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Abstract: Four nickel complexes [ NiCl,L] (1-4) supported by a tridentate pyrazolyl-based phenanthroline ligand (L'-L*)

have been developed for C—C coupling reactions. The nickel complexes exhibited moderate catalytic activities for C—C cou-

pling reactions of various aryl halides with Grignard reagent. Single-crystal X-ray diffraction analysis of the complex [ NiCl,

L*](4) reveal a distorted trigonal bipyramidal geometry at the Ni(II) center, which creates a reaction channel to facilitate

C—C coupling reactions.
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Over the last three decades, late-transition metal
complexes such as pincer-type metal complexes have
attracted greatattention in catalytic chemistry' '™, The
pincer-type metal complexes catalyzed cross-coupling
reactions between ary/alkyl halide and organometallic
reagents have been widely developed in the field of or-
ganic chemistry *™*'. Among the most studied ligands
are pincer DCD'™ ™ (D a donor atom such as P, N,
or O, S) systems and NNN'*7'®)  pNpI7-1) - gNGI20!
NNO™" and N-heterocyclic carbene ( NHCs) (22-23]
which have found wide applications in bond activation
because of their unprecedented stability at high temper-
atures and catalytic activity. In addition, their ligand
framework can be easily modified in order to tune the
electronic properties of the metal and the steric hin-
drance around it.

In fact, among catalysts with metal ions as active
sites, the Pd complexes are the most commonly used
catalysts for cross-coupling reactions such as the Suzuki

reaction, Negishi reaction, Kumada reaction, and Heck
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reaction because of their advantages that relatively mild
reaction conditions, applicable to substrates of wide

124201 Despite their

scope and displaying high turnover
high utility, in the process of activation, precipitation
of palladium black is harmful to the catalyst and leads
to be inefficient, other drawbacks: palladium and the
necessary ligands are expensive, palladium compounds
are toxic and leaching of the palladium catalyst into fi-
nal products can be problematic.

Compared with Pd, Ni catalysts are much cheaper
and are the most promising alternative to palladium.

"] have been shown to be

Some nickel complexes'
catalytically active for region-and stereo-selectivity and
be tolerate to a wide range of functional groups, so the
development of new nickel complexes with catalytic ef-
ficiency would be of practical importance for the syn-
thetic industry. And thus the search for appropriate
ligands for tuning the generation of highly active Ni

catalyst precursors to catch up with or replace expen-

sive Pd catalysts is of current interest.
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Recently, a series of nickel halide complexes con-
taining tridentate N*N"N ligands have been employed to
catalyze ethylene oligomerization' "), Upon activation
with methylaluminoxane, the nickel complexes display
good catalytic activities in ethylene oligomerization.
And in the previous report the author suggested that the
steric bulk of the aryl groups in the backbone created a

reaction channel which made the ethylene coordination

RZ
L': R'=H, R’= R’= Me;
L’ : R'=H, R°= R'= Ph;

L

2

to the Ni atom more efficient and then makes the activi-
ty increase ' .Such an activity increase with increased
steric bulk has also been observed in olefin polymeriza-
tion reactions using zirconocene/MAO as catalysts' ™.
Herein the activities of nickel complexes ( Scheme 1)
supported by tridentate [ N*N"N ] ligands with one
phenanthroline linked to pyrazoly donors in C—C cou-

pling reactions have been studied.

RJ

: R'= H, R’= Me, R’= Ph;

L*: R'= Mes, R’= R’ =Ph;

Scheme 1 Synthesis of the complexes [ NiCl,(L) ] (1-4)

1 Experimental

1.1 General Procedures

All solvents and reagents were of analytical grade
and were used as purchased without further purifica-
tion. Unless otherwise mentioned, all non aqueous re-
actions and manipulations were carried out in a nitro-
gen atmosphere using standard Schlenk techniques,
and chemicals were used as received without any fur-
ther purification. Solvents were dried by sodium/benzo-
phenone and distilled under nitrogen prior to use. GC
analysis was performed with an SP-2100 gas chroma-
tography spectrometer equipped with a flame ionization
detector and an SE-30 silica capillary column. Reten-
tion times were compared to commercially obtained
compounds. Decane was used as an internal standard.
1.2 Synthesis of the ligands L'-L*

2-(3-R*-5-R’-pyrazol ) -9-R'-1, 10-phenanthroline
ligands (L'-L*) were prepared according to the previ-
ously reported procedures'™ . In a typical experiment,
a mixture of 2-hydrazine-1, 10-phenanthroline or 2-hy-

drazine-9-aryl-1, 10-phenanthroline (3.0 mmol ) and

the diketone (3.6 mmol) , i.e. acetylacetone (for L"),
benzoylacetone (for L”) , or dibenzoylmethane (for L’
and L*) , was stirred in dry methanol (15 mL) contai-
ning a few drops of acetic acid for 6~ 12 h. The solvent
was removed and the residue was recrystallized from
chloroform/activated charcoal to give the products.
1.3 Synthesis of the nickel complexes

The nickel (1I) complexes were synthesized by the
following general procedure: a solution of the ligand in
THF was added to an equimolar amount of NiCl, - 6H,0
in THF. The reaction mixture was stirred at room
temperature for 12 h. The resultant precipitate was col-
lected, washed with THF and diethyl ether, and dried
in vacuum. All of the complexes were prepared in high
yield in this manner.
1.4 General Procedures for the C—C coupling re-

action

The C—C coupling reactions were performed in
20 mL Schlenk tube in a nitrogen. In a typical experi-
ment, required amount of catalyst, toluene and sub-
strate were charged into the reactor and form a homoge-

neous solution. To the stirred solution was added drop-
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wise a solution of PhMgBr in THF at room temperature.
Stirring was continued at the desire reaction tempera-
ture within the desire reaction time. The reaction was
ceased by addition of water (5 mL). The mixture was
extracted with Et,O (3 X 5 mL), and the combined
organic layers were dried over anhydrous Na,SO,. The
Na, SO, was removed by filtration and washed with
Et,0.
1.5 X-ray crystal structure determination
Diffraction data for the complexes were collected
on a Bruker SMART APEX II diffractometer at room
temperature (293 K) with graphite-monochromated Mo
Ka radiation (A = 0.710 73 A). An empirical absorp-
tion correction using SADABS was applied for all data.
The structures were solved by direct methods using the
SHELXS program. All non-hydrogen atoms were re-
fined anisotropically by full-matrix least-squares on F,
by the use of the program SHELXL. The hydrogen
atoms bonded to carbon were included in idealized geo-
metric positions with thermal parameters equivalent to
1.2 times those of the atom to which they were atta-
ched. Crystallographic data for the complexes 4 are lis-
ted in Table 1.

2 Results and discussion

2.1 X-ray Crystallographic Study

Blue single crystals of complex 4 suitable for sin-
gle crystal X-ray diffraction were obtained through slow
diffusion of diethyl ether into its methanol solution. An
ORTEP view of the molecular structure of complex 4 is
presented in Figure 1 along with the selected bond
lengths and angles. The complex 4 reveals a 1 : 1 me-
tal-to-ligand ratio with the metal center. And our cata-
lysts are prepared in dry CH,Cl,, so the structure can
represent the employed that of catalysts. The nickel
center is coordinated a distorted trigonal bipyramidal
geometry (The Addison 7= 0.16 for 4) by two nitro-
gen atoms of phenanthroline, one pyrozely nitrogen,
and two chlorine atoms in which N2 of the ligand and
the two chlorine atoms define the equatorial plane,
while the N1 and N2 atoms occupy the two coordination

site of the axial. The center metal Ni(Il) deviate from

the equatorial 0.085 A | the central Ni-N2 [ 1.973(2)A]

Table 1 Crystallographic data and structure refinement

details for 4

Empirical formula

CyppH gy €L, Ny Nig O

Fw 4101.66
Crystal color Blue
Wavelength [ A ] 0.71073
Temperature [ K] 293(2)
Crystal system Trigonal
Space group R—3

a(R) 37.3564(18)
b(A) 37.3564(18)
c(R) 12.8032(6)
A (°) 90.00

B(°) 90.00

v (°) 120.00
V(A 15473.2(13)
VA 3
D.(gem™) 1.321
F(000) 6384

w (mm™) 0.76

Crystal size(mm”) 0.35 x 0.23 x 0.22
Orange (°) 1.09-26.00
Reflections collected 28986
Unique reflections 6771
Goodness of fit on F? 1.042

Final R indices [1 > 2c(]) ]

R indices (all data)

R1 = 0.0401, wR2 = 0.1142
R1 = 0.0638, wR2 = 0.1320

Fig.1 The molecular structure of 4 (thermal ellipsoids at the

30% probability level and hydrogen atoms are omitted for clarity)
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bond is shorter than the terminal Ni-N1 [2.183(2)
A7) and Ni-N4 [2.201(2) A] bonds. In addition,
compared with its analogue bromine ( Ni-N2, 1.963
(4) A and Ni-N4, 2.199 (4) A)'®' clearly, the
length of Ni-N2 and Ni-N4 in 4 are shorter. While the
N1-Ni-N2 bite angle [ 79.50(8)°] is wider than the
N2-Ni-N4 bite angle [ 75.72(8)°], the C1-Ni-Cl angle
in 4 [145.53(3)°] is similar to the analogue bromine
[146.17(3)°]. And the mesityl group is nearly per-
pendicular to the phenanthroline plane in 4 ( dihedral
angle 89.5°) , is also similar to the analogue bromine
(89.2°), meanwhile the dihedral angle between the
pyrazolyl ring and the phenanthroline plane is 15.1° in
4, slightly smaller than the analogue bromine (17.0°).

In the previous report, we found the skeleton of the

chloride complexes with the formation of a more direc-
tional environment, bulkier aryl substituents can sup-
press chain-transfer reactions (typically-H elimination )
and therefore increase the activity' ™. It suggests that if
the steric bulk of the aryl groups create a reaction
channel which also may makes the organometallic rea-
gents coordination to the Ni atom more efficient and
further easily reacted with other aryl halides.

2.2 Catalytic Properties

2.2.1 Optimization of reaction conditions With
these considerations in mind, our initial work focused
on the model reaction of p-MeC,H,Br with PhMgBr to
optimize the reaction conditions. These results are sum-
marized in Table 2. With toluene as the solvent and at

room temperature, we first examined the effect of

Table 2 Optimization of the reaction conditions

Cat.
4@ " + o @ - Q O

Entry* Catal Solvent Time Yield Conversion Selectivity
/mol% /mL /h /%" /% /%
1 NiCL,L'(1) toluene 24 39.1 76.3 51.2
2 L'+NiClL,( DME) toluene 24 42.4 80.1 52.9
3 NiCL L'+ 1 equiv. PPh, toluene 24 42.5 79.4 53.5
4 NiCL,L'+ 2 equiv. PPh, toluene 24 36.1 81.3 44.4
5 NiCL, L'+ 1 equiv. LiCl toluene 24 20.0 34.1 58.6
6 NiCL,L'+ 1 equiv. Et;N toluene 24 10.0 33.7 29.7
7 NiCL,L'+ 1 equiv. Et,NH toluene 24 00 29.7 00
8 NiCL,L'(1) THF 24 33.1 56.4 58.7
9 NiCL,L'(1) toluene/ THF 24 41.2 76.8 53.6
10 NiCL,L'(1) dioxane 24 42.3 71.5 54.6
11 NiCLL'(1) Et,0 24 36.7 67.4 54.4
12 NiCL,L'(1) toluene 16 25.6 66.4 38.6
13¢ NiCL,L'(1) toluene 16 42.3 78.9 53.6
14 NiCL,L'(0.1) toluene 24 35.7 47.8 74.7
15 NiCL,L'(2) toluene 24 31.1 81.4 38.2
16 NiCL,L'(5) toluene 24 21.9 86.6 25.3
17 NiClL,L'(10) toluene 24 18.9 98.8 19.1
18 NiCL,L*(1) toluene 24 47.9 76.7 62.5
19 NiCL,L*(1) toluene 24 53.8 81.4 66.1
20 NiCLL*( 1) toluene 24 60.7 84.9 71.5

a. Reaction conditions ; aryl bromide 1.0 mmol, PhMgBr 1.2 mmol, solvent SmL; b. GC yield; c. reflux
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catalyst precursors. To our delight, the C—C coupling
reaction of p-MeC, H, Br with PhMgBr could proceed
smoothly in the presence of NiCl,L' complex (Table 2

entry 1). To achieve better results, various commer-
cially available salt additives'™ were introduced to
these systems,
PPh, was the best choice ( Table
while ,
ligand L' and ( DME ) NiCl,, turning out to be the yield
of p-MePh-Ph as well as NiCl,L"' complex ( Table 2,

entry 2). Subsequently, different solvents ( non-polar

and the results proved that 1 equiv.
2, entry 3). Mean-

we conducted the experiment in situ by using

or polar solvents) were examined. The results showed
that toluene and dioxane were proved to be the best for
the formation of p-MePh-Ph. After these optimized con-
ditions were developed, the effects of dosage of NiCl,
L' complex and temperature were studied as well. In-
vestigation of temperature revealed that getting the
same yield needed to shorter time. Besides, with either
an increase or decrease of the amount of the NiCl, L'
complex, inferior results were observed.
2.2.2 Effect of the ligand environment Changes in
the ligand environments led to different catalytic beha-

viors'** " For example, Wang'"®’

group has recently
reported that ligands containing electron-rich phosphor-

us atoms were suitable for the coupling reactions of aryl

chlorides, the extent of which is strongly dependent
upon the electronic nature of the phosphine ligand in
the catalytic action. Based on above mentioned idea,
We investigated the effect on the catalytic activities of
these ligands coordinated environment in detail. The
results are summarized in Table 2. The R* and R® sub-
stituents on the pyrazolinyl ring performed slight influ-
ence on their activities. It was observed that their cata-
lytic activities increased with increasing the steric hin-
drance of their ligands, the regulation was easily con-
firmed in the catalytic systems of the complexes 1
(Me), 2 (Me, Ph) and 3 (Ph, Ph). Their activities
18 and 19

in Table 2). This case could be caused by electronic

increased in the order 1 >2 >3 (entries 1,
influences of ligands. Meanwhile, the results showed
that the activity with the R' substituent as Mes on the
phenanthroline backbone (4) was optimum ( entry 20
in Table 2) , This could be attributed to the more bulky
groups at the 9-site of the phenanthroline backbone
which may facilitate the course of oxidation addition
and then reductive elimination.

2.2.3 Studies about the scope of substrates With
the optimized conditions in hand, the scope of aryl ha-
lides was investigated ( Table 3 ). For example,

complex 4 acted as an efficient catalyst for the substrate

Table 3 Substrate scope of complex NiCl,L*(4) catalyzed the C—C coupling Reactions

X+ BrM

Toluene r.t. 24 h

Cat 1 mol%

o0

Entry'® R X Yield/%""! Conversion/ % Selectivity/ %

1 p-Me Cl trace trace -

2 0-Me Br 24.2 78.1 30.9
3 p-MeO Cl trace trace -

4 p-MeO Br 13.4 89.8 14.9
5 p-MeO I 63.5 99.1 64.1
6 p-Me | 90.6 99.9 90.7
7 p-CF, I 98.1 99.3 98.8
8 0-Me I 73.0 96.2 75.9
9 0-MeO | 55.0 98.4 55.9

a. R and X mean substituents in aryl halides. The reactions were carried out using 1 mol% 4, aryl halides 1.0 mmol, PhMgBr 1.

2 mmol for 24 h at 20 °C in 5 mL toluene; b. GC yield
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of p-MeC¢H,I, reaching 90% yield within 24 h at room
temperature ( Table 3, entry 6). Under same condi-
tions, when p-CF,C H,I as a substrate gave excellent
conversations ( yield up to 98%, Table 3, entry 7).
On the same experimental conditions, complex 4 also
applies to deactivated substrate such as 4-ioideanisol,
but the yield of the corresponding product is a bit low-
er, reaching 63% yields for deactived aryl iodides over
a period of 24 h (Table 3, entry 5 ). Probably because
of the nature of the substituents ( electron-withdrawing
or electron-donating substituents) in the aromatic sub-
strates, which play a key role on the activation of C—I
bonds. Unfortunately, when deactivated substrates 4-
bromotoluene and 4-bromoanisole were involved, only
moderate or trace amounts of products were observed.
In expectation, due to low reactivity of aryl chlorides,
nickel complexes are almost inefficient even for the
coupling reaction of activated 4-chlorotoluene and
PhMgBr. 1t is easily explain that C—CI bond (Ph—X
bond dissociation energies ( BDEs)'**'. Cl, 402 kJ/
mol; Br, 339 kJ/mol; I, 272 kJ/mol) much stronger.
In addition, the steric hindrance of the substituent has
little influence on the product yield in the C—C cou-
pling reaction.

2.2.4 Studies about the kind of products and catalytic
action We also studied the products in the C—C
cross coupling reactions. For example, Table 3, entry
5, apart from the desired product 4-methoxybiphenyl,
homo-couplings and dehalogenation are observed in the
reaction mixtures by GC. It is the by-products of the or-
ganic groups that occurred in the C—C coupling reac-
tions, leading to difficulties in purification and yields
of the main cross-coupled product. From the phenome-
non of the experiments Phl with PhMgBr, we surmised
that reaction firstly occurred between catalysts and
PhMgBr ( the color of reaction mixture immediately
changed brown) but no reaction occurred between Phl
by GC (no disappear ). This is rationally understood
since the generation of catalytically active species from
the Phl would be more difficult than from the PhMgBr.
It was in agreement with the mechanism for the alkyl-
alkyl Kumada coupling catalyzed by a Ni(II) pincer

complex recently proposed by Hu’s group ™',

3 Conclusions

In summary, four Ni(Il) dichloride complexes of
2,9-subtituted-1, 10-phenanthrolin derivatives confirmed
that Ni (II) complexes in apenta-coordinated fashion
hold promise as catalysts for C—C coupling reactions.
The steric bulk of the ligands significantly affected the
catalytic behavior of the complexes. And complex 4
exhibited highly catalytic activities in the C—C cou-
pling reaction of aryl iodide with aryl Grignard reagents
at room temperature. As result, it is possible to
enhance the catalytic activities by tuning the size of

substituent on pyrazolyl of these complexes.
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