular crystal (yield: 93%); m.p. 84
－85 ℃; 1H NMR (500 MHz, CDCl3) δ: 13.41 (br, 1H), 
8.60 (s, 1H), 7.34－7.38 (m, 2H), 7.25－7.28 (m, 2H), 
7.02 (d, J＝7.5 Hz, 1H), 6.91－6.95 (m, 3H), 3.83 (s, 

3H); 13C NMR (125 MHz, CDCl3) δ: 55.50, 114.61, 
117.14, 118.94, 119.38, 122.26, 131.93, 132.65, 141.37, 
158.85, 160.41, 161.01. 

(E)-2-(((4-Fluorophenyl)imino)methyl)phenol 
(L4)[13]  Yellow acicular crystal (yield: 89%); m.p. 80
－81 ℃; 1H NMR (500 MHz, CDCl3) δ: 13.09 (br, 1H), 
8.57 (s, 1H), 7.36－7.39 (m, 2H), 7.24－7.26 (m, 2H), 
7.10 (t, J＝7.5 Hz, 2H), 7.02 (d, J＝7.5 Hz, 1H), 6.94 (t, 
J＝7.5 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ: 116.05, 
116.23, 117.22, 119.08, 122.51, 122.58, 132.24, 133.16, 
144.60, 160.63, 161.02, 162.37, 162.59; 19F NMR (376 
MHz, CDCl3) δ: 115.51. 

(E)-2-(((2-Fluorophenyl)imino)methyl)phenol  
(L5)[13]  Yellow acicular crystal (yield: 90%); m.p. 69
－70 ℃; 1H NMR (500 MHz, CDCl3) δ: 13.04 (br, 1H), 
8.71 (s, 1H), 7.39 (t, J＝7.5 Hz, 2H), 7.17－7.28 (m, 
4H), 7.04 (d, J＝7.5 Hz, 1H), 6.95 (t, J＝7.5 Hz, 1H); 
13C NMR (125 MHz, CDCl3) δ: 116.48, 116.63, 117.42, 
119.06, 121.45, 124.61, 124.66, 127.79, 127.85, 132.45, 
133.53, 136.33, 154.70, 156.69, 161.34, 164.58; 19F 
NMR (376 MHz, CDCl3) δ: 125.58. 

(E)-2-(((2,4-Difluorophenyl)imino)methyl)phenol  
(L6)[8]  Yellow acicular crystal (yield: 90%); m.p. 51－
53 ℃; 1H NMR (500 MHz, CDCl3) δ: 12.94 (br, 1H), 
8.65 (s, 1H), 7.36－7.40 (m, 2H), 7.22－7.27 (m, 1H), 
7.02 (d, J＝7.5 Hz, 1H), 6.90－6.95 (m, 3H); 13C NMR 
(125 MHz, CDCl3) δ: 104.71, 104.91, 105.11, 111.49, 
111.67, 117.38, 119.03, 119.11, 121.81, 121.88, 132.43, 
133.57, 154.76, 156.78, 160.16, 161.19, 162.15, 164.24; 
19F NMR (376 MHz, CDCl3) δ: 111.64, 111.66, 
120.68, 120.70. 

(E)-2-(((3,4-Difluorophenyl)imino)methyl)phenol 
(L7)  Yellow acicular crystal (yield: 94%); m.p. 88－
89 ℃; 1H NMR (500 MHz, CDCl3) δ: 12.79 (br, 1H), 
8.55 (s, 1H), 7.38－7.41 (m, 2H), 7.17－7.23 (m, 1H), 
7.10－7.14 (m, 1H), 7.02－7.03 (m, 2H), 6.95 (t, J＝7.5 
Hz, 1H); 13C NMR (125 MHz, CDCl3) δ: 110.06, 110.21, 
117.32, 117.67, 117.81, 118.83, 119.26, 132.50, 133.62, 
145.15, 148.22, 149.70, 150.29, 151.58, 161.05, 163.36; 
19F NMR (376 MHz, CDCl3) δ: 135.55, 135.61, 
139.69, 139.74; HRMS (m/z): calcd for C13H9F2NO 
(M＋

＋H): 234.0730, found: 234.0734. 
(E)-2-(((2-(Trifluoromethyl)phenyl)imino)methyl)-  

phenol (L8)[14]  Yellow acicular crystal (yield: 91%); 
m.p. 51－53 ℃; 1H NMR (500 MHz, CDCl3) δ: 12.55 
(br, 1H), 8.58 (s, 1H), 7.72 (d, J＝7.5 Hz, 1H) 7.60 (t,  
J＝7.5 Hz, 1H), 7.41－7.43 (m, 2H), 7.36 (t, J＝7.5 Hz, 
1H), 7.24 (d, J＝7.5 Hz, 1H), 7.05 (d, J＝7.5 Hz, 1H), 
6.95 (t, J＝7.5 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ: 
117.52, 119.01, 119.19, 119.38, 122.71, 124.89, 126.31, 
126.55, 126.59, 132.72, 133.15, 133.98, 147.05, 161.22, 
164.10; 19F NMR (376 MHz, CDCl3) δ: 60.49. 

(E)-2-(((3-(Trifluoromethyl)phenyl)imino)methyl)- 
phenol (L9)[15]  Yellow acicular crystal (yield: 95%); 
m.p. 85－86 ℃; 1H NMR (500 MHz, CDCl3) δ: 12.81 
(br, 1H), 8.63 (s, 1H), 7.51－7.55 (m, 3H) 7.40－7.44 
(m, 3H), 7.04 (d, J＝7.5 Hz, 1H), 6.97 (t, J＝7.5 Hz, 
1H); 13C NMR (125 MHz, CDCl3) δ: 117.39, 118.01, 
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118.03, 118.90, 119.29, 123.31, 123.34, 124.58, 139.98, 
132.63, 133.78, 149.19, 161.18, 164.19; 19F NMR (376 
MHz, CDCl3) δ: 62.64. 

(E)-2-(((2,4-Bis(trifluoromethyl)phenyl)imino)- 
methyl)phenol (L10)  Yellow acicular crystal (yield: 
95%); m.p. 142－143 ℃; 1H NMR (500 MHz, CDCl3) 
δ: 12.19 (br, 1H), 8.59 (s, 1H), 7.97 (s, 1H) 7.87 (d, J＝
7.5 Hz, 1H), 7.43－7.47 (m, 2H), 7.33 (d, J＝7.5 Hz, 
1H), 7.05 (d, J＝7.5 Hz, 1H), 6.97 (t, J＝7.5 Hz, 1H); 
13C NMR (125 MHz, CDCl3) δ: 117.70, 118.71, 119.49, 
120.35, 121.93, 124.10, 124.81, 128.37, 128.64, 130.29, 
133.14, 134.80, 150.19, 161.38, 165.66; 19F NMR (376 
MHz, CDCl3) δ: 61.05, 62.43; HRMS (m/z): calcd for 
C15H9F6NO (M＋

＋H): 334.0667, found: 334.0659. 
(E)-2-(((2,5-Bis(trifluoromethyl)phenyl)imino)- 

methyl)phenol (L11)  Yellow acicular crystal (yield: 
96%); m.p. 90－91 ℃; 1H NMR (500 MHz, CDCl3) δ: 
12.25 (br, 1H), 8.62 (s, 1H), 7.85 (d, J＝7.5 Hz, 1H), 
7.62 (d, J＝7.5 Hz, 1H), 7.43－7.47 (m, 3H), 7.05 (d,  
J＝7.5 Hz, 1H), 6.98 (t, J＝7.5 Hz, 1H); 13C NMR (125 
MHz, CDCl3) δ: 116.62, 116.64, 117.62, 118.72, 119.44, 
121.98, 122.82, 122.84, 124.15, 127.45, 127.49, 133.14, 
134.67, 147.89, 161.33, 165.48; 19F NMR (376 MHz, 
CDCl3) δ: 61.14, 63.15; HRMS (m/z): calcd for 
C15H9F6NO (M＋

＋H): 334.0667, found: 334.0658. 

Experimental procedure for the diarylation of ani-
lines catalyzed by PdCl2(Ph3P)2/L11 

In a Schlenk tube with a magnetic bar, t-BuONa (3.0 
mmol) was suspended in o-xylene (8.0 mL), and then 
aryl chloride (2.5 mmol), aryl amine (1.0 mmol), 
PdCl2(Ph3P)2 (21.0 mg, 3.0 mol%) and L11 (20.0 mg, 
6.0 mol%) were added in sequence under nitrogen. The 
resulting mixture was stirred at reflux (145 ℃) for 12 h 
under nitrogen. After the solvent was evaporated in 
vacuo, the residue was purified by flash column chro-
matography (petroleum ether and ethyl acetate) to give 
the product. The purified products were characterized 
by comparing their 1H and 13C NMR spectra with those 
found in literatures. 

Procedure for the tetraarylation of 4,4'-diaminobi-
phenyl catalyzed by PdCl2(Ph3P)2/L11 

In a Schlenk tube with a magnetic bar, 4,4'-diamino-
biphenyl hydrochloride (128.5 mg, 0.5 mmol) was sus-
pended in o-xylene (8.0 mL), and then NaH (40.0 mg, 1 
mmol, 60%) was added. The mixture was stirred for 30 
min at room temperature. Then t-BuONa (6.0 mmol), 
aryl chloride (6.0 mmol), PdCl2(Ph3P)2 (21.0 mg, 3.0 
mol%) and L11 (20.0 mg, 6.0 mol%) were added in 
sequence under nitrogen. The resulting mixture was 
stirred at reflux (145 ℃) for 24 h under nitrogen. After 
the solvent was evaporated in vacuo, the residue was 
purified by flash column chromatography (petroleum 
ether and ethyl acetate) to give the product. 

N4,N4,N4',N4'-Tetraphenyl-[1,1'-biphenyl]-4,4'-di- 
amine (6a)[16]  White solid (yield: 93%); m.p.: 222－
224 ℃; 1H NMR (500 MHz, CDCl3) δ: 7.36 (d, J＝8.5 

Hz, 4H), 7.16－7.19 (m, 8H), 7.04－7.05 (m, 12H), 
6.94 (t, J＝7.5 Hz, 4H); 13C NMR (125 MHz, CDCl3) δ: 
122.81, 124.08, 124.30, 127.28, 129.23, 134.76, 146.75, 
147.74.  

N4,N4,N4',N4'-Tetra-p-tolyl-[1,1'-biphenyl]-4,4'-di- 
amine (6b)[17]  White solid (yield: 92%); m.p.: 213－
215 ℃; 1H NMR (500 MHz, CDCl3) δ: 7.38 (d, J＝8.5 
Hz, 4H), 7.04－7.06 (m, 12H), 7.01 (d, J＝8.5 Hz, 8H), 
2.30 (s, 12H); 13C NMR (125 MHz, CDCl3) δ: 20.83, 
122.98, 124.55, 127.09, 129.88, 132.41, 134.03, 145.37, 
147.05.  

N4,N4,N4',N4'-Tetra-(p-methoxyphenyl)-[1,1'-biphe- 
nyl]-4,4'-diamine (6c)[18]  White solid (yield: 72%); 
m.p.: 177－180 ℃; 1H NMR (500 MHz, CDCl3) δ: 
7.38 (d, J＝8.0 Hz, 4H), 7.01 (d, J＝8.0 Hz, 8H), 6.89 
(d, J＝8.0 Hz, 8H), 6.80 (d, J＝8.0 Hz, 4H), 3.73 (s, 
12H); 13C NMR (125 MHz, CDCl3) δ: 55.70, 115.40, 
120.48, 126.92, 127.06, 132.27, 140.68, 147.59, 156.10. 

N4,N4,N4',N4'-Tetra-m-tolyl-[1,1'-biphenyl]-4,4'-di- 
amine (6d)[19]  White solid (yield: 90%); m.p.: 166－
169 ℃; 1H NMR (500 MHz, CDCl3) δ: 7.44 (d, J＝8.0 
Hz, 4H), 7.14 (t, J＝8.0 Hz, 4H), 7.07 (d, J＝8.0 Hz, 
4H) , 6.94 (s, 4H), 6.91 (d, J＝8.0 Hz, 4H), 6.83 (d, J＝
8.0 Hz, 4H), 2.30 (s, 12H); 13C NMR (125 MHz, CDCl3) 
δ: 21.41, 121.58, 123.65, 123.97, 125.02, 127.15, 
129.99, 134.46, 139.04, 146.91,147.76.  

N4,N4,N4',N4'-Tetra-o-tolyl-[1,1'-biphenyl]-4,4'-di- 
amine (6e)  White solid (yield: 88%); m.p.: 195－
196 ℃; 1H NMR (500 MHz, CDCl3) δ: 7.23 (d, J＝8.0 
Hz, 4H), 7.20 (d, J＝8.0 Hz, 4H), 7.14 (t, J＝8.0 Hz, 
4H), 6.96－6.98 (m, 4H), 6.95 (t, J＝8.0 Hz, 4H), 6.88
－6.92 (m, 4H), 2.26 (s, 12H); 13C NMR (125 MHz, 
CDCl3) δ: 18.23, 117.75, 119.21, 120.77, 122.36, 127.10, 
128.70, 129.64, 131.28, 141.54, 144.34; HRMS (m/z): 
calcd for C40H36N2 (M ＋

＋ H): 545.2957, found: 
545.2912. 

N4,N4,N4',N4'-Tetrakis(3-methoxyphenyl)-[1,1'-bi- 
phenyl]-4,4'-diamine (6f)[19]  White solid (yield: 79%); 
m.p.: 146－148 ℃; 1H NMR (500 MHz, CDCl3) δ: 
7.45 (d, J＝8.3 Hz, 4H), 7.13－7.17 (m, 8H), 6.67－
6.72 (m, 8H), 6.58 (d, J＝8.0 Hz, 4H), 3.73 (s, 12H); 
13C NMR (125 MHz, CDCl3) δ: 55.25, 108.36, 110.17, 
116.85, 124.56, 127.29, 129.79, 135.02, 146.51, 148.85, 
160.49.  

N1,N1'-([1,1'-Biphenyl]-4,4'-diyl)bis(N1-(4-(diphe- 
nylamino)phenyl)-N4,N4-diphenylbenzene-1,4-diamine) 
(6g)[19]  Yellow solid (yield: 60%); m.p.: 213－215 ℃; 
1H NMR (500 MHz, C6D6) δ: 7.37 (d, J＝8.0 Hz, 4H), 
7.19 (d, J＝8.0 Hz, 4H), 7.11－7.14 (m, 16H), 7.02－
7.05 (m, 24H), 6.97 (d, J＝8.0 Hz, 8H), 6.81 (t, J＝8.3 
Hz, 8H); 13C NMR (125 MHz, C6D6) δ: 122.49, 123.58, 
123.94, 125.35, 125.59, 127.97, 129.26, 134.65, 142.96, 
143.11, 146.93, 148.11. 

Results and Discussion 

Because aryl chlorides, which are low-cost and wide 
available as electrophiles in the coupling reactions, are 
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more attractive for industrial applications,[2,20] the dia-
rylation of aniline (1a) with 4-chlorotoluene (2a) was 
chosen as the model reaction to explore the catalytic 
activity of PdCl2(Ph3P)2/salicylaldimines. The coupling 
of aniline (1a) with excess 4-chlorotoluene (2a) in re-
fluxing o-xylene catalyzed only by PdCl2(Ph3P)2 gave 
no diarylated product (3aa), and only 10% of the aniline 
was converted to the monoarylated product (4aa) as 
shown in Figure 1. When 6 mol% of N-phenylsalicylal-
dimine (L1) was added to the PdCl2(Ph3P)2 catalytic 
system, the conversion of aniline was increased to 68%, 
though the monoarylated product (4aa) was the main 
product. Introducing an electron-donating group to 
N-phenyl group of salicylaldimine (L2 and L3) did not 
improve the activity of the catalyst system, while the 
conversion decreased a little as N-phenyl salicylal-
dimine with the methoxy group (L3) was used as the 
coligand. When fluorine was introduced to the N-phenyl 
group of salicylaldimine either at para or ortho position 
(L4 and L5), the conversion of aniline increased obvi-
ously, and the target diarylated product (3aa) was ob-
served. When the di-fluoro substituted coligand (L6) 
was used which showed good activity for the monoary-
lation of aniline with aryl chloride,[8] the conversion of 
aniline reached 93% and the selectivity ratio for the di-
arylation was 22∶78. Replacing the substituents with 
trifluoromethyl groups increased the yield of diarylated 
product significantly. The coligand (L10 or L11) with 
the substituents of 2,4- or 2,5-ditrifluoromethyl groups 
gave almost the absolute selectivity for the diarylation, 
and 97% conversion of aniline was observed as N-phe-
nylsalicylaldimine with 2,5-ditrifluoromethyl groups 
(L11) was used. The result was consistent with Jin's 
research on the Pd/N-heterocyclic carbenes catalytic 
system. Their studies demonstrated the introduction of 
electron-withdrawing (bis)trifluoromethyl groups into 
the N-aryl ring of the salicylaldimine ligand weakens 
the strength of the Pd－N bond. This decreased strength 
of the Pd－N bond may result in that the palladium(II) 
complexes were prone to be activated into Pd(0) spe-
cies.[4a] Moreover, the catalytic activity increased with 
the increase of steric hindrance of N-aryl ring of the 
salicylaldimine, therefore the salicylaldimine ligand 
may benefit the step of the reductive elimination in the 
catalytic cycle. When L11 was used as ligand, 
Pd(OAc)2 or PdCl2 as palladium source and no PPh3 
was added, the coupling reaction did not occur. There-
fore, PPh3 was necessary for the catalyst system. Con-
sequently, the mixed ligand strategy was a convenient 
method to adjust the electronic and steric environments 
surrounding the Pd center.[8] 

Using L11 and PdCl2(Ph3P)2 as the catalyst system, 
the effect of solvents and bases on the diarylation of 
aniline (1a) with 4-chlorotoluene (2a) was explored 
(Table 1). Replacing o-xylene with toluene as the sol-
vent resulted in no conversion (Table 1, entry 2). When 
p-xylene or mesitylene was used as the solvent at the 
same reaction temperature (145 ℃), both the activity 

 

 

Figure 1  The structure effect of salicylaldimine on PdCl2-
(PPh3)2 catalyzed the diarylation of aniline with aryl chloride. 
Reaction conditions: aniline (1a, 1.0 mmol), 4-chlorotoluene (2a, 
2.5 mmol), [Pd] (0.03 mmol), ligand (0.06 mmol), and t-BuONa 
(3.0 mmol), o-xylene (8 mL), 145 ℃, 12 h. 

Table 1  Effect of the reaction conditions on the diarylation of 
aniline with 4-chlorotoluene in the catalyst system of PdCl2-
(Ph3P)2 and L11a 

Entry Base Solvent Conv.b/%
Selectivityb

3aa∶4aa

1 t-BuONa o-xylene 97 ＞99∶1
2c t-BuONa toluene 0 － 
3 t-BuONa p-xylene 53 80∶20 
4 t-BuONa mesitylene 58 62∶38 
5 K3PO4 o-xylene 57 58∶42 
6 Cs2CO3 o-xylene 62 11∶89 
7 t-BuOK o-xylene 61 33∶67 
8 NaOH o-xylene 36 31∶69 
9 KOH o-xylene 50 45∶55 

10 NaH o-xylene 82 85∶15 
11d t-BuONa o-xylene 71 67∶33 
12e t-BuONa o-xylene 98 ＞99∶1

a Reaction conditions: aniline (1a, 1.0 mmol), 4-chlorotoluene (2a, 
2.5 mmol), base (3.0 mmol), PdCl2(Ph3P)2 (0.03 mmol, 3 mol%), 
L11 (0.06 mmol, 6 mol%) and solvent (8.0 mL), 145 ℃ for 12 h 
under nitrogen; b conversion based on aniline and selectivity 
measured by GC; c reaction temperature: 110 ℃; d t-BuONa (1.5 
mmol) was used; e t-BuONa (4.5 mmol) was used. 

and selectivity of the catalyst system decreased (Table 1, 
entries 3 and 4). These results indicated that the struc-
ture of solvent affects significantly activity of the cata-
lytic system. These were also observed in the Pd/Ph3P 
catalyzed coupling reaction of aryl bromides and ani-
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lines.[19] The activity and selectivity of the catalyst sys-
tem dropped with the decreasing alkalinity of the base. 
When K3PO4 was used as the base, 57% conversion of 
aniline was observed, and the selectivity for the diaryla-
tion was reduced to the ratio of 58∶42 (Table 1, entry 
5). It's notable that the selectivity tends to the monoary-
lation as Cs2CO3 was used as base (Table 1, entry 6). 
NaOH and KOH were inferior for the catalytic system. 
Reducing the amount of base led to the incomplete 
conversion. Therefore, the optimized conditions for di-
arylation of anilines were identified as: PdCl2(Ph3P)2/ 
L11 as catalyst, t-BuONa as base and o-xylene as sol-
vent at 145 ℃. 

Under the optimized conditions, the scope and limi-
tations of the catalytic system (PdCl2(Ph3P)2/salicylald-
imine) for the diarylation were investigated. The alkyl 
groups of aryl chlorides and anilines had no obvious 
impact on the diarylation. The reaction of m- and 
p-methyl chlorobenzene with aniline or p-toluidine 
cleanly provided triaryl products (3aa, 3ad, 3ba and 
3bb, Table 2) in excellent yields. While the electron-rich 
p-chloroanisole reacted with aniline to afford triaryl 
products in reduced yields (3ac, Table 2). The catalyst 
system tolerated the chloride on the aryl anilines. The 
diarylation of 4-chloroaniline gave the triaryl amine 
(3cb) with the intact chloride in 71% yield. The reduced 
yield may result from the decreased nucleophilicity of  

Table 2  Diarylation of anilines with aryl chorides catalyzed by 
PdCl2(Ph3P)2/L11a 

+

NH2 Cl
PdCl2(Ph3P)2, L11

NaOtBu, o-xylene, 12 h
N

R1
R2

R1
2 3

R2

R2

a Reaction conditions: aryl amine (1.0 mmol), aryl chloride (2.5 
mmol), t-BuONa (3.0 mmol), PdCl2(Ph3P)2 (0.03 mmol, 3 mol%), 
L11 (0.06 mmol, 6 mol%) and o-xylene (8.0 mL), 145 ℃, 12 h, 
under nitrogen; the isolated yields were obtained. 

Scheme 1  Tetraarylation of 4,4'-diaminobiphenyl with aryl 
chlorides catalyzed by PdCl2(Ph3P)2/L11 

 

aryl amine with chloride as an electron-withdrawing 
group. In addition, the catalytic system showed good 
toleration for the steric hindrance of both substrates. 
Bulky anilines, such as 2,4,6-trimethylaniline, were di-
arylated in high yields (3fa and 3fg, Table 2). 

N,N,N',N'-Tetraaryl-1,1'-biphenyl-4,4'-diamines (6) 
are receiving increasing attention because they are im-
portant intermediates of the hole transport materials of 
organic light emitting diode (OLED) and dye-sensitized 
solar cells (DSSCs).[21] Inspired by the above results, we 
explored the synthesis of these compounds by the cou-
pling reaction of 4,4'-diaminobiphenyl and aryl chlo-
rides with the mixed-ligand catalytic system. The cou-
pling reaction of 4,4'-diaminobiphenyl and 4-chlorotolu-
ene gave the tetraaryl product (6b) in a 92% yield under 
the optimized conditions. We then examined the scope 
of the tetraarylation of 4,4'-diaminobiphenyl with unac-
tivated aryl chlorides (Scheme 1). The catalyst system, 
PdCl2(Ph3P)2/L11, allowed for the synthesis of N,N,N',N'- 
tetraaryl-1,1'-biphenyl-4,4'-diamines in moderate to ex-
cellent yields. The electron-neutral aryl chlorides worked 
well to provide the corresponding products in slightly 
diminished yields of 72% (6c) and 79% (6f), respec-
tively. In addition, when 4-chloro-N,N-diphenylaniline 
(3cb) was used as the substrate, the corresponding 
product (6g) with six triarylamine blocks was success-
fully obtained in 60% yield. 

Conclusions 

In summary, the results described herein that 
PdCl2(Ph3P)2 with salicylaldimine as a coligand can 
exhibit high activity for the diaylation of aryl amines 
with unactivated aryl chlorides. The structure of salic-
ylaldimine affected observably the activity and selectiv-
ity of the catalyst system. N-Phenylsalicylaldimine with 
2,5-ditrifluoromethyl groups (L11) as the coligand 
shows high activity and selectivity for the diaylation. 
The catalytic system tolerates sterically hindered ani-
lines and aryl chlorides. While the reaction is influenced 
by the electronic nature of the substrates: the diarylation 
with the electron-rich aryl chlorides performs in moder-
ate yields.  

Acknowledgement 

We thank the National Natural Science Foundation 



FULL PAPER Tao et al.
 

 
6 www.cjc.wiley-vch.de © 2017 SIOC, CAS, Shanghai, & WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Chin. J. Chem. 2017, XX, 1—6 

of China (21272156) for financial support. 

References 

[1] (a) Hartwig, J. F. Palladium-Catalyzed Amination of Aryl Halides 
and Related Reactions, John Wiley & Sons, Inc, 2002, pp. 1051－
1096; (b) Paradies, J. In Palladium-Catalyzed Aromatic Carbon-Ni-
trogen Bond Formation, Wiley-VCH Verlag GmbH & Co. KGaA, 
2014, pp. 995－1066; (c) Torborg, C.; Beller, M. Adv. Synth. Catal. 
2009, 351, 3027; (d) Beller, M. Angew. Chem., Int. Ed. Engl. 1995, 
34, 1316; (e) Muci, A. R.; Buchwald, S. L. Top. Curr. Chem. 2002, 
219, 131; (f) Tardiff, B. J.; Stradiotto, M. Eur. J. Org. Chem. 2012, 
3972; (g) Chartoire, A.; Boreux, A.; Martin, A. R.; Nolan, S. P. RSC 
Adv. 2013, 3, 3840; (h) Liu, Y. H.; Yang, L. M. Chin. J. Chem. 2015, 
33, 473. 

[2] For selected references, see (a) Surry, D. S.; Buchwald, S. L. Angew. 
Chem., Int. Ed. 2008, 47, 6338; (b) Surry, D. S.; Buchwald, S. L. 
Chem. Sci. 2011, 2, 27; (c) Lu, B.; Li, P. B.; Fu, C. L.; Xue, L. Q.; 
Lin, Z. Y.; Ma, S. M. Adv. Synth. Catal. 2011, 353, 100; (d) Hartwig, 
J. F. Acc. Chem. Res. 1998, 31, 852; (e) Rataboul, F.; Zapf, A.; 
Jackstell, R.; Harkal, S.; Riermeier, T.; Monsees, A.; Dingerdissen, 
U.; Beller, M. Chem. Eur. J. 2004, 10, 2983; (f) Dai, Q.; Gao, W. Z.; 
Liu, D.; Kapes, L. M.; Zhang, X. M. J. Org. Chem. 2006, 71, 3928; 
(g) Lundgren, R. J.; Peters, B. D.; Alsabeh, P. G.; Stradiotto, M. An-
gew. Chem., Int. Ed. 2010, 49, 4071. 

[3] For selected references, see (a) Kantchev, E. A. B.; O’Brien, C. J.; 
Organ, M. G. Angew. Chem., Int. Ed. 2007, 46, 2768; (b) Marion, N.; 
Nolan, S. P. Acc. Chem. Res. 2008, 41, 1440; (c) Glorius, F. Top. 
Organomet. Chem. 2007, 21, 1; (d) Chartoire, A.; Nolan, S. P. RSC 
Catal. Ser. 2015, 21, 139; (e) Fang, W. W.; Jiang, J.; Xu, Y.; Zhou, J. 
F.; Tu, T. Tetrahedron 2013, 69, 673; (f) Huang, P.; Wang, Y. X.; 
Yu, H. F.; Lu, J. M. Organometallics 2014, 33, 1587; (g) Zhang, Y.; 
Cesar, V.; Storch, G.; Lugan, N.; Lavigne, G. Angew. Chem., Int. Ed. 
2014, 53, 6482; (h) Topchiy, M. A.; Dzhevakov, P. B.; Rubina, M. S.; 
Morozov, O. S.; Asachenko, A. F.; Nechaev, M. S. Eur. J. Org. Chem. 
2016, 2016, 1908. 

[4] (a) Jin, Z.; Qiu, L. L.; Li, Y. Q.; Song, H. B.; Fang, J. X. Organo-
metallics 2010, 29, 6578; (b) Bruno, N. C.; Tudge, M. T.; Buchwald, 
S. L. Chem. Sci. 2013, 4, 916; (c) Friis, S. D.; Skrydstrup, T.; Buch-
wald, S. L. Org. Lett. 2014, 16, 4296; (d) Marion, N.; Navarro, O.; 
Mei, J.; Stevens, E. D.; Scott, N. M.; Nolan, S. P. J. Am. Chem. Soc. 
2006, 128, 4101; (e) Zhang, S. L.; Shi, L.; Ding, Y. Q. J. Am. Chem. 
Soc. 2011, 133, 20218. 

[5] For selected references, see (a) Heck, R. F. Acc. Chem. Res. 1979, 12, 
146; (b) Beller, M.; Riermeier, T. H. Tetrahedron Lett. 1996, 37, 
6535; (c) El Ali, B.; Fettouhi, M. J. Mol. Catal. A: Chem. 2002, 182
－183, 195; (d) Chen, C.; Yang, L. M. Org. Lett. 2005, 7, 2209; (e) 
Suzuki, A. Chem. Commun. 2005, 4759; (f) Zhou, H.; Li, J. X.; 
Yang, H. M.; Xia, C. G.; Jiang, G. X. Org. Lett. 2015, 17, 4628; (g) 
Yuan, M. J.; Fang, Y. W.; Zhang, L.; Jin, X. P.; Tao, M. J.; Ye, Q. 
L.; Li, R. F.; Li, J. J.; Zheng, H.; Gu, J. J. Chin. J. Chem. 2015, 33, 

1119; (h) Liu, R.; Huo, R.; Bi, Y.; Zhao, Z. X.; Liu, Q. X. Chin. J. 
Chem. 2015, 33, 1037; (i) Zhang, G. F.; Zhang, W.; Luan, Y. X.; 
Han, X. W.; Ding, C. G. Chin. J. Chem. 2015, 33, 705. 

[6] Yang, B. H.; Buchwald, S. L. J. Organomet. Chem. 1999, 576, 125. 
[7] For selected references, see (a) Binder, J. B.; Guzei, I. A.; Raines, R. 

T. Adv. Synth. Catal. 2007, 349, 395; (b) Wang, C.; Friedrich, S.; 
Younkin, T. R.; Li, R. T.; Grubbs, R. H.; Bansleben, D. A.; Day, M. 
W. Organometallics 1998, 17, 3149; (c) Bhunora, S.; Mugo, J.; 
Bhaw-Luximon, A.; Mapolie, S.; Van Wyk, J.; Darkwa, J.; Nord-
lander, E. Appl. Organomet. Chem. 2011, 25, 133; (d) Liu, F. S.; 
Huang, Y. T.; Lu, C.; Shen, D. S.; Cheng, T. Appl. Organomet. 
Chem. 2012, 26, 425; (e) Li, C. Q.; Yu, H. Y.; Lin, Z. Y.; Wang, F. 
F.; Zhang, N.; Wang, J. J. Coord. Chem. 2017, 70, 1303. 

[8] Liu, T. P.; Cheng, Q.; Song, W. J.; Cai, L. Z.; Tao, X. C. Synlett 
2012, 23, 2333.  

[9] For selected references, see (a) Walzer, K.; Maennig, B.; Pfeiffer, M.; 
Leo, K. Chem. Rev. 2007, 107, 1233; (b) Zhou, G. J.; Wong, W. Y.; 
Yao, B.; Xie, Z. Y.; Wang, L. X. Angew. Chem., Int. Ed. 2007, 46, 
1149; (c) Li, Z. A.; Ye, T. L.; Tang, S.; Wang, C.; Ma, D. G.; Li, Z. 
J. Mater. Chem. C 2015, 3, 2016. 

[10] Jain, A. K.; Gupta, A.; Bohra, R.; Lorenz, I.-P.; Mayer, P. Polyhe-
dron 2006, 25, 654. 

[11] Gilani, S. R.; Mahmood, Z. J. Chem. Soc. Pak. 2003, 25, 34. 
[12] Ibrahim, M. N.; Hamad, K. J.; Al-Joroshi, S. H. Asian J. Chem. 2006, 

18, 2404. 
[13] Song, D. P.; Li, Y. G.; Lu, R.; Hu, N. H.; Li, Y. S. Appl. Organomet. 

Chem. 2008, 22, 333. 
[14] Dong, S. X.; Liu, X. H.; Zhang, Y. L.; Lin, L. L.; Feng, X. M. Org. 

Lett. 2011, 13, 5060. 
[15] Maginnity, P. M.; Eisenmann, J. L. J. Am. Chem. Soc. 1952, 74, 

6119. 
[16] Low, P. J.; Paterson, M. A. J.; Yufit, D. S.; Howard, J. A. K.; Cher-

ryman, J. C.; Tackley, D. R.; Brook, R.; Brown, B. J. Mater. Chem. 
2005, 15, 2304. 

[17] Low, P. J.; Paterson, M. A. J.; Goeta, A. E.; Yufit, D. S.; Howard, J. 
A. K.; Cherryman, J. C.; Tackley, D. R.; Brown, B. J. Mater. Chem. 
2004, 14, 2516. 

[18] Zhao, Y. H.; Wang, Y. S.; Sun, H. W.; Li, L.; Zhang, H. B. Chem. 
Commun. 2007, 3186. 

[19] Cai, L. Z.; Qian, X. Y.; Song, W. J.; Liu, T. P.; Tao, X. C.; Li, W. F.; 
Xie, X. M. Tetrahedron 2014, 70, 4754. 

[20] Wang, Z. X.; Guo, W. J. Catalysis in C－Cl Activation, 2015, John 
Wiley & Sons, Inc., 2015, pp. 1－201. 

[21] For selected references, see (a) Chen, Y. C.; Huang, G. S.; Hsiao, C. 
C.; Chen, S. A. J. Am. Chem. Soc. 2006, 128, 8549; (b) Cheng, Y.; 
Liao, M.; Shih, H.; Shih, P. Macromolecules 2011, 44, 5968; (c) Lim, 
Y.; Park, Y. S.; Kang, Y.; Jang, D. Y.; Kim, J. H.; Kim, J. J.; Sell-
inger, A.; Yoon, D. Y. J. Am. Chem. Soc. 2011, 133, 1375; (d) Su, Y. 
T.; Wang, X. Y.; Zheng, X.; Zhang, Z. C.; Song, Y.; Sui, Y. X.; Li, 
Y. Z.; Wang, X. P. Angew. Chem., Int. Ed. 2014, 53, 2857; (e) So-
masundaram, S.; Jeon, S.; Park, S. Macromol. Res. 2016, 24, 226.

(Pan, B. F.) 


