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Abstract: Novel phosphine-imidazolium salts 2 have
been synthesized and successfully used in palladium-
catalyzed Suzuki cross-coupling. A combination of
0.05 mol % of [Pd(h-C3H5)Cl]2 and 0.1 mol % of 2b
in the presence of 2 equivs. of K3PO4 as base provid-
ed coupling products in excellent yields in the reac-
tion of aryl bromides and chlorides with aryl boronic
acids.
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Since the first isolation and X-ray characterization of a
stable imidazol-2-ylidene in 1991,[1] nucleophilic N-het-
erocyclic carbenes (NHC×s) and their transition metal
complexes have attracted much attention.[2] With the
pronounced s-donating but very weak p-accepting
properties,[3] NHC×s resemble conventional phosphine
ligands.[4] Owing to the high stability of the metal com-
plexes of NHC×s toward heat, moisture and oxygen, sig-
nificant improvements have been achieved by replacing
phosphine ligands with nucleophilic carbenes in various
catalytic reactions, such as amination of aryl chlorides,[5]

olefin metathesis,[6] and hydrogenations.[7]

The palladium-mediated cross-coupling of arylboron-
ic acid with aryl halides, the Suzuki reaction, is a versa-
tile and highly useful method for the synthesis of biar-
yl-containing molecules.[8] With the renaissance and
flourishing of the nucleophilic carbenes, a number of
palladium/N-heterocyclic carbene systems have been
employed in this process with great success.[9] Most of
them used pre-prepared palladium-imidazol-2-ylidene
complexes as catalysts. There were only a few examples
using in situ formed palladium-NHC species from imi-
dazolium salts and palladium sources in the presence
of bases,[9c,e, f,k, l] and the carbenes usedwere usuallymon-
odentateNHC×swith bulky groups at the imidazole ring.
In addition, most reported functionalized NHC×s had a
nitrogen-donor such as pyridine, imine or oxazoline as

a pendant group.[9,10] Phosphine-functionalized NHC×s
were rather rare,[11] with only one successful application
in the Heck reaction reported by Nolan.[11c] We describe
herein the synthesis of novel phosphine-functionalized
imidazolium salts and their application in palladium-
catalyzed Suzuki couplings of aryl bromides and activat-
ed chlorides.
Starting with benzaldehyde, o-(diphenylphosphino)-

benzyl chloride (1) was prepared according to the re-
ported method,[12] and reacted with various 1-substitut-
ed imidazoles in refluxing ethanol, giving the bidentate
phosphine-imidazolium salts 2. Using K2CO3 as the
base, the tridentate phosphine-imidazolium salt 3 was
obtained from 1H-imidazole and 1 (Scheme 1).
Preliminary studies with 4-bromotoluene and phenyl-

boronic acid as the coupling partners revealed that the
palladium complexes generated from [Pd(h-C3H5)Cl]2
(0.25 mol %) and phosphine-imidazolium salts 2
(0.5 mol %) in thepresence ofCs2CO3were efficient cat-
alysts in Suzuki coupling (Table 1, entries 1±3). Thebest
result was obtained with 2b, while the reaction with tri-
dentate phosphine-imidazolium 3 required a longer
time for completion. A control experiment without the
imidazolium salt was carried out in order to confirm
whether a nucleophilic carbene generated in situ oper-
ates as a ligand in the reaction. As expected, a remarka-
ble decrease in activity was observed (entry 5) and pre-
cipitation of palladium black occurred within a few
hours. This result indicated that the addition of the imi-
dazolium salt is necessary in the reaction and that a nu-
cleophilic carbene formed from 2 or 3 plays an impor-
tant role as a ligand to afford the product in good yield.
A range of palladium compounds was screened for use

Scheme 1.
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as catalyst precursor and the best result was obtained
with [Pd(h-C3H5)Cl]2. The Suzuki coupling reaction
was prevented when the ratio of imidazolium salt to pal-
ladium (2b/Pd) was increased from 1 :1 to 2 :1 (entry 9),
which revealed, from one side, that the phosphine-imi-
dazoliums 2 are bidentate ligands. Two ligands 2 occu-
pied all of four coordination sites of palladium to form
a stable complex, which was inert in the oxidative-addi-
tion step.
Investigations into the optimal base showed that the

rate of reaction and the activity of catalyst were signifi-
cantly influenced by the base used (Table 2). A number
of inorganic bases, such as Cs2CO3, K2CO3, KOH,
NaOH, KF and K3PO4, could provide cross-coupling
products in excellent yield. But when organic bases
such as triethylamine and diisopropylethylamine were
used, the reactions ceasedwithinminutes and palladium
black was observed. Considering its high activity, K3PO4
was ultimately chosen as the base for the system.Various
solventswere tested in the coupling reactionwithK3PO4
as the base (Table 3). Dioxane proved to be a suitable
solvent, giving the fastest reaction. An attempt to con-
duct the reaction at a lower temperature led to a dramat-
ic decrease in the conversion of aryl bromide (50 8C/
24 h, 61% conversion). Using 0.05 mol % [Pd(h-C3H5)
Cl]2 and 0.1 mol % 2b also gave the coupling product
in 100% yield after 12 h (entry 2).
Under the optimized reaction conditions, a wide array

of aryl bromides can react with phenylboronic acid
providing cross-coupling products in excellent yields
(Table 4). The palladium/phosphine-imidazolium car-
bene system was indeed very efficient toward Suzuki
coupling and displayed remarkable tolerance towards
both ™deactivating∫ electron-donating substituents and
sterically encumbering otho-substituents on the aryl
bromide. We were delighted to find that activated aryl

chlorides can also couple with phenylboronic acid effi-
ciently under the same conditions in high yields (Table 4,
entries 16±21).
A variety of arylboronic acid (with electron-donating

and electron-withdrawing substituents) reacted
smoothly with 4-bromotoluene and the cross-coupling
products were obtained in excellent yields (Table 5).
In summary, we have developed a highly efficient,

convenient to handle palladium/phosphine imidazolium
salt system for the cross-coupling reaction of arylboron-
ic acids and aryl bromides and activated chlorides to
produce biaryl compounds in excellent yields. The phos-
phine-functionalizedheterocyclic carbenes generated in

Table 1. Effect of imidazolium salts and palladium resource on the Suzuki coupling of 4-bromotoluene and phenylboronic
acid.[a]

Entry Pd complex Ligand Time [h] Conversion [%] Yield [%][b]

1 [Pd(h-C3H5)Cl]2 2a 14 99 92
2 [Pd(h-C3H5)Cl]2 2b 10 99 97
3 [Pd(h-C3H5)Cl]2 2c 13 100 89
4 [Pd(h-C3H5)Cl]2 3 24 93 82
5 [Pd(h-C3H5)Cl]2 none 24 23 ±
6 Pd(dba)2 2b 17 97 90
7 Pd2(dba)3CHCl3 2b 18 99 99
8 Pd(OAc)2 2b 12 99 96
9[c] [Pd(h-C3H5)Cl]2 2b 24 5 ±

[a] Performed at 0.5 mol % Pd/L (1 : 1) and 0.33 M.
[b] GC yield.
[c] Pd/L¼1 : 2.

Table 2. Effect of base on the Pd/2b-catalyzed Suzuki cou-
pling reaction.[a]

Entry Base Time
[h]

Conversion
[%][b]

Yield
[%][c]

1 Cs2CO3 10 99 97
2 K2CO3 24 99 95
3 KF 6 99 94
4 KOBu-t 24 51 31
5 KOAc 24 4 ±
6 K3PO4 4 100 100
7 KOH 4 99 94
8 NaOH 4 100 95
9 NEt3 24 2 ±
10 EtN(i-Pr)2 24 6 ±

[a] Performed at 0.5 mol % Pd/L (1 : 1) and 0.33 M.
[b] Determined by GC.
[c] GC yield.
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situ from imidazolium salt were for the first time intro-
duced to the palladium catalyzed Suzuki coupling. Ap-
plications involving this new family of phosphine imida-
zolium salts in other metal-promoted reactions are cur-
rently under investigation.

Experimental Section

Cross-Coupling Reactions of Aryl Halides with
Arylboronic Acids; General Procedure

Under an atmosphere of argon, 3.0 mL dioxane were injected
to a Schlenk tube charged with [Pd(h-C3H5)Cl]2
(0.0025 mmol), imidazolium salt (0.005 mmol), and K3PO4
(2.0 mmol) (performed at 0.5 mol % cat.), or 3.0 mL dioxane

Table 3. Effect of solvent.[a]

Entry Solvent Time [h] Conversion [%] Yield [%]

1 Dioxane 4 100 100
2[b] Dioxane 12 100 100
3 THF 6 100 97
4 Toluene 6 99 94
5 EtOH 6 100 93
6 DMF 6 93 89
7 DMAc 6 87 83
8 DME 6 60 38
9 DMSO 4 61 43
10 CH3CN 4 70 54

[a] Performed at 0.5 mol % Pd/L (1 : 1) and 0.33 M.
[b] Using 0.05 mol % [Pd(h-C3H5)Cl]2.

Table 4. Suzuki cross-coupling of bromides and activated chlorides with phenylboronic acid.[a]

Entry X R Time [h] Conversion [%] Yield [%][b]

1 Br p-CH3 12 100 100
2 Br o-CH3 12 100 98
3 Br m-CH3 12 100 100
4 Br m-OCH3 12 100 100
5 Br p-OCH3 12 100 100
6 Br 3,5-diCH3 12 100 100
7 Br p-CN 6 100 100
8 Br m-COCH3 6 100 100
9 Br p-COCH3 6 100 100
10 Br p-CF3 6 100 98
11 Br 3,5-diCF3 6 100 93
12 Br m-CHO 6 100 97
13 Br p-NO2 6 100 100
14 Br H 6 96 93
15 Br 1-Br-2-Me-Naph 12 100 100
16 Cl p-NO2 6 100 100
17 Cl p-COCH3 12 96 92
18 Cl p-CN 12 99 99
19 Cl o-CHO 24 97 85
20 Cl p-CHO 12 89 80
21[c] Cl o-NO2 36 98 97

[a] Performed at 0.1 mol % Pd/L (1 : 1) and 0.33 M.
[b] Average of isolated yields based at two runs.
[c] Using 0.5 mol % Pd.

Table 5. Suzuki cross-coupling of 4-bromotoluene with var-
ious arylboronic acids.[a]

Entry R Conversion [%] Yield [%][b]

1 H 100 100
2 m-OCH3 100 99
3 p-OCH3 100 97
4 p-CH3 100 100
5 o-CH3 98 93
6 p-COCH3 99 96

[a] Performed at 0.1 mol% Pd/L (1 : 1) and 0.33 M.
[b] Average of isolated yields based on two runs.
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solution of [Pd(h-C3H5)Cl]2 (0.0005 mmol) and imidazolium
salt (0.001 mmol) was injected to a Schlenk tube charged
with K3PO4 (2.0 mmol) (performed at 0.1 mol % cat.). The
mixture was stirred for 30 min at room temperature. Then
1.0 mmol of aryl halide, 1.5 mmol of arylboronic acid (and
0.5 mmol of tridecane as internal standard, if the yield was de-
termined byGC)were added. The reactionmixturewas placed
in a 80 8Coil bath and the course of the reaction wasmonitored
byGC. After the reaction was complete, the mixture was load-
ed on a small plug of silica gel and washed with a copious
amount of Et2O. The washings were concentrated and purified
by flash chromatography on silica gel column and the products
were identified by 1H NMR.
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