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Abstract: Pd(PCy3)CI 2 (Cy = cyclohexyi) catalyzed the rcactioa of aryl cldmides and ~,,octdary 
amln~ in the pre~nc¢ of NaOtBu to give the ~ g  aryl amines in good to excellent yields. In 

of dte reactions, an excess amouat of aryl chloride (atyl chloride/amine = 2) improved the yields. 
© 1997 Elsevier Science Ltd. 

Palladium-catalyzed amination of aryl halides with primary or secondary amines is a convenient synthetic 

route for aryl amines and a landmark development in C-N bond formation studies. Buchwald and Hartwig 

independently reported that Pd/P(o-Tol)3 complex efficiently catalyzed the amination of aryl bromides and 

iodides. 1,2 In a recent report, Buchwald also disclosed a superior catalytic system which involved Pd/BINAP 

(2,2'-bis(diphenylphosphino)-l,l'-binaphthyl) system for the amination of aryl bromides. 3 Hitherto, the 

arnination reactions have been, however, limited to only aryl bromides or iodides. Considering the ease of 

availability and cost factors, a catalytic system for the amination of aryl chlorides is of practical importance. 

However, catalytic systems based on the P(o-Tol)3 or BINAP ligands cannot promote the amination of aryl 

chlorides since the reactivity of a C-CI bond is much lower than that of C-Br or C-I. Our approach is based on 

the fact that a metal center coordinated by bulky and electron-rich phosphine ligands such as PCy3 and pipr3 can 

effectively cleave C-CI bonds of aryl chlorides 4. Although, activation of C-CI bonds of aryl chlorides 4,5 has 

been the subject of long-standing interest, amination of aryl chlorides has not been documented. 6 During our 

on-going studies on the transformations of aryi chlorides, we realized that Pd(PCy3)2CI2 effectively ca_ t~yzed 

the reaction of aryl chlorides with amines to give the corresponding aryl amines (eq 1). 

Pd(PCY3)2CI2 
Ar-CI + R'(R)NH ~ Ar-N(R)R' (1) 

NaOtBu, toluene 
la-e 2a-e 120 °C, 6-12 h 3a-m 

The results of palladium-catalyzed amination of aryl chlorides are summarized in Table 1. In most of the 

cases, two sets of the reactions were carried out using different ratios of reactants; aryl chloride/amine = 1 or 2. 

Typically, aryl halide 1 (0.5 or 1 mmoi), amine 2 (0.5 mmol), NaOtBu (0.7 retool), Pd(PCy3)2CI2 (0.01 

mmol) and toluene (2 mi) were placed in a dried Pyrex tube under argon. The glass tube was sealed and heated 
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Table 1. Palladium-Catalyzed Amination of Aryl chlorides a 

Yield(%) ~ 
Entry Ar Amine Time (h) P r o d u c t  ArCIIAmine ratio 

1 2 

O O 0  1 HN /NMe 12 Me 64 88 (83) 

1 • 2e 3e 

2 it 

lb  3b 

3 Me O ,, ,, M e O ~ N M e  62 81(76) 

lc  3c 

4 0 " ,, O ~ N M e  25 36(31) 
Me Me 

ld 3d 

5 NC O ,, . N C O C N M e  62(55) 60 

le 3e 

6 ~ H N ~  ,, G N ~  44 65(59) 

la 21b 3f 

7 N C - ~ -  . ,, N C O N  D 48 56 

le 3g 

la 2c 3h 

9 M e ~  ,, . M e O M ~  57(64) 

lc  31 

le 31 

HN(n-Hex)2 ,, ~ N(n-Hex)2 20 1 1 

la 2d 3k 

12 NC O ,, ,, NC O N ( n - H e x ) 2  23 
le 31 

13 ~ HN(CH2Ph)2 ,, ON(CH2Ph)2  12 
1,, 2e 3m 

= Readion conditk)~: , ~  chloride, 0.5 mmol o¢ 1 mmot; andne. 0.5 rnmol; NaOIBu. 0.7 mmo(; 
Pd(PCYs)2Cl.2, 0.01 retool; tmmperallure, 120 "C. b NMR yloKIs; all the ylekls are based on the charged 
amonnt oq amine; iso~led y~kk (referred Zo w ~ d l y  pure ~ )  ue given ~ parenU..ms. 
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at 120°C for6 to 12h. 7 
When equimolar amounts of phenyl chloride I a and 1-methylpiperazine 2a (Table 1, entry 1) were heated 

for 6 h under the present catalytic conditions, NlvlR of the reaction mixture showed about 70% conversion of 1- 

methylypiperazine and 64% yield of 1-methyl-4-phenylpiperazine 3a. When the reaction was continued for 

18h, no improvement in the conversion of amine 2a or yield of product 3a was observed. This indicated that 

the catalytic cycle was virtually terminated (v/de infra). Use of 2-fold excess of phenyl chloride (1 mmol) under 

similar conditions, however, resulted in an increase of the yield of 3a up to 88% (based on the amount of 

charged amine). Similar observation was made in the case of p-chlorotoluene 1 e (entry 3). However, o- 

chlorotoluene l d  gave poor yields under similar conditions (entry 4). The hydrogenolysis of the C-CI bond can 

he expected as side-reaction in the amination reactions. 8 Indeed, the reaction of 2-naphthyl chloride 1 b with 2n 

( lb /2a  = 1) produced 20% of naphthalene along with 61% of 3b (entry 2). Aryl chlorides bearing electron- 

withdrawing substiments are more reactive in oxidative addition to transition metal and expected to afford higher 

yields. However, p-chlorobenzonitrile l e  (entry 5), when reacted with 2a, gave a significant amount of 

benzonitrile (30% as estimated by GC) and a decreased yield of 3e, although the starting materials were 

completely consumed. Understandably, the use of 2-fold excess of aryl chloride did not give higher yield in 

this reaction. In the amination reactions of l a  and l e  with piperidine 2b (entries 6 and 7), the trend was 

similar to the reactions of 2a, although the yields were relatively low. 

The reactions of aryl chlorides with N-methylanlline 2 e produced moderate to excellent yields depending 

upon the nature of the substituent. In the case of p-chiorobenzonitrile l e ,  an excess amount of aryl chloride 

was not needed since equimolar amounts of reactants gave a high yield of product 3j (entry 10). In the 

reactions of phenyl chloride (entry 8) and p-chlorotolueue (entry 9), formation of imine type products 9 retarded 

the yields and also the ratio of aryl chloride/amine did not show any effect on the yields. 

The reactions with open-chain dialkylamines such as dihexylamine 2d and dibenzylamine 2e did not 

afford high yields of aminated products because of extensive dehydrogenation reaction giving the corresponding 

imine derivatives. In an attempted amination of l a  with 2e for instance, N-benzylidenebenzylamine was 

formed in 85% yield and the yield of the desired aminated product 3m was only 12% (entry 13). The reactions 

of l a  and I • (entries 11 and 12) with dihexylamine 2d also resulted in poor yields of aminated products and 

several unknown products (probably derived from byproduct imine species) were also produced as byproducts. 

Thus, the efficacy of the present catalysis is highly influenced by the nature of the reactants. Some of the 

reactions encountered serious limitation due to the side reaction, dehydrogenation of amine to produce imine 

derivatives with the concurrent hydrogenolysis of aryl chlorides. 8 In addition, when this side reaction competed 

with the amination, use of excessive aryl chloride had no effect. Cyclic amines (2a and 2b) and N- 

methylaniline 2e are more selective towards amination reaction and gave good to excellent yields. Open-chain 

aliphatic amines were found to be more vulnerable to the dehydrogenation reaction and produced less yields of 

the aminated products. 

The performance of various catalyst precursors was studied in the reaction of l a  (1 equiv.) and 2a. 

Under the identical conditions ( la /2a  = 1, 120 °C, 6 h), Pd(pipr3)2Cl2 was found to be as active as 

Pd(PCy3)2CI 2 to give 60% NMR yield of 3a. The catalyst precursors such as Pd(o-Tol3)2Cl2, 

Pd(dba)2/BINAP (dba = dibenzylideneacetone) and Pd(dppf)Cl2 (dppf = (1,1'-diphenylphosphino)ferrocene), 

which catalyzed the amination of aryl bromides or iodides, were found to be ineffective, the yields of 3a being 

3, 4 and 7% respectively. 
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As to the mechanism, the pathway proposed for the amination of aryl bromides 10 can be visualized for 

aryl chlorides. The initiation of the catalytic cycle obviously depends on the efficacy of oxidative addition of the 

C-CI bond to Pd(0) species (Scheme 1). The improvement in conversion of 2a and yield of 3a by the use of 2- 

fold excess of l a  (entry 1) indicates that as the concentration of aryl chlorides decreases, the coordination of 

amines (reactant and product) prevents Pd(O) to undergo oxidative addition with aryl chloride. 

Pd(0) Ar-CI ,.- Ar-Pd(II)-CI R'(R)NH ~ Ar-N(R)R' + NaOtBu.HCI + Pd(0) 
NaOtBu , 

I ! 
! I 

,~¢heme 1 

In conclusion, Pd(PCy3)2CI2 effectively catalyzes the amination of aryl chlorides. In some cases, the use 

of excessive aryl chloride considerably improves the yield. Further studies are under progress to expand the 

applications to other subemates. 
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