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Palladium complexes of two new types of unsymmetrical pyridyl-supported pyrazéliieterocyclic
carbene ligands were synthesized and structurally characterized. A strategy to release the steric strain of
the ligand was realized by the introduction of methylene linkers to the ligand molecule. All the palladium
complexes exhibited good to excellent catalytic activity in Suzbkiyaura reactions of phenyl or
p-tolylboronic acid with aryl halides including iodobenzene, aryl bromides, and activated aryl chlorides
under mild conditions, revealing that the new ligands are promising for the construction of highly active
transition-metal catalysts.

Introduction ing ligands are common in coordination chemistry and homo-
) . geneous catalysis, while recently well-documented pyridyl-
Development of new ligands bearing donor atoms other than 5 o1honed ligands have been confined to symmetrical tridentate
phosphorus ha}s b.een arousing more and more interest in theplanar N ligands of typeA such as 2.26,2"-terpyridines? 2,6-
fields _of coordln_atlon chem|stry,_ homogeneous cata_IyS|s, and bis(imino)pyridinest and 2,6-bis(oxazolinyl)pyridinégScheme
organic synthesis. Mixed-donor ligands have been widely used 1). Very recently, our group and Karam et al. reported a new
as a result of the versatility arising from the different stereo- 555 of pseudo Nligands of typeB, that is, 2,6-bis(pyrazol-
elqctronic prqurties of t.he multiple coordinqtion sites,.proyiding 1-yl)pyridines, which have been successfully used to construct
unique reactivity of their metal complexés.igand lability is transition-metal catalysts.A few tridentate N-heterocyclic
an important feature of many efficient catalysts involving ligand “pincer” biscarbene ligands (CNC) of typ€$ andD,” and their
dissociation during the catalytic cycle. But this lability may also .o vsition-metal complexes have also recently been reported.
lead to catalyst decomposition. Thus, a strong coordination site N-Heterocyclic carbenes (NHCshave emerged as a very

IS rqu'red for a ligand to be ysed for the preparation of @ \seful class of ligands for coordination chemistry and transition-
transition-metal catalyst, especially when other labile ligands

are present. In general, a balance between the stability of the 2) Hofmeier, H.; Schubert, U. Shem. Soc. Re 2004 33, 373
organometallic catalysts and the need to incorporate dissociable (3) Tellmann, K. P.; Gibson, V. C.; White, A. J. P.; Williams, D. J.
ligands is desirable for highly efficient catalysts relying on ligand Organometallics2005 24, 280 and references therein.

i intin i ; i i Ayl in- (4) For selected recent reviews and papers on Pybox-based transition-
dissociation in the catalytic reaction. Bidentate pyridyl-contain metal catalysts, see: (a) Desimoni, G.: Faita, G. QuadrelGHom. Re.
2003 103 3119. (b) Lu, J.; Ji, S.-J.; Teo, Y.-C.; Loh, T.®rg. Lett.2005

* To whom correspondence should be addressed. F&®6-411-8437-9227. 7, 159.

(1) Selected recent reviews and papers: (a) Bianchini, C.; Meobrd. (5) (a) Deng, H. X.; Yu, Z. K.; Dong, J. H.; Wu, S. irganometallics

Chem. Re. 2002 225, 35. (b) Braunstein, P.; Naud, Rngew. Chem., Int. 2005 24, 4110 and references therein. (b) Karam, A. R.; CafariL.;
Ed. 2001, 40, 680. (c) Nakao, Y.; Imanaka, H.; Sahoo, A. K.; Yada, A.; LoOpez-Linares, F.; Agrifoglio, G.; Albano, C. L.;’Bz-Barrios, A.; Lehmann,
Hiyama, T.J. Am. Chem. So2005 127, 6952. (d) Trost, B. M.; Fandrick, T. E.; Pekerar, S. V.; Albornoz, L. A.; Atencio, R.; Gotea, T.; Ortega,
D. R.; Dinh, D. C.J. Am. Chem. So005 127, 14186. H. B.; Joskowics, PAppl. Catal., A2005 280, 165.
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metal catalysis. NHC ligands have higher donor capability and
basicity than phosphine and nitrogen donor ligands, forming
strong metal carbene bonds, and they demonstrate less labile
properties than phosphine and N-donor ligands, exhibiting a slow
dissociation rat&° Other advantages of NHC ligands are their
low prices and easy manipulations compared with tertiary
phosphines, and usually no excess of the ligands is necessary
during the catalytic reactions. A rich chemistry of pyrazolato
ligands has been established over the last two decades,a

few pyrazolyl-based ligands have been reported to construct
transition-metal catalysts as a result of their labile coordination
ability to late transition metals121n our hands, the ruthenium-

(1) complex of 2,6-bis(3,5-dimethylpyrazol-1-yl)pyridine (a
ligand of typeB) exhibited very high catalytic activity in transfer
hydrogenation of ketoné8,suggesting that pyrazolyl can also

be a useful ligand to construct transition-metal catalysts in some
cases. Keeping in mind the unique properties of NHC ligands,

SCHEME 2. Synthesis of Complexes 472
e o ) g Q)
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3 4-7

R, R X yield (%)

4a | Me "Bu BF; 65
4b | Me "C,H;s BF; 74
5a | Me "Bu PFs 49
5b | Me "C;H;s PFs 80
6a|H "Bu BEF, 47
6b | H "C;H;s BF, 43
7a | H "Bu PFs 44
7b | H "C;H;s PFs 48

we expect to develop new classes of non-phosphorus mixed-
donor ligands of typek andF that feature a pyridyl backbone,

a Conditions: (i) imidazolatopotassium, diglyme, 130, 4 days. (ii)
RI, EtOAc, 90°C, 4 days. (iii) AgO, CH,Cl, 25°C, 5 h. (iv) PdC4, DMF,
90 °C, or PdCHMeCN),, MeCN, 82°C, 16 h. (v) AgBR or AgPF;, 25

a strong carbene carbon, and a relatively labile pyrazolyl oc 5 h,
nitrogen donor atom (Scheme 1). Herein, we report the synthesis

of pyridyl-supported pyrazolytNHC ligands and the catalytic

activity of their palladium complexes in SuzukWiyaura
reactions.

(6) (a) Danopoulos, A. A.; Construct, J. A.; Motherwell, W. B.; Ellwood,
S. Organometallic2004 23, 4807. (b) Danopoulos, A. A.; Winstein, S.;
Motherwell, W. B.Chem. Commur2002 1376. (c) Peris, E.; Mata, J.;

Loch, J. A.; Crabtree, R. HChem. Commur2001, 201. (d) Tulloch, A. A.

D.; Danopoulos, A. A.; Tizzard, G. J.; Vegetables, S. J.; Hursthouse, M.

B.; Hay-Motherwell, R. S.; Motherwell, W. BZhem. Commur2001, 1270.
(7) (@) Simons, R. S.; Custer,

Trans 2003 1009.

(8) (a) (ele, K. J. Organomet. Chenl968 12, P42. (b) Wanzlick, H.
W.; Schmherr, H. J.Angew. Chem., Int. Ed. Engll968 7, 141. (c)
Arduengo, A. J.; Harlow, R. L.; Kline, MJ. Am. Chem. Sod.991, 113
361.

(9) For recent reviews: (a) Herrmann, W. A.; &teer, C Angew. Chem.,

Int. Ed. 1997 36, 2162. (b) Arduengo, A. JAcc. Chem. Resl999 32,
913. (c) Bourissou, D.; Guerret, O.; Gabjldau P.; Bertrand, GChem. Re.
200Q 100, 39. (d) Herrmann, W. AAngew. Chem., Int. E@002 41, 1290.
(10) Selected recent reports, see: (a) Grubbs, Riatrahedron2004
60, 7117. (b) Fomine, S.; Ortega, J. V.; Tlenkopatchev, MO&ganome-
tallics 2005 24, 5696. (c) Yamashita, M.; Goto, K.; Kawashima,Jr Am.
Chem. Soc2005 127, 7294. (d) Stevens, H. M. R.; Yen, M.; Gao, ®rg.
Lett 2005 7, 2085. (e) Liddle, S. T.; Arnold, P. lOrganometallic2005

24, 2597. (f) Appelhans, L. N.; Zuccaccia, D.; Kovacevic, A.; Chianese,
A. R.; Miecznikowski, J. R.; Macchioni, A.; Clot, E.; Eisenstein, O.;

Crabtree, R. HJ. Am. Chem. So2005 127, 16299. (g) Kelly, R. A, IIl;
Scott, N. M.; Dez-Gonzéez, S.; Stevens, E. D.; Nolan, S. ®rganome-
tallics 2005 24, 3442.

(11) Sirimanne, C. T.; Zheng, W. J.; Yu, Z. K.; Heeg, M. J.; Winter, C.

H. Organometallics2005 24, 6184.

P.; Tessier, C. A.; Young, W. J.
Organometallics2003 22, 1979. (b) Danopoulos, A. A.; Tulloch, A. A.
D.; Winstein, S.; Eastham, G.; Hursthouse, M.B.Chem. Soc., Dalton

Results and Discussion

Synthesis of the Ligand Precursors and Complexes—47
and 10. The synthetic routes of complexds-7 and 10 are
demonstrated in Schemes 2 and 3, respectively. Heteroarylation
of imidazole with the known 2-bromo-6-(pyrazol-1-yl)pyridine
113aafforded 2-(imidazol-1-yl)-6-(pyrazol-1-yl)pyridir@ which
was then efficiently transformed to the NHC precursors, that
is, imidazolium iodide$8 (Scheme 2). Treatment 8fwith Ag,O
generated AgNHC complexes that were transmetalated with
PdC} or PACL(MeCN),, and subsequently, anion exchange with
AgBF, or AgPFs afforded P&-NHC complexesA—7 in 43—
80% vyields. A reaction of the know&!3" with 1-mesitylimi-
dazole quantitatively formed imidazolium chlori@iewhich was
treated with AgO and then transmetalated with Pg€i afford
complex10in 82% yield (Scheme 3). All the new compounds
were fully characterized. Complexes-7 and 10 and their
ligand precursors are air- and moisture-stable. Whgim R—7
is methyl, ethyl, or propyl, the newly formed complexes are
bestowed with very poor solubility. The introductionrebutyl
or n-heptyl to the imidazolyl ring remarkably increases the
solubility of 3 and4—7 in organic solvents. Long alkyl groups

(12) (a) Chang, C. L.; Kumar, M. P.; Liu, R. $. Org. Chem2004 69,
2793. (b) Oxgaard, J.; Periana, R. A.; Goddard, WJAAmM. Chem. Soc
2004 126, 11658.

(13) (a) Sun, X. J.; Yu, Z. K.; Wu, S. Z.; Xiao, W.-@Qrganometallics
2005 24, 2959. (b) Watson, A. A.; House, D. A.; Steel, Plrbrg. Chim.
Acta 1987 130, 167.
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SCHEME 3. Synthesis of Complex 10
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aConditions: (i) 1-mesitylimidazold;PrOH, 82°C, 5 days. (ii) AgO, CH,Cl,, 25 °C, 5 h. (iii) PdCh, DMF, 90°C, 16 h.

FIGURE 1. Perspective view ofb. Selected bond lengths (angstroms)
and angles (deg): Pd#X(11) 1.949(13), Pd(})N(1) 2.128(10), Pd-
(1)—N(3) 1.955(9), Pd(%)yCl(1) 2.285(3), N(1)}-Pd(1)}-C(11) 158.0-
(5), N(3)—Pd(1)-CI(1) 179.6(3).

as substituents are known to improve the solubility of NHC-
containing compounds. When R is n-heptyl, compound$
and 4—7 are soluble in organic solvents, independent of the
anions (Ct, BF4~, or PRs™). However, when Ris n-butyl and
the anion is chloride, the complex is hardly soluble even in
DMF, therefore, anion exchange must be carried out with AgBF
or AgPFK for the newly formed complex to gain a better
solubility.

X-ray Crystal Structures of the Complexes.The solid-state
molecular structures of the ligand precursdes(R; = Me, R,
= n-Bu) and9 and complexeglb and 10 were confirmed by
an X-ray crystallographic study.The single-crystal structures
of 4b and10feature a cationic palladium center that coordinates
with a NHC carbene carbon and pyridyl and pyrazolyl nitrogen
atoms. The average bond lengths of the-RéC carbene
carbon, Pd-pyridyl nitrogen, Pd-pyrazolyl nitrogen, and-Pd
Cl in 4b are 1.959(11), 1.958(8), 2.094(9), and 2.275(3) A,

(14) (@) Liu, Q.-X.; Xu, F.-B.; Li, Q.-S.; Song, H.-B.; Zhang, Z.-Z.
Organometallic2004 23, 6100. (b) Lee, C. K,; Lee, K. M.; Lin, I. J. B.
Organometallic2002 21, 10. (c) Xu, L. J.; Chen, W. P.; Bickley, J. F.;
Steiner, A.; Xiao, J. LJ. Organomet. Chen200Q 598 409.
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FIGURE 2. Perspective view of0. Selected bond lengths (angstroms)
and angles (deg): PdC(13) 1.975(6), PeN(3) 2.078(5), PerN(1)
2.029(5), Pe-CI(1) 2.2818(18), N(3)Pd—C(13) 174.3(2), N(1yPd—
Cl(1) 177.86(14).

respectively, revealing two strong and one relatively labile
coordination bonds irtb (Figure 1). The pyridyl nitrogen
Pd—-CI bond angle is close to 18Qaverage 179.3(5), and

the average pyrazolyl NPd—NHC carbene carbon bond angle

is 158.4(5). In complex10, the Pd-NHC carbene carbon and
Pd—ClI bond lengths are 1.975(6) and 2.2818(18) A, and the
bond lengths of pyridyl nitrogenPd and pyrazolyl nitrogen

Pd are 2.029(5) and 2.078(5) A, respectively (Figure 2),
demonstrating that the P& and pyridyl N-Pd bonds are
lengthened and the pyrazolyl-NPd bond is shortened as
compared with those idb. The pyridyl N-Pd—Cl bond angle

in 10is 177.86(14), and the pyrazolyl NPd—NHC carbene
carbon bond angle is 174.3(2)vhich is much bigger than its
analogue indb, suggesting that introduction of two methylene
linkers to the ligand molecule decreases the steric strain of the
ligand and thus stabilizes the newly formed complexes. It usually
occurs that transition-metal atoms cannot be incorporated into
a pyridyl-functionalized N and pseudo Blligand as a result of
the specific strain from the ligand. Recent reports on NHCs
and their complexes have demonstrated that P, O, or N donor-
containing chelating coordination groups can be attached to the

(15) Crystal data fo#b: CyoH27BCIF4NsPd, triclinic, P1 a= 13.5919-
(14) A, b = 19.444(2) Ac=20.692(2) AV =48036(9) R z=8T=
293(2) K,R(F) = 7.00% for 17 605 reflections (3.14 20 < 51.C°). Crystal
data for10: CpsH27CloNsPd, orthorhombic, Pbcra = 22.812(3) Ab =
15.838(2) A,c = 14.956(2) AV = 5403.8(13) & Z =8, T = 293(2) K,
R(F) = 6.03% for 5888 observed reflections (4.¥426 < 54.00). The
crystallographic data for the ligand precurs@esand9 are presented in
the Supporting Information.
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TABLE 1. Suzuki—Miyaura Reactions of PhB(OH), with Aryl
Halides Catalyzed by 4a, 4b, 5b, and 10

aryl catalyst  time product yie]db
halide® mol%) () (%)
O~ 42 (0.5) 2 97
(11a) (12a)
OHer
11b) 4a (1.0) 5 12a 96
11b 4b (1.0) 5 12a 97
11b 5b (1.0) 5 12a 96
11b 10 (1.0) 5 12a 97
Me, Me
0)_C>_Br 42 (0.5) 3 o 99
(11c) (12b)
O 4a (5.0)  24° 52
(11d)
11d 4b (5.0)  24° 12a 52
11d 5b(5.0)  24° 12a 2
11d 10(5.0)  24° 12a 48
Me}—@—CI Me
d 4a(5.0)  24° O 86
(11e)
1le 4b(5.0)  24° 12b 87
1le 5b(5.0)  24° 12b 80
11e 10(5.0)  24° 12b 86
weo{-c a(50) 4 weo{ ) 30
(11f) (12¢)
11f 4b(5.0)  24° 12¢ 30
11f 5b(5.0)  24° 12¢ 2
1f 10(5.0)  24° 12¢ 27

aConditions: aryl halide, 2.0 mmol; PhB(O)2.5 mmol; KCG;, 4
mmol; solvent (DMF/HO, v/v = 20:1), 8 mL; 80°C; 0.1 MPa.? Isolated

yields.€120°C.

JOC Article

TABLE 2. Optimization of Suzuki—Miyaura Reaction Conditions?

s el o — (< e

entry base solvent time (h) yiél@o)
1 KoCO3 DMF 10 74
2 K2COs dioxane 10 50
3 KoCOs CHs:CN 10 26
4 Ko,COs THF 10 19
5 K2COs EtOH 10 83
6 K2COs EtOH/H,O (v/v=10:1) 15 95
7 Ko,COs DMF/H20 (v/v = 20:1) 15 97
8 KoCO3 DMF/H,0 (v/v=10:1) 1.5 98
9 KoCOs DMF/H,0 (v/lv=5:1) 15 90
10 KsPOy DMF/H,0 (v/v = 10:1) 0.5 99
11 CsCO; DMF/H0O (viv=10:1) <0.5 100
12 LiOH DMF/H,0 (v/iv=10:1) 1.5 91
13 KOH DMF/HO (v/iv=10:1) 15 49

a Conditions: bromobenzene, 1.0 mmpitolylboronic acid, 1.5 mmol;
base, 2.0 mmol; solvent, 5 mL; 8C; catalysta, 2.0 mol%.? GC yields
(average of two runs using biphenyl ether as the internal standard).

TABLE 3. Screening of the Catalysts for the Suzuki-Miyaura
Reactior?

entry 1 2 3 4 5 6 7 8 9

catalyst 4a 4b 5a 5b 6a 6b 7a 7b 10
yield>¢  91(99) 89(95) 85(97) 79(95) 99 97 98 96 60(86)
(%)

a Conditions: bromobenzene, 1.0 mmpltolylboronic acid, 1.5 mmol;
CCQ0;, 2.0 mmol; solvent, DMF/RD (v/v = 10:1), 5.0 mL; catalyst, 2.0
mol%; 80°C; 15 min.? GC yield (average of two runs using biphenyl ether
as the internal standard)yields at 30 min in parenthese$110 °C.

shown their promising properties for constructing efficient
catalystst” Combining the lability of pyrazolyl as a ligand and
the strongr-donor property of the pyridyl-functionalized NHC
moiety, it is reasonable to expect that the present complexes
4—7 and10are potential efficient catalysts for SuztiVliyaura
reactions (eq 1). Under unoptimized reaction conditions, as

s onl o
R‘Q—X +R B(OH), N

R’

shown in Table 1, the coupling reactions of selected aryl halides
with PhB(OH) were carried out in a mixture of solvents (DMF/
H,0, viv = 20:1) at 80°C using KCOs as the base. The

carbene as hemilabile arms to stabilize the NHC transition-metal catalyst, with a loading of 0:55.0 mol%, was employed without
complexe$:1° Thus, the structural modification of a ligand, as an additional ligand. Complexe, 4b, 5b, and 10 exhibited
exemplified by the synthesis 40 (Scheme 3), is necessary to excellent catalytic activity in the SuzukMiyaura reactions of
increase the specific bond angle between the relatively labile PnB(OH) with iodobenzene, aryl bromides, and activated
coordinative site, metal center, and the strong donor atom, whichchloride, that is, 4chloroacetophenonéle (Table 1). The
might help a metal to be complexed with the ligand.

Suzuki—Miyaura Reactions of PhB(OH), with Aryl Ha-
lides Catalyzed by 4a, 4b, 5b, and 10 under Unoptimized
Reaction Conditions.NHC transition-metal catalysts have been
successfully employed in SuzukMiyaura reactions® Recently,

a few pyridyl-functionalized mono-NHC ligands have also been

(16) (a) Marion, N.; Navarro, O.; Mei, J. G.; Stevens, E. D.; Scott, N.
M.; Nolan, S. P.J. Am. Chem. So@006 128 4101. (b) Phan, N. T. S.;
Sluys, M. V. D.; Jones, C. WAdv. Synth. Catal2006 348 609. (c) Kim,
J.-H.; Kim, J.-W.; Shokouhimehr, M.; Lee, Y.-3. Org. Chem2005 70,
6714. (d) Hadei, N.; Kantchev, E. A. B.; O'Brien, C. J.; Organ, MQg.
Lett 2005 7, 1991. (e) Miura MAngew. Chem., Int. EQ004 43, 2201.

(f) Navarro, O.; Kelly, R. A., lll; Nolan, S. PJ. Am. Chem. So@003
125 16194. (g) Herrmann, W. A.; @le, K.; Preysing, D. V.; Schneider,

S. K. J. Organomet. Chen2003 687, 229.

reactions of iodobenzen&la bromobenzenellb, and 4-
bromoacetophenonklc gave the coupling products m96%
isolated yields. At a higher temperature, that is, 120reactions

of the activated aryl chloridéleafforded the product in 80
87% yields. Unreactive chlorobenzehgd and 4-methoxychlo-
robenzend 1f gave biphenyl derivatives in moderate (422%)

to low (22—-30%) vyields, respectively. The alkyl or aryl
substituent on the imidazolylidene moiety did not obviously
affect the catalytic activity of the complexes. The order of the
anions on the catalytic activity of the complexes is,BF Cl~

(17) Selected recent reports, see: (a) Chiu, P. L.; Lai, C.-L.; Chang,
C.-F.; Hu, C.-H.; Lee, H. MOrganometallic2005 24, 6169. (b) Frey, G.
D.; Schiiz, J.; Herdtweck, E.; Herrmann, W. Arganometallics2005
24, 4416 and references therein.
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TABLE 4. Suzuki—Miyaura Reactions Catalyzed by Complex 6a

Zeng and Yu

entry ArX Rin catalyst  time product yieldb
4-R-CeHy(OH), ~ (mol%)  (h) (%)
1 ) H 0.5 02 97
2 O Me 0.5 02 ) )pme 97
3 weo(( ) H 10 02 wol )< ) 98
4w ) Me 1.0 02 MeOMe 98
5w @M: H 20 05 Me 99
Me Me
6 o G' Me 20 05 HMe 99
CH,0H CH,OH
7. | H 0 10 _ 99
CH,OH CH,OH
8 . | Me 10 10 Me 97
9 () H 10 1.0 99°
0 ) Me 10 ) )y 97
o) Me 20 05 )L )pme 9
Me Me
12 o)—@er H 10 05 O 98
13 MZ}—@sr Me 10 05 MZMe 98
14 :er H 10 05 99
(0] Me
Me 0
O e Me 5
16 %Br H 10 1.0 QA 97
(0] o]
Me Me
17 C&j Me 20 1.0 ¥ o Y
Me Me
18 OHCOBr H L0 05 o< )< ) 9
19 OHCOBr Me L0 05 oo ) pme 98
20 st H 1.0 05 98
OHC OHC
21 er Me 1.0 05 Me 97
OHC OHC
22 oN{ ) H L0 05 on{ )< ) 9
23 on—( )-er Me 10 05 on{ )y )ve 99
24 QB’ H 10 05 98

z
A

z
9
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Table 4 (Continued)

1
=

J
J

25 10 05 98
NO, NO,
26 we{_ ) H 30 20wl )p() o8
27 QB’ H 30 20 98°
Me Me
28 QB“ H 30 24 97°
Me Me
29w ) H 30 20 weol )< ) 95
30 weo_)—er Me 30 20 wmeo ) )me 94
31 QB' H 30 2.0 95
MeO MeO
32 QB' Me 30 20 Me 95
MeO MeO
34 QB“ H 30 50 90
OMe OMe
35 QB' Me 30 5.0 Me 89
OMe OMe
36 HNL e H 30 50wl )L ) ™
37 HZNOBr Me 30 5.0 HzNMe 80
38 Ho( e H 30 50 w{ ) ) 55
39 Ho () H 30 500w ) ) 9%
40 Ho—_ ) Me 30 500w p{)ve 87

aConditions: ArX, 1.0 mmol; arylboronic acid, 1.5 mmol; £89;, 2.0 mmol; DMF/HO (v/v = 10:1), 5 mL; 80°C. P Isolated yields¢ About 10% of
the self-coupling product of arylboronic acid was detectetR0 °C.

> PK~. The complexes with tetrafluoroborate as the anion, that activities, 6a showed the highest catalytic activity (Table 3,
is, 4a and4b, exhibited the highest catalytic activity, while the entries 5-8). However, the corresponding complexes with
PR~ complex, that isbb, demonstrated the lowest catalytic substituents on the pyrazolyl ring, that idab and 5ab,
activity. With chloride as the anion, complet0 showed a demonstrated lower catalytic activity, exhibiting comparable
catalytic activity between those df, 4b, and5b. catalytic efficiency only with a longer period (Table 3, entries
Optimization of Suzuki—Miyaura Reaction Conditions 1-4). These results reveal that alkyl substituents on the
and Screening of the CatalystsWhen complex6a was used pyrazolyl ring obviously decrease the catalytic activity of the
as the catalyst, the coupling reaction of bromobenzene with complexes, presumably as a result of steric and electronic
p-tolylboronic acid was carried out under different conditions effects. Complexes with BFas the anion are bestowed with
to optimize the reaction conditions (Table 2). It was found that higher catalytic activity than their correspondingsRRalogues.
a mixture of DMF/HO (v/v = 10:1) and CsCQO; are the suitable Under the same conditions, compléd showed the lowest
solvent and base for the reaction at®) respectively. Under  catalytic activity. ComplexL0is rather stable at 80C. It may
the stated conditions, only g@30; prompted the aryl halide to ~ generate catalytically active Pd(0) species very slowly, resulting
reach complete conversion. Presence of water remarkablyin the slow initiation of the reaction and the relatively low
accelerated the reaction (Table 1, entries-17p The reaction conversion of the aryl halide even at 110G within the test
proceeded slowly at temperatures below &D. Under the period (Table 3, entry 9).
optimized conditions, the reaction of bromobenzene with  Suzuki—Miyaura Reactions of Aryl lodides and Bromides
p-tolylboronic acid reached completion to selectively form the Catalyzed by 6a.Using complex6a as the catalyst and gs
desired coupling product within half an hour (Table 2, entry CQO;as the base, coupling reactions of aryl iodides and bromides
11). with phenyl orp-tolylboronic acid were carried out in DMF in
When the same reaction conditions were used, the catalyticthe presence of a small amount of water at’80 With 0.5~
activity of complexegl—7 and10were tested, as shown in Table 2.0 mol% of the catalyst, aryl iodides easily underwent the
3. While complexessab and 7ab exhibited high catalytic reaction to give the desired products=®7% vyields (Table 4,
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entries 1-8). The reactions of iodobenzene and 4-methoxy- TABLE 5. Suzuki—Miyaura Coupling of Activated Aryl
iodobenzene were completed within 12 min. In a similar fashion, Chlorides?

the reactions of aryl bromides were also efficiently carried out 7 N + < > ~B(OH) 7N

with 1.0—-3.0 mol% of the catalyst. Loading of the catalyst R'Q ’ R7A=

obviously influenced the reaction rate. With 2.0 mol% of the - ——
entry ArCl time product yield™

catalyst, the coupling of bromobenzene wattolylboronic acid

reached completion within half an hour (entry 11). However, — (h) - (L)
with 1.0 mol% i )

_ 6 of the catalyst, the same reaction could only 1 O}—@a 5.0 O 68 (85)
achieve comparable results within 10 h (entry 10). It is
noteworthy that the reaction usually went fast during the first 2 5 OHG <:> o 50 oHe . . 80 (94)
h and then became very slow. The coupling reactions of O O
activated bromides such as 3- and 4-acetylbromobenzene, 3- ;3 ON <:> o 20 o . . 95 (97
and 4-bromobenzaldehydes, or 2- and 4-nitrobromobenzenes ’ O O o7
were efficiently achieved to afford the desired products 7% QCI
isolated yields with a 1.0 mol% loading of the catalyst within 4 o 5.0 . - Y 30 (100)
half an hour (entries 1215 and 18-25). Presumably as a result z ’
of steric hindrance, the reactions of 2-acetyloromobenzene Qm " )
proceeded relatively slower than those of 3- and 4-acetylbro- NG, 30 NO, 84.(85)
mobenzenes, and the reactions approached completion over a
period d 1 h (entries 16 and 17). Reactions of relatively 6 NCQC' 1.0 ”C 98 (100)

unreactive bromides bearing an alkyl or alkoxy as the substituent
aCh'eYed with a 'Qad'”g of 3'_0 mol% Catalysft afforded the aConditions: aryl chloride, 1.0 mmol; phenylboronic acid, 1.5 mmol;
coupling products in 8998% yields over a period of-25 h CsC0s, 2.0 mmol; solvent, DMF/LD (viv = 10:1), 5 mL; 120°C; catalyst
(entries 26, 27, and 2985). The relatively hindered substrate, 6a, 5.0 mol%." Isolated yields¢ GC conversions in parentheses.

that is, 2-methylbromobenzene, only demonstrated poor reactiv-
ity within 24 h (entry 28). Reactions of unreactive aryl bromides
bearing a functional group such as an amino or hydroxyl group
afforded the coupling products in moderate to good yields-(55
90% yields) though with a longer period. The reactions were
more efficiently achieved at a higher temperature, for example
120 °C (entries 36-40). In most cases, no obvious reactivity
difference was found between phenylboronic acid and

tolylboronic acid, except the cases of entries 9 and 10 (Table ) )
4). Experimental Section

AOII the complex catz?llysts are 'stable at temperatgres below Synthesis of 2-(Imidazol-1-yl)-6-(3,5-dimenthylpyrazol-1-yl)-

80 °C under the reaction conditions, and no palladium black ,yrigine (2a). A mixture of potassium (0.63 g, 16.0 mmol),
formation was observed during the reaction at these tempera-imidazole (1.09 g, 16.0 mmol), and dry diglyme (50 mL) was
tures. When the coupling reactions were fast, for example, vigorously stirred at 70C. Until beads of the molten potassium
reaching a complete conversion for the aryl halide within half were not evident, 2-bromo-6-(3,5-dimenthylpyrazol-1-yl)pyridine
an hour, no palladium black was generated during the reaction.(4.00 g, 16.0 mmol) was added. The reaction mixture was heated
In some cases, when the reaction was slow af®Qor the at 130°C for 96 h and then quenched by methanol (1.0 mL). After
reaction was carried out at a temperature above@a small being cooled to ambient temperature, the mixture was filtered

amount of palladium black could be formed as the reaction through Celite, and all the volatiles were removed under reduced
proceeded. pressure. Isolation by silica gel column chromatography with ethyl

I . . acetate as the eluent afford2d as a white solid (3.50 g, 92%).
Suzuki—Miyaura Reactions of Aryl Chlorides Catalyzed ( g ‘)

. . . . Synthesis of 2-(3a-Heptylimidazol-3-ium-1-yl)-6-(3,5-di-
by 6a. The reactions of activated aryl chlorides with phenyl- methylpyrazol-1-ypyridine lodide (3b). A mixture of 2a (1.64

boronic acid were carried out with 5.0 mol% of catal§stat 4 .85 mmol) and iodoheptane (3.10 g, 13.70 mmol) in ethyl acetate
120 °C, and the desired coupling products were obtained in (50 mL) was stirred at 90C for 4 days to give a white precipitate.
isolated yields up to 98% (Table 5). Somehow, the reaction of The crude product was isolated by filtration, washed with diethyl
m-nitrochlorobenzene only afforded the coupling product in 30% ether (3x 10 mL), and dried in vacuo to affor8b as a white
isolated yield, although a complete conversiomehitrochlo- solid (3.11 g, 97%).

robenzene was reached (Table 5, entry 4). The chloride Synthesis of [PACI(NNC™HC-n-C;H15)BF4 (4b). To a solution
substrates exhibited much lower reactivity than their iodide and of the imidazolium sal8b (1.00 g, 2.15 mmol) in CkCl, (50 mL),

bromide analogues. Unreactive aryl chlorides such as chlo-Was added AgD (0.25 g, 1.08 mmol). The mixture was stirred in

robenzene and 4-methylchlorobenzene underwent the couplingthe dark at ambient temperature for 5 h. After all the volatiles were

. L removed under reduced pressure, BACTH;CN), (0.56 g, 2.15
reactions very slowly under the stated conditions. mmol) and CHCN (50 mL) were added and stirred at 82 for

16 h. After the mixture was cooled to ambient temperature, AgBF
Conclusion (0.42 g, 2.15 mmol) was added and further stirred for 5 h. The
. . mixture was filtered through Celite, and all the volatiles were
In summary, two new types of unsymmetrical pyridyl- removed under reduced pressure to afford a pale yellow residue.
supported pyrazolytNHC ligands have been developed to Recrystallization from a solution of Gi&l, at —20 °C afforded
construct transition-metal catalysts. Structural modification by the productb as a pale yellow solid (0.90 g, 74%). Yellow crystals
introducing methylene linkers to the ligand molecule was suitable for X-ray crystallographic analysis were grown by diffusion

OzN

o
z

N

realized to release the specific steric strain of the ligand. That
all the palladium complexes of the present NNC ligands
exhibited good to excellent catalytic activity in Suztkiliyaura
reactions of aryl halides has been implied that the new ligands
»are very promising for the construction of highly active
transition-metal catalysts.
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of diethyl ether vapor into a saturated solutiorbfin acetonitrile comparison with the authentic samples and/oftdyand 3C{ H}

at room temperature. NMR measurements. The isolated yields are based on the average
Typical Procedure for the Suzuki—Miyaura Reactions. In a results for two runs.

typical run, a mixture of aryl halide (1.0 mmol), phenylboronic

acid (1.5 mmol), C£0; (2.0 mmol), and a catalyst in 5 mL of Acknowledgment. We are grateful to the “Hundred Talented
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The organic layer was separated, and the aqueous phase was
extracted with 10 mL of diethyl ether. The combined organic phase
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were removed under reduced pressure to give a crude product tha
was subject to purification by silica gel column chromatography
to afford the pure product. The products were identified by JO060795D
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ies of NMR spectra for new compounds, and X-ray crystallographic
iles for 3a, 4b, 9, and10 (files in CIF, 95 pages). This material is
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