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ABSTRACT
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[Ni] = amido pincer complexes of nickel
R2 = OMe, NMe,, C(O)Ph, COOEt, C(O)NEt, etc.

The nickel-catalyzed Negishi cross-coupling reaction of aryl chlorides with arylzinc compounds was investigated. The nickel complexes with
the amido pincer type of ligands exhibited high catalytic activity and good functional group tolerance.

Transition-metal-catalyzed cross-coupling reactions betweencoupling of an unactivated aryl chloride in 199®ai and
aryl organometallic reagents and aryl halides are reliable andFu reported the first general method for palladium-catalyzed

versatile tools for generating biaryl compounds, which are

important in pharmaceuticals, agrochemicals, liquid crystals,

and advanced materidid The Negishi cross-coupling reac-
tion is one of the most useful methods for constructing the
biaryl motif because of the ready availability and the
functional group compatibility of the organozinc reageékts.
Aryl bromides or iodides are usually employed as electro-
philic substrates in the reactidnthe use of aryl chlorides
as electrophiles has proven more difficult due to the low
reactivity of the C-Cl bond but would economically benefit
a number of industrial processellerrmann and co-workers
reported the first example of a palladium-catalyzed Negishi
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Negishi cross-coupling of aryl chlorides in 20%1More

recently, Milne and Buchwald found an extremely active
palladium catalyst for the coupling reaction of aryl chlorides.
However, inexpensive nickel-based catalysts are less suc-
cessful for the coupling reaction of unactivated aryl chlorides
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with organozinc reagents. Reported examples include the ||

reaction betweem-MeGH,Cl and PhznCI catalyzed by
(PhP)XNICI; and the reactions of aryl chlorides with arylzinc
or functionalized organozinc reagents catalyzed by nickel
on charcoal (Ni/C) in the presence of PI¥ Recently, we

synthesized a series of amido pincer complexes of nickel

Table 1. Reaction of 4-Chloro-N,N-dimethylaniline with

Phenylzinc Chloride Catalyzed a—4
Ph—@—NMez

PhZnCl + MezNOC[

cat. (1 mol %)

THFE-NMP, 70 °C

(1a—4) and demonstrated the complexes to be active catalysts

for the Kumada cross-coupling of aryl halidédderein, we
wish to report the catalysis of the nickel complexes in the
cross-coupling of aryl chlorides with arylzinc reagents.

Eh2 P2
SO 01
Ni SN\ _Ar
~
N7 NN
PR i
Ph)\/ 2 Ph X PPrly

1aR=Ph 2a Ar = 0-MeCgH,
1ibR =P 2b Ar = 2,6-Pr',CgHz
Ph Ph
p;N/AI' p;N/Ph
Cr
—Ni—Cl AN Ph
N NT N7
. PPr "
Ph)\/ 2 Ph X—PPr,

3a Ar=Ph
3b Ar = 0-MeCgH,
3c Ar= 2,6'PI’I206H3

4

We first chose the reaction betweprMe,NCsH,Cl and
PhznCl to evaluate the catalysis of complexes-4 (1.5
equiv of PhzZnClI prepared from PhLi and ZrCl mol %
of catalyst, THF—NMP 1:1, 70C, 30 h). The conversion
of p-MeNC¢H,Cl was calculated on the basis of the
integration of the?H NMR spectral signals of NMegroups
of the unreacteg-Me;NCsH4Cl and the coupling product
in the reaction mixture. The screening results are listed in
Table 1. From the table, it can be found that complebas
and 3c exhibit relatively low catalytic activity, whereas
complexes3b and 4 show the highest activity. The low
activity of 3c compared witlBaand3b may be due to steric
hindrance of the ligand. However, the activity 2if seems
not to be affected by the steric hindrance of the ligand
compared with2a. Complexedlb, 2a, 2b, and3a display
nearly equal catalytic activity. Further experiments using

entry catalyst convn(%)® entry catalyst convn (%)°
1 la 38 5 3a 91
2 1b 83 6 3b 98
3 2a 82 7 3c 53
4 2b 85 8 4 97

a8 The reactions were carried out according to the conditions indicated
by the above equation. 1.5 equiv of PhZnCl was ugefonversion was
calculated based on the amount of 4-chlbkid-dimethylaniline added.

The most active complex&b and4 were then tested using
different aryl chlorides and arylzinc reagents (Table 2). All
reactions were performed in a 1:1 mixture of THF and NMP
which was proved to give the best results. In each reaction,
the arylzinc reagent was prepared in situ by reaction of
aryllithium with ZnCk. If the arylzinc reagents were prepared
from the corresponding Grignard reagents and Zo€éxtra
MgBr, was added to the reaction system, the coupling
reaction became much slower and led to lower product yields.
From Table 2, it can be seen that most reactions catalyzed
by 3b and4 were performed at relatively low temperature
(70 °C) and required low quantities of catalyst. Functional
groups like CQEt, EtNC(O), PhC(O), CN, OMe, and NMe
were tolerated. However, the catalysis wigh and 4 is
incompatible with N@ and CHO groups. It is also noticed
thatp-NCGH.4Cl is less active (entries 3, 14, and 30, Table
2). Its reaction with arylzincs required much higher catalyst
loading compared with those pfEtO,CCsH4Cl and, in some
examples, gave low product yields. Knochel and co-workers
reported similar phenomena and indicated that this was
probably due to the coordination of the nitrile group with
the catalyst speci€g Heterocyclic substrate 2-chloropyridine
also reacted smoothly with arylzinc chlorides in the presence
of catalyst, affording desired coupling products in high yields
(entries 16 and 33, Table 2). The electronic properties of
the reactants affect the reactions to some extent. Electron-
poor aryl chlorides such gsELNC(O)GH4CI, p-EtO,CCs-

smaller amounts of catalyst and having a shorter reactionH4Cl, and p-PhC(O)GH.CI are more reactive than the
time led to the same conclusion. For example, the same€lectron-rich ones such psMleOGH,Cl andp-Me;NCeH,CI.

reaction catalyzed by 0.5 mol % dfb, 2a, 2b, and 3a,
respectively, run at 70C (bath temperature) in a 1:1 mixture
of THF and NMP for 24 h led to 1622% conversions of
p-MegNC6H4CI
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Electron-rich arylzinc reagents such pdvie;NCgH4ZnCl
display higher reactivity than the other ones. These are the
expected consequences. 2-Furylzinc chloride was also dem-
onstrated to couple with activated aryl chlorides in the
presence of relatively high quantities of catalyst (entries 29
33, Table 2). However, its coupling with unactivated aryl
chlorides gave poor results, although much higher quantities
of catalyst (2.5 mol %) and a higher reaction temperature
(100 °C) were employed (entries 8, 34, and 35, Table 2).
Sterically hindered substrates were also tested. Reactions of
o-methylphenylzinc chloride with chlorobenzene para-
substituted chlorobenzenes catalyzed 4ygave cross-
coupling products in excellent yields (entries-224, Table

2). However, the catalyst loading was higher than that in

Org. Lett, Vol. 9, No. 21, 2007



Table 2. Reaction of Aryl Chlorides with Arylzinc Chlorides
Catalyzed by Complexe3b and 42

cat.

Ar'ZnCl + ArPCl —————»  Ar'—Ar2
THF-NMP
catalyst time yield
entry Arl Ar? (mol %) (h) (%)
1 p-MeCgH,4 p-EtaNC(O)CgHy 3b (0.01) 10 99
2 p-MeCgH,4 p-PhC(O)CsHs 38b(0.01) 12 91.2
3 p-MeCGH4 p-NCC6H4 3b (3) 16 59
4 p-MeCgH, Ph 3b (0.02) 12 97
5 p-MeCgHy p-MeOCgHy 3b (0.02) 12 97.3
6¢  p-MeCgHy 0-PhC(O)C¢Hs 8b(1.5) 24 98
7 2-furyl p-PhC(O)C¢H;y 38b(0.2) 10 99
8¢ 2-furyl p-MeOCgHy 3b((2.5) 11 30
9 Ph p-EteNC(O)CgHy 4(0.01) 10 99
10 Ph p-PhC(O)C¢Hs 4 (0.02) 6 99
11 Ph p-MeOCgH4 4(0.02) 12 99.2
12  p-MeCgHy p-EtOC(O)C¢Hs 4 (0.03) 6 98
13  p-MeCgHy p-PhC(O)C¢Hs  4(0.01) 12 96
14  p-MeCgHy p-NCCgHy 4 (1) 12 703
15 p-MeCgHy p-CF3CsHy 4(0.01) 12 95.7
16  p-MeCgHy 2-CsH4N 4(0.01) 12 995
17 p-MeCgHy p-MeOCgHy 4 (0.02) 12 99
18¢ p-MeCgHy 0-PhC(O)C¢Hs 4 (1.5) 24 95
19 p-MeCgHy 0-PhC(O)C¢Hy 4 (2.5) 8 98
20¢ p-MeCgHy 0-MeOCgH4 4(2.5) 12 97
21 o0-MeCgHy p-PhC(O)CgHs 4 (0.03) 5 95
22  0-MeCgHy p-EtOC(O)CgHs 4 (0.05) 3.5 96.5
23  0-MeCgHy p-Eto2NC(0)CsHy 4 (0.03) 5 99
24  0-MeCgHy p-MeOCgH4 4(0.1) 12 96
25¢  0-MeCgHy 0-PhC(O)C¢Hy 4 (2.5) 40 88
26  p-MeaNCgHy p-PhC(O)C¢Hs 4 (0.01) 8 99
27  p-MeaNCgHy Ph 4(0.01) 12 99
28  p-MeaNCgHy p-MeOCgH4 4(0.01) 12 985
29  2-furyl p-EtOC(O)CeHs 4 (0.5) 12 99
30 2-furyl p-NCCgHy 4 (1) 10 98
31 2-furyl p-PhC(O)CeHs  4(0.2) 12 99
32  2-furyl p-CF3CsHy 4(0.4) 10 96
33  2-furyl 2-CsH4N 4(0.2) 12 98
34¢  2-furyl Ph 4(2.5) 11 58
35¢  2-furyl p-MeOCgHy 4(2.5) 11 49
36 2,6-(Me0)2-C¢Hs p-PhC(O)CeHys 4 (5) 54 76

a Reactions were carried out in a 1:1 mixture of THF and NMP at 70
°C unless otherwise stated. 1.5 equiv of arylzinc chlorides was employed.
b Isolated product yieldS Reactions were carried out at 100.

the reaction ofp-MeGH;ZnCl. For example, 0.02 mol %
of 4 could catalyze the reaction gd-MeGsH,ZnCl with
p-MeOGH.CI to go to completion within 12 h (entry 17,
Table 2), while under the same conditions, 0.1 mol % of
was necessary to drive the reactionoefMeCGH4ZnClI with
p-MeOGH.CI to reach completion (entry 24, Table 2).
Reaction of 2,6-(MeQ¥CsH4ZnCl with p-PhC(O)GH4Cl was
much more difficult. It required higher quantities of catalyst
(5 mol %) and longer reaction time (54 h) and gave a
relatively low product yield (76%). The reaction is sensitive
to theortho-substituents of chlorobenzenes, requiring much

higher quantities of catalyst and higher reaction temperature

compared with those opara-substituted chlorobenzenes

(entries 6, 18—20, and 25, Table 2). It was also noticed that
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higher catalyst loading can significantly reduce the reaction
time. For example, 0.03 mol % df catalyzed the reaction
of 0-MeGsH4ZnCl with p-PhC(O)GH4CI to go to completion

in 5 h, while in the presence of 0.2 mol % #fthe reaction
was completed within 15 min.

The catalytic reaction between 1,4- or 1,2-dichlorobenzene
and arylzinc chlorides was also studied. Treatment of 1,4-
dichlorobenzene with 3 equiv of arylzinc chlorides in the
presence of comple# gave diarylbenzene in good yields
(entries 1—3, Table 3). Reaction of 1,2-dichlorobenzene is

Table 3. Reaction of Dichlorobenzene with Arylzinc Chlorides
Catalyzed by Complexe$

4 p—
2 ArZnCl + dichlorobenzene —— Ar@
THF- .

NMP
amount of time yield
entry Ar dichlorobenzene cat.(mol %) (h) (%)°
1 2-furyl 1,4-CloCgHy 1 10 65
2 0-MeCgH4 1,4-CloCgHy 1 1 852
3 0-MeCgH4 1,4-CloCgHy 0.2 5 87.5
4 p-MeCgHy 1,2-CloCgHy 0.1 12 93

2 Reactions were carried out in a 1:1 mixture of THF and NMP at 70
°C. 3 equiv of arylzinc chloride was employetlisolated product yield.

not affected by the hindrance of tbetho-substituent, giving
the cross-coupling product in excellent yield (entry 4, Table
3).

The postulated mechanism of the catalytic reaction is
shown in Scheme 1. The Ni(ll) complex is first reduced
by Ar?ZnCl to a Ni(l) complex B). This reduction requires
the presence of A€Il. Otherwise, the reduction reaction

Scheme 1. Proposed Mechanism
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cannot occur. AClI may act as a mediator of single-electron
transfer (SET) from AZnCl to the nickel complex, as those

observed in the reaction of aryl halides with Grignard
reagents catalyzed by complexis4 Such behavior of

aryl halides as a mediator in SET processes has been

proved!! The reactive unsaturatdsl undergoes oxidative
addition of APCI to give a five-coordinate Ni(lll) complex
(C), which reacts with A¥ZnCl to form another five-
coordinate Ni(lll) complexD). D then undergoes reductive
elimination to afford the cross-coupling productstAAr2
and the catalytically active speciés A Ni(l)-catalyzed

alkyl—alkyl Negishi reaction has been reported, and the

catalytically active species (terpyridyl)NiR was character-
ized!? Attempts to isolate and characteriBewere unsuc-
cessful. If complexA is reduced to a Ni(0) complexE],
the oxidative addition oE with Ar2Cl should form anionic
complex F. F could release the Clto generate neutral
complexG,'? and the final cross-coupling product should
be formed through the reaction & with arylzinc reagent
Ar'ZnCl. However, we found that complék could not react
with Ar'ZnCl to form any coupling products. Hence the
possibility is ruled out. However, if comple reacts with
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AriznCl followed by reductive elimination, the catalytic
cycle can be completéd.We cannot exclude other mech-
anisms based on the present study.

CC)° o
Ni @[ /Ar
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In summary, we have demonstrated amido pincer com-
plexes of nickel to be highly active catalysts for the Negishi
cross-coupling reaction. The catalysts are effective for the
reactions of unactivated aryl chlorides and heteroaryl chloride
with aryl and heteroaryl zinc reagents. An extremely small
amount of catalyst is required in most cases, and the reaction
displays good functional group tolerance.
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