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a b s t r a c t 

Two NC(sp 3 )O pincer palladium(II) complexes 3a-3b were readily prepared in high yields in only two 

steps. Of the first step, catalytic hydrophosphination of 2-alkenoylpyridines and subsequent in situ phos- 

phine oxidation produced the NC(sp 3 )O pincer preligands 2a-2b . The second step is palladation of the 

preligands 2a-2b where PdCl 2 was used as the Pd source to afford the desired Pd pincers 3a - 3b via 

C(sp 3 )-H bond activation. Single crystal X-ray diffraction analysis of complex 3a unambiguously confirmed 

the NCO tridentate coordination mode of the complexes. The two complexes 3a-3b were applied to cat- 

alyze the Suzuki-Miyaura reaction. Complex 3b was found to be more efficient and exhibited very high 

activity in the Suzuki reaction of structurally diverse aryl bromides with arylboronic acids in aqueous 

ethanol under air. At a reaction temperature of 70 °C, a TON of up to 1.9 × 10 5 and a TOF of up to 9800 

h −1 were achieved. At lower temperatures 3b was still very active, giving a TON of up to 9.5 × 10 3 and 

a TOF of up to 3900 h −1 at room temperature. 

© 2020 Elsevier B.V. All rights reserved. 
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 Introduction 

Palladium(II) pincer complexes with monoanionic tridentate lig- 

nds have been extensively investigated and widely used as cat- 

lysts in organic transformations [1–13] , ever since the indepen- 

ent pioneering works of Moulton and Shaw [14] , van Koten 

nd Noltes [15] in the late 1970s. Of particular significance, a 

road variety of these complexes have been developed as ef- 

ective catalysts for the Suzuki-Miyaura (SM) coupling reaction 

f aryl halides with arylboronic acids, providing a powerful tool 

or the construction of important biaryl compounds [13] . The 

rst example of pincer Pd complex catalyzed SM coupling ap- 

eared in 20 0 0 where Bedford and co-workers demonstrated that 

ryl-based bis(phosphinite) PCP pincer Pd complex A ( X = TFA, 

ig. 1 ) exhibited high activity with a turnover number (TON) of 

p to 1.9 × 10 5 in the reactions of aryl bromides [16] . This 

ork inspired the subsequent development of many more pin- 

er Pd catalysts ( Fig. 1 ). As a result, besides bis(phosphinite) 

CP pincers A [16–18] and B [19] , bis(aminophosphine) PCP 

incers [20–22] such as C , NCN pincers [23–26] such as 

is(pyrazole) D , bis(thiazole) E and (oxazoline)(pyrazole) F , hy- 

rid PCN pincers such as (phosphinite)(pyrazole) G [18] , (phosphi- 
∗ Corresponding authors. 
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ite)(imine) H [27] and (aminophosphine)(pyrazole) I [28] as well 

s (imine)(thiophosphinite) NCS pincers J [29] were all success- 

ully applied to the SM reaction. Among the reported pincer Pd 

atalysts, complex C showed extremely high activity with a TON 

f up to 10 6 and a turnover frequency (TOF) of up to 1.5 × 10 6 

 

−1 in the couplings of aryl bromides [20] . Furthermore, with a 

atalyst loading of 0.1 mol% of complex C , the coupling of non- 

ctivated chlorides such as chlorobenzene proceeded efficiently 

nd afforded the desired coupled product in a reaction time as 

hort as 1.5 h. Complex B was also able to accomplish the coupling 

f non-activated aryl chlorides, albeit with a relatively high cata- 

yst loading (1 mol%) [19] . Importantly, complexes C [21] , D [23] ,

 [25] and I [28] performed very well when the reactions of aryl 

romides were conducted in aqueous medium or in neat water. 

In contrast to the wide applications of aryl-based pincer Pd 

omplexes in catalysis such as in Suzuki reaction as described 

bove, researches on the aliphatic pincer Pd complexes with 

(sp 

3 )-Pd bonds are far less common [30–32] . In particular, those 

n unsymmetrical EC(sp 

3 )E ′ Pd pincers remain scarce. This is 

artly because the synthesis of these complexes via C(sp 

3 )-H acti- 

ation has been a considerable challenge. Additionally, unlike aro- 

atic ligands, the appropriate aliphatic pincer preligands are usu- 

lly difficult to obtain. To the best of our knowledge, there are 

nly two reports on the use of EC(sp 

3 )E Pd pincers as catalysts 

or Suzuki reaction ( Fig. 2 ). One is from Olsson and Wendt who 

https://doi.org/10.1016/j.jorganchem.2020.121645
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jorganchem
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jorganchem.2020.121645&domain=pdf
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Fig. 1. Selected examples of aryl-based EC(sp 2 )E and EC(sp 2 )E ′ pincer Pd catalysts for the Suzuki-Miyaura reaction. 

Fig. 2. Reported aliphatic PC(sp 3 )P pincer Pd catalysts for the Suzuki-Miyaura reac- 

tion. 
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ound that with the cyclohexyl-based PC(sp 

3 )P Pd pincer K as the 

atalyst a temperature as high as 160 °C was needed to achieve ac- 

eptable results [33] . The other report is by Frech and co-workers 

howing an adamantyl-based PC(sp 

3 )P Pd pincer L to be a more 

fficient catalyst, which worked well under much milder reaction 

onditions (in water/NaOH or toluene/K 3 PO 4 at 100 °C) with a TON 

f up to 10 4 and a TOF of up to 4 × 10 4 h 

−1 for the coupling of

arious aryl bromides [34] . 

In our previously reported studies, we synthesized a wide vari- 

ty of achiral and chiral pincer Pd complexes and explored their 

otentials in Pd-catalyzed organic transformations [ 18 , 26 , 27 , 35–

5 ]. It was found that the achiral PCP complexes A ( X = Cl), NCN 

′ 
omplexes F as well as PCN complexes G and H were all effec- 

ive catalysts for the Suzuki reaction of both aryl bromides and ac- 

ivated aryl chlorides even at a temperature as low as 40–50 °C 

 18 , 26 , 27 , 43 ]. In a more recent study on the chiral PCN pincer Pd

atalyzed asymmetric hydrophosphination of 2-alkenoylpyridines, 

e discovered that phosphine oxide of the catalysis product was 

ble to react with PdCl in CH Cl at room temperature to give 
2 2 2 

Scheme 1. Synthesis of a chiral N

2 
 chiral NC(sp 

3 )O pincer Pd complex ( Scheme 1 ) [46] . This pro-

edure provides a direct and convenient method for the synthesis 

f rare and unsymmetrical EC(sp 

3 )E ′ Pd pincers [47–49] . Unfortu- 

ately, the yield of the obtained chiral Pd pincer was rather mod- 

st. To further expand the chemistry and practical applications of 

liphatic sp 

3 -carbometalated pincer Pd complexes, herein we re- 

ort the synthesis of achiral NC(sp 

3 )O pincer Pd complexes 3a-3b 

 Scheme 2 ) by modifying the procedure for the preparation of chi- 

al NC(sp 

3 )O Pd pincer. The obtained Pd complexes 3 were applied 

o the Suzuki reaction of aryl bromides with arylboronic acids. 

. Results and discussion 

.1. Synthesis and characterization 

As shown in Scheme 2 , bis(phosphinite) PCP pincer Pd complex 

 ( X = Cl) catalyzed hydrophosphination of 2-alkenoylpyridines 

a-1b with diphenylphosphine was carried out in toluene at room 

emperature. Upon completion of the catalytic hydrophosphination, 

queous H 2 O 2 was added directly to the reaction mixture to enable 

n situ phosphine oxidation and the pyridine-functionalized phos- 

hine oxides 2a-2b were thus obtained in 78 and 87% yields, re- 

pectively. Subsequently, the resulting NC(sp 

3 )O pincer preligands 

 reacted with PdCl 2 in the presence of Et 3 N in CH 2 Cl 2 at 50 °C
here the desired C 

–H palladation of the preligands occurred ef- 

ciently to afford the NC(sp 

3 )O pincer Pd(II) complexes 3a-3b in 

9 and 83% yields, respectively. The overall yields of the two com- 

lexes reached ~70%. It is worthy to point out that all the materi- 

ls and reagents employed in above synthetic procedure are either 

ommercially available or can be easily synthesized. For example, 
C(sp 3 )O pincer Pd complex. 
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Scheme 2. Synthesis of achiral NC(sp 3 )O pincer Pd complexes. 

Fig. 3. Molecular structure of complex 3a with ellipsoids drawn at the 50% proba- 

bility level (hydrogen atoms are omitted for clarity). 
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Table 1 

Selected bond lengths ( ̊A) and angles 

(deg) for complex 3a . 

Complex 3a 

Pd(1)-C(7) 2.030(4) 

Pd(1)-N(1) 2.020(4) 

Pd(1)-O(2) 2.063(3) 

Pd(1)-Cl(1) 2.4034(12) 

C(7)-Pd(1)-N(1) 83.52(15) 

C(7)-Pd(1)-O(2) 86.39(13) 

C(7)-Pd(1)-Cl(1) 177.28(11) 

N(1)-Pd(1)-O(2) 169.83(13) 

N(1)-Pd(1)-Cl(1) 95.94(10) 

O(2)-Pd(1)-Cl(1) 94.09(8) 

Table 2 

Summary of crystal structure determination for complex 3a . 

Complex 3a 

Formula C 26 H 21 ClNO 2 PPd 

Mr 552.26 

temp [K] 291(2) 

wavelength [ ̊A] 0.71073 

cryst syst orthorhombic 

space group Pbca 

cryst size [mm] 0.2 × 0.16 × 0.16 

a [ ̊A] 11.528(3) 

b [ ̊A] 17.256(5) 

c [ ̊A] 23.198(4) 

α [deg] 90.00 

β [deg] 90.00 

γ [deg] 90.00 

V [ ̊A 3 ] 4615.0(19) 

Z 8 

Dcalcd [g cm 

−3 ] 1.590 

μ [mm 

−1 ] 1.013 

θ range [deg] 2.942 to 26.369 

index range −14 ≤ h ≤ 6, -21 ≤ k ≤ 13, -28 ≤ l ≤ 26 

no. of data collected 12,691 

no. of unique data 4710 

final R indices [I > 2 σ (I)] R 1 = 0.0427 

wR 2 = 0.0922 

R indices [all data] R 1 = 0.0629 

wR 2 = 0.1047 

F(000) 2224 

Largest diff. peak/hole [e Å −3 ] 1.410/ −0.441 

r

m

l

b

t

N

s

he Pd pincer catalyst A ( X = Cl) for hydrophosphination was con- 

eniently prepared via a one-pot phosphorylation/palladation re- 

ction, that is, by simply mixing resorcinol, Ph 2 PCl and PdCl 2 in 

he presence of Et 3 N in refluxing toluene [18] . It is also interesting

o note that through a pincer Pd complex catalyzed hydrophosphi- 

ation reaction and the ensuing in situ phosphine oxidation, the 

incer preligands 2 were produced in just one step with high ef- 

ciency. In the synthesis of pincer Pd complexes that are either 

p 

2 -carbometalated or sp 

3 -carbometalated, preparation of the re- 

uired pincer preligands via a catalyzed reaction is not very com- 

on. In addition, despite the fact that in the literature Pd(OAc) 2 , 

PdCl 2 (RCN) 2 ] (R = Ph or Me) and [PdCl 2 (COD)] are more often

sed as palladation reagent in the C 

–H activation step for the con- 

truction of Pd pincers, we have shown above that the desired C 

–H 

ond even a C(sp 

3 )-H bond activation can also be readily accom- 

lished by using PdCl 2 as the Pd source. Taken together, the syn- 

hesis of complexes 3a-3b is facile, convenient and high-yielding, 

hich provides additional examples of rare and unsymmetrical 

C(sp 

3 )E ′ pincer Pd complexes. 

The molecular structure of complex 3a was unambiguously de- 

ermined by single crystal X-ray diffraction analysis. The molecule 

s illustrated in Fig. 3 . Selected bond lengths and bond angles 

re listed in Table 1 . Details of crystal structure determination for 

omplex 3a are given in Table 2 . Fig. 3 shows clearly that the

yridine-functionalized phosphine oxide 2a acts as a NC(sp 

3 )O tri- 

entate ligand when complexed with palladium, leading to the 

ormation of the pincer Pd complex 3a . The palladium atom fea- 

ures a distorted-square-planar geometry with tridentate coordina- 

ion of the ligand 2a via pyridine-N, the sp 

3 -C adjacent to carbonyl 

roup and the phosphine oxide-O to the Pd(II) center and the chlo- 
3 
ide occupying the fourth coordination site. The two fused five- 

embered palladacycles are thus formed in which the two pal- 

adacycles both adopt envelope conformation. The Pd-C and Pd-O 

ond lengths in complex 3a are 2.030(4) and 2.063(3) Å, respec- 

ively, which are slightly shorter than those in the related chiral 

C(sp 

3 )O Pd complex [46] . While the Pd-N and Pd-Cl distances are 

lightly longer than those in the chiral complex [46] . All of the 
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Table 3 

Suzuki coupling of 2-bromotoluene with phenylboronic acid catalyzed by the NC(sp 3 )O pincer Pd(II) complexes 3 a . 

Entry Cat. (mol%) Solvent Base Temp. ( °C) Time (h) Yield b (%) 

1 3b (0.1) EtOH K 3 PO 4 70 12 65 

2 3b (0.1) MeOH K 3 PO 4 70 12 56 

3 3b (0.1) Toluene K 3 PO 4 110 12 47 

4 3b (0.1) DMF K 3 PO 4 110 12 26 

5 3b (0.1) EtOH 

–H 2 O 

c K 3 PO 4 70 12 98 

6 3b (0.01) EtOH 

–H 2 O 

c K 3 PO 4 70 12 80 

7 3b (0.01) EtOH 

–H 2 O 

c K 3 PO 4 70 24 79 

8 3b (0.01) EtOH 

–H 2 O 

c K 2 CO 3 70 12 98 

9 3b (0.01) EtOH 

–H 2 O 

c K 2 CO 3 70 6 98 

10 3b (0.01) EtOH 

–H 2 O 

c K 2 CO 3 70 2 98 

11 3a (0.01) EtOH 

–H 2 O 

c K 2 CO 3 70 2 85 

12 3b (0.001) EtOH 

–H 2 O 

c K 2 CO 3 70 12 81 

13 3b (0.001) EtOH 

–H 2 O 

c K 2 CO 3 70 24 92 

a Reaction conditions: 2-bromotoluene (0.5 mmol), PhB(OH) 2 (0.6 mmol), pincer Pd cat. 3 , base (1.0 mmol), sol- 

vent (3.0 mL), under air. b Isolated yield. c EtOH 

–H 2 O (v/ v = 1:1, 3.0 mL). 
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ond angles around the Pd(II) center are comparable to those in 

he chiral complex [46] with the C-Pd-Cl and N-Pd-O angles be- 

ng177.28(11) ° and 169.83(13) °, respectively. 

.2. Catalytic properties of Pd complexes 

At the outset the coupling of sterically hindered 2- 

romotoluene with phenylboronic acid was chosen as a model to 

valuate the catalytic potential of the obtained NC(sp 

3 )O pincer Pd 

omplexes in the Suzuki reaction ( Table 3 ). The desired coupled 

roduct was obtained in 65% yield after 12 h when the reaction 

as carried out with 0.1 mol% of complex 3b as the catalyst in 

he presence of K 3 PO 4 base in EtOH under air at 70 °C (entry

). Changing the solvent from EtOH to MeOH, toluene or DMF 

and also elevating the reaction temperature to 110 °C in the 

atter two solvents) did not afford better results (26–56% yields, 

ntries 2–4). Pleasingly, the use of EtOH 

–H 2 O mixture (1:1) as the 

olvent gave an excellent yield of 98% (entry 5). We then tried to 

educe the loading of complex 3b . When the catalyst loading was 

educed to 0.01 mol%, the yields decreased dramatically to ~80% 

entries 6 and 7). However, by replacing K 3 PO 4 base with K 2 CO 3 ,

xcellent yield (98%) was achieved again (entry 8). Furthermore, 

ith K 2 CO 3 as the base excellent yields were still obtained in a 

horter reaction time such as in a time as short as 2 h (entries 9

nd 10). Under the same conditions, complex 3a showed a lower 

ctivity than complex 3b (85%, entry 11 vs 98% yield, entry 10). 

urther reducing the catalyst loading of complex 3b to 0.001 

ol% resulted in an obviously decreased yield of 81% (entry 12 vs 

). Fortunately, prolonging the reaction time from 12 h to 24 h 

rovided an excellent yield of 92% at this level of catalyst loading 

f 0.001 mol% (entry 13). 

Based on the above results, the Suzuki coupling reactions of a 

ariety of electronically and structurally diverse aryl bromides with 

henylboronic acid were investigated with complex 3b as the cat- 

lyst in the presence of K 2 CO 3 base in EtOH 

–H 2 O under air at 70

C ( Table 4 ). As shown in Table 4 , complex 3b exhibited very high

ctivity with the TON value reached up to 1.9 × 10 5 and the TOF 

alue up to 9800 h 

−1 in these couplings. With a catalyst loading of 

.01 mol%, both sterically hindered 2-bromotoluene and electron- 

cally deactivated 4-bromoanisole reacted smoothly with phenyl- 

oronic acid to deliver the desired products in excellent yields af- 

er only one hour (entries 1 and 2). When the catalyst loading was 

ecreased to 0.001 mol%, the reactions of electronically deactivated 
4 
–OCH 3 - and 3–OCH 3 -substituted aryl bromides, the activated 4- 

O 2 - bromide and the non-activated 4-CH 3 - bromide as well as 

terically hindered 2-CH 3 -substituted aryl bromide all proceeded 

ery well, affording the corresponding products in excellent yields 

fter 24 h (entries 3,4,7,8 and also Table 3 , entry 13). By contrast, 

n the case of 2-bromoanisole, a reactant both electronically deacti- 

ated and sterically hindered, a higher catalyst loading than 0.001 

ol% was needed to achieve an excellent yield within 24 h (en- 

ries 5 and 6). On the other hand, for the 4-CH 3 - and 4-CHO- aryl

romides, a catalyst loading as low as 0.0 0 05 mol% was sufficient 

o ensure highly efficient couplings (entries 9 and 10). In compari- 

on with aryl bromides, heteroaryl bromides were much less reac- 

ive. When 3-bromopyridine was subjected to the reaction with a 

atalyst loading of 0.01 mol%, the expected 3-phenylpyridine was 

btained in only 63% yield after 24 h (entry 11). 

The above data indicate that pincer Pd complex 3b is a very 

fficient catalyst for the Suzuki couplings of aryl bromides with 

henylboronic acid at 70 °C. This finding prompted us to inves- 

igate how well complex 3b would perform catalytically at lower 

eaction temperature such as 50 °C and particularly at room tem- 

erature. In the literature the related such reports remain very 

ew [ 26–28 , 43 ] and pincer Pd catalysts often exhibited low ac- 

ivity when the reactions were conducted at lower temperatures. 

or example, with 1 mol% of complex B ( Fig. 1 ) as the catalyst

he reaction of 2-bromotoluene with 4-tolylboronic acid in diox- 

ne at 50 °C gave the coupled product in merely 45% yield after 

0 h [19] . When 0.01 mol% of aliphatic adamantyl-based PC(sp 

3 )P 

d pincer L ( Fig. 2 ) was used to catalyze the coupling of phenyl

romide with phenylboronic acid in water at 50 °C, 86% conver- 

ion into biphenyl could be achieved after 6 h. However, for the 

ame reaction at room temperature only 2% conversion was ob- 

erved after 6 h [34] . Therefore, development of effective pincer 

d catalysts for the Suzuki-Miyaura reaction at lower temperature 

s highly desirable. Thus, we conducted the following series of cou- 

ling reactions between aryl bromides and arylboronic acids, us- 

ng complex 3b as the catalyst at a reaction temperature of 50 

C ( Table 5 ). We were pleased to find that complex 3b also ex-

ibited high activity at 50 °C with a TON of up to 9.9 × 10 3 

nd a TOF of up to 9900 h 

−1 . With a catalyst loading as low as

.01 mol%, 2–bromo and 4-bromotoluene, 4–bromo, 3–bromo and 

-bromoanisole, 4-bromobenzaldehyde, 4-bromobenzonitrile, 1,3- 

ibromobenzene were all successfully coupled with phenylboronic 

cid or substituted phenylboronic acids to deliver the correspond- 
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Table 4 

Suzuki couplings of aryl bromides with phenylboronic acid at 70 °C catalyzed by the NC(sp 3 )O pincer Pd(II) complex 3b a . 

Entry Cat. (mol%) R Time (h) Yield b (%) TON 

c TOF d (h −1 ) 

1 0.01 2-CH 3 1 95 9500 9500 

2 0.01 4–OCH 3 1 98 9800 9800 

3 0.001 4–OCH 3 24 99 99,000 4125 

4 0.001 3–OCH 3 24 99 99,000 4125 

5 0.001 2–OCH 3 24 76 76,000 3167 

6 0.005 2–OCH 3 12 95 19,000 1583 

7 0.001 4-NO 2 24 99 99,000 4125 

8 0.001 4-CH 3 24 98 98,000 4083 

9 0.0005 4-CH 3 24 96 192,000 8000 

10 0.0005 4-CHO 24 92 184,000 7667 

11 e 0.01 – 24 63 6300 263 

a Reaction conditions: ArBr (0.5 mmol), PhB(OH) 2 (0.6 mmol), pincer Pd cat. 3b , K 2 CO 3 (1.0 mmol), EtOH 

–H 2 O (v/ v = 1:1, 3.0 mL), 

70 °C, under air. b Isolated yield. c TON: Turnover number. Defined as moles of product per mole of catalyst. d TOF: Turnover fre- 

quency. Defined as moles of product per mole of catalyst per hour. e 3-bromopyridine was used as the substrate. 

Table 5 

Suzuki couplings of aryl bromides with arylboronic acids at 50 °C catalyzed by the NC(sp 3 )O pincer Pd(II) complex 3b a . 

Entry R 1 R 2 Time (h) Yield b (%) TON 

c TOF d (h −1 ) 

1 2-CH 3 H 1 94 9400 9400 

2 4–OCH 3 H 1 93 9300 9300 

3 3–OCH 3 H 1 98 9800 9800 

4 2–OCH 3 H 4 95 9500 2375 

5 4-CH 3 H 1 99 9900 9900 

6 4-CHO H 1 99 9900 9900 

7 4-CN H 1 99 9900 9900 

8 e 3-Br H 7 94 9400 1343 

9 2-CH 3 4–OCH 3 5 96 9600 1920 

10 4-CH 3 4–OCH 3 3 96 9600 3200 

11 4-CH 3 2–OCH 3 2 98 9800 4900 

12 4–OCH 3 3-Cl 4 98 9800 2450 

a Reaction conditions: ArBr (0.5 mmol), ArB(OH) 2 (0.6 mmol), pincer Pd cat. 3b (0.01 mol%), K 2 CO 3 (1.0 mmol), EtOH 

–H 2 O (v/ v = 1:1, 

3.0 mL), 50 °C, under air. b Isolated yield. c Defined as moles of product per mole of catalyst. d Defined as moles of product per mole of 

catalyst per hour. e 1,3-dibromobenzene (0.5 mmol), PhB(OH) 2 (1.2 mmol), K 2 CO 3 (2.0 mmol). 
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ng biaryl products in 93–99% yields within several hours. In most 

ases, excellent yields were achieved after only 1–2 h. Particularly, 

he reactions of electronically deactivated and/or sterically hin- 

ered 2-bromoanisole and 2-bromotoluene also proceeded quite 

ell in a short reaction time (entries 1,4 and 9). Furthermore, for 

he reactions of 2-bromotoluene and 4-bromoanisole with phenyl- 

oronic acid, decreasing the temperature from 70 °C to 50 °C did 

ot result in any appreciable loss of the activity of complex 3b 

 Table 4 , entries 1 and 2 vs Table 5 , entries 1 and 2). 

Considering the high activity of complex 3b at 50 °C, we next 

xplored its performance at room temperature ( Table 6 ). The re- 

ction of 4-bromoanisole with phenylboronic acid was first tested 

entries 1 and 2). In the presence of 0.01 mol% complex 3b as 

he catalyst, a promising yield of 39% was obtained after 1 h 

ven though the yield was much lower than that at 50 °C (39% 

s 93%). By extending the reaction time to 12 h, a good yield 

f 79% was achieved (entry 2). Under these conditions, reactions 

f the more reactive 4-bromotoluene and 4-bromobenzaldehyde 

ith phenylboronic acid provided the coupled products in excel- 

ent yields as expected (95%, entries 3 and 4). When the catalyst 

oading was increased to 0.1 mol%, good to excellent yields (86–

8%) could be achieved within several hours for the reactions of 

ome representative aryl bromides with arylboronic acids (entries 

–11). Of particular significance is that electronically deactivated 
5 
nd/or sterically hindered 2-bromoanisole and 2-bromotoluene re- 

cted very well with arylboronic acids at room temperature, fur- 

ishing the corresponding biaryls in excellent yields (entries 8–

1). Overall, complex 3b was a quite effective catalyst for the 

uzuki reaction of aryl bromides with arylboronic acids. Espe- 

ially, the complex maintained high activity in the room temper- 

ture reactions. But unfortunately, employment of complex 3b as 

atalyst for the Suzuki reaction of 4-chlorotoluene with phenyl- 

oronic acid proved to be unsuccessful. The desired coupled prod- 

ct was obtained in rather low yields (5–17%) with a catalyst load- 

ng of 0.1–1.0 mol% (for details see Table S1 in the Supporting 

nformation). 

To further explore the practical potential of complex 3b - 

atalyzed Suzuki reaction, we conducted the reactions of 3,5- 

ibromophenol with arylboronic acids catalyzed by 3b for the syn- 

hesis of 3,5-diarylphenols 4a-b , which are the key precursors to 

he inhibitors of the luteinizing hormone (LH) receptor [50] . With 

 catalyst loading of 0.01 mol% the reaction on a 0.5 mmol scale 

roceeded well, delivering the desired product 4a in a 92% yield 

 Scheme 3 ). However, the yield dropped dramatically to 76% when 

he same reaction was scaled up to 5 mmol level. Gratifyingly, 

pon increasing the catalyst loading to 0.05 mol%, the gram-scale 

yntheses of 4a and 4b were successfully accomplished with 98% 

nd 95% yields, respectively ( Scheme 3 ). 
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Table 6 

Suzuki couplings of aryl bromides with arylboronic acids at room temperature catalyzed by the NC(sp 3 )O pincer Pd(II) complex 3b a . 

Entry Cat. (mol%) R 1 R 2 Time (h) Yield b (%) TON 

c TOF d (h −1 ) 

1 0.01 4–OCH 3 H 1 39 3900 3900 

2 0.01 4–OCH 3 H 12 79 7900 658 

3 0.01 4-CH 3 H 12 95 9500 792 

4 0.01 4-CHO H 12 95 9500 792 

5 0.1 4–OCH 3 H 3 94 940 313 

6 0.1 4-CH 3 H 2.5 96 960 384 

7 0.1 4-NO 2 H 6 86 860 143 

8 0.1 2-CH 3 H 3 97 970 323 

9 0.1 2–OCH 3 H 8 97 970 121 

10 0.1 2-CH 3 4–OCH 3 6 90 900 150 

11 0.1 2-CH 3 3-Cl 3 98 980 327 

a Reaction conditions: ArBr (0.5 mmol), ArB(OH) 2 (0.6 mmol), pincer Pd cat. 3b , K 2 CO 3 (1.0 mmol), EtOH 

–H 2 O (v/ v = 1:1, 3.0 mL), 

room temperature, under air. b Isolated yield. c Defined as moles of product per mole of catalyst. d Defined as moles of product per mole 

of catalyst per hour. 

Scheme 3. Application of complex 3b in the synthesis of 3,5-diarylphenols. 
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In order to gain some insights into the mechanism of the 

omplex 3b -catalyzed Suzuki reaction, the mercury drop exper- 

ments were performed. Specifically, the coupling reaction of 4- 

romobenzaldehyde with phenylboronic acid catalyzed by 0.0 0 05 

ol% of 3b was carried out in EtOH 

–H 2 O (1:1) at 70 °C and with

ddition of one drop of elemental mercury. It turned out that the 

eaction was almost completely inhibited by the presence of mer- 

ury and the desired coupled product was obtained in only 3% 

ield after 24 h (3% vs 92% in entry 10, Table 4 ). The result sug-

ested that at 70 °C palladium nanoparticles were probably the 

atalytically active form of complex 3b and the reactions likely 

roceeded via a classical Pd(0)/Pd(II) catalytic cycle consisting of 

xidative addition, transmetalation and reductive elimination steps. 

or the pincer Pd(II)-catalyzed Suzuki reaction, it was reported that 

n many cases pincer Pd(II) complexes acted as precursors for the 

elease of palladium nanoparticles as the active catalytic species 

 19 , 21 , 29 ]. On the other hand, the addition of one drop of mercury

o the room temperature reaction of 4-bromoanisole with phenyl- 

oronic acid catalyzed by 0.1 mol% of 3b led to some decrease in 
6 
he yield but did not inhibit the reaction (81% vs 94% in entry 5, 

able 6 ). The result indicated that the room temperature reactions 

ikely occurred through a mechanism different from that of the re- 

ctions at 70 °C. 

.3. Conclusions 

In summary, we have synthesized two NC(sp 

3 )O pincer palla- 

ium(II) complexes in a facile, convenient and high-yielding fash- 

on. Complex 3b was found to be a highly efficient catalyst for the 

uzuki reaction of aryl bromides with arylboronic acids in aqueous 

thanol under air. In particular, this complex still exhibited high 

ctivity even at room temperature, which is rare for the Pd pin- 

er catalysts suggested for this reaction. Mercury drop experiments 

ndicate that palladium nanoparticles may be the actual catalytic 

pecies for reactions at 70 °C while for reactions at room temper- 

ture other catalytically active form of complex 3b is responsible 

or the high activity. 
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. Experimental 

.1. General 

Solvents were dried with standard methods and freshly distilled 

rior to usage if needed. 2-alkenoylpyridines 1a - 1b [51] and Pd 

incer catalyst A ( X = Cl) [18] were prepared according to the liter-

ture methods. All other chemicals were used as purchased. Melt- 

ng points were measured on a WC-1 microscopic apparatus and 

ere uncorrected. 1 H NMR, 13 C{ 1 H} NMR and 

31 P{ 1 H} NMR spectra 

ere recorded on a Bruker DPX-400 spectrometer in CDCl 3 with 

MS as an internal standard for 1 H, 13 C{ 1 H} NMR and 85% H 3 PO 4 

s the external standard for 31 P{ 1 H} NMR. 

.2. Synthesis of the NC(sp 3 )O pincer Pd complexes 3a-3b 

In a 10 mL Schlenk tube a mixture of PCP pincer Pd cata- 

yst A (12.4 mg, 5 mol%) and KOAc (3.9 mg, 10 mol%) in toluene

4 mL) was stirred at room temperature for 0.5 h under Ar atmo- 

phere. Upon addition of diphenylphosphine (74.5 mg, 0.4 mmol), 

he mixture was stirred for additional 0.5 h. Subsequently, 2- 

lkenoylpyridine 1 (0.6 mmol) was added and the resulting mix- 

ure was stirred at room temperature for 12 h. Then, H 2 O 2 aqueous 

olution (30%, 120 μL) was added to oxidize the catalysis product. 

nce being stirred at room temperature for 2 h, the reaction mix- 

ure was purified directly by chromatography on silica gel plates 

ith CH 2 Cl 2 /acetone (5/1 or 10/1) as eluent to afford the pyridine- 

unctionalized phosphine oxides 2 . 

To a stirred solution of 2 (0.5 mmol) in CH 2 Cl 2 (4 mL) was

dded Et 3 N (84 μL, 0.6 mmol) and PdCl 2 (106.4 mg, 0.6 mmol, 1.2

quiv) under Ar atmosphere. After being stirred at 50 °C for 12 h, 

he reaction mixture was filtered through Celite. Evaporation of the 

olvent gave a residue, which was purified by column chromatog- 

aphy on silica gel with CH 2 Cl 2 /acetone (5/1) as eluent to give the

C(sp 

3 )O pincer Pd(II) complexes 3 . 

Complex 3a : pale yellow solids, M.p. 208–209 °C. 1 H NMR 

400 MHz, CDCl 3 ): δ 9.08 (d, J HH = 5.3 Hz, 1H), 7.96–7.83 (m, 3H),

.64–7.52 (m, 7H), 7.46–7.40 (m, 3H), 7.21–7.15 (m, 3H), 6.99–6.97 

m, 2H), 5.20 (dd, J HH = 9.6 Hz, J HP = 4.1 Hz, 1H, PCHC H ), 4.92

dd, J HH = 9.6 Hz, J HP = 16.4 Hz, 1H, PC H CH). 13 C NMR (100 MHz,

DCl 3 ): δ 192.8 (d, J CP = 13.2 Hz), 157.4, 151.5, 139.4, 133.70, 133.65 

d, J CP = 2.5 Hz), 133.2 (d, J CP = 2.6 Hz), 132.9 (d, J CP = 8.9 Hz),

31.8 (d, J CP = 10.0 Hz), 129.0 (d, J CP = 12.0 Hz), 128.9 (d,

 CP = 98.0 Hz), 128.7 (d, J CP = 5.3 Hz), 128.6 (d, J CP = 2.3 Hz),

28.4 (d, J CP = 11.8 Hz), 127.8 (d, J CP = 3.1 Hz), 127.2, 125.0 (d,

 CP = 94.1 Hz), 122.6, 56.0, 48.6 (d, J CP = 72.0 Hz). 31 P{ 1 H} NMR

162 MHz, CDCl 3 ): δ 73.5. Anal. Calcd for C 26 H 21 ClNO 2 PPd 

. H 2 O: C,

4.76; H, 4.07; N, 2.46. Found: C, 54.29; H, 4.43; N, 2.15. 

Complex 3b [46]: pale yellow solids, M.p. 173–174 °C. 1 H NMR 

400 MHz, CDCl 3 ): δ 9.09 (d, J HH = 5.4 Hz, 1H), 7.95–7.91 (m, 1H),

.85–7.80 (m, 2H), 7.64–7.58 (m, 5H), 7.55–7.50 (m, 2H), 7.46–7.43 

m, 3H), 6.87 (dd, J = 8.6 and 1.9 Hz, 2H), 6.70 (d, J HH = 8.6 Hz,

H), 5.14 (dd, J HH = 10.0 Hz, J HP = 4.0 Hz, 1H, PCHC H ), 4.87 (dd,

 HH = 10.0 Hz, J HP = 16.8 Hz, 1H, PC H CH), 3.75 (s, 3H). 

.3. General procedure for Suzuki-Miyaura cross-coupling reactions 

A 10 mL Schlenk tube was charged with complex 3b , ArBr 

0.5 mmol), ArB(OH) 2 (0.6 mmol), K 2 CO 3 (138.2 mg, 1.0 mmol), 

nd solvent (3 mL). The mixture was stirred at specified temper- 

ture under air for a certain time (monitored by TLC). Upon com- 

letion of the reaction, the mixture was let to cool down (for the 

eaction being conducted at room temperature this cooling step 

as unnecessary) and quenched with saturated brine, and then 

xtracted with ethyl acetate (EtOAc) and dried over Na 2 SO 4 . Af- 

er filtration and evaporation of the solvent, the resulting residue 
7 
as purified by column chromatography on silica gel with EtOAc- 

etroleum ether as the eluent to give the biaryl products. All the 

roducts are known compounds and identified by 1 H NMR spec- 

roscopy. 

.4. X-ray diffraction studies 

Crystals of 3a (CCDC 1999573) were obtained by recrystalliza- 

ion from acetone/ n -hexane at ambient temperature. The data were 

ollected on an Oxford diffraction Gemini E diffractometer with 

raphite-monochromated Mo K α radiation ( λ = 0.71073 Å). The 

tructure was solved by direct methods using the SHELXS-97 pro- 

ram, and all non-hydrogen atoms were refined anisotropically on 

 

2 by the full-matrix least-squares technique, using the SHELXL-97 

rystallographic software package [52] . The hydrogen atoms were 

ncluded but not refined. 
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