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A new imidazolium salt, 1,3-bis(2-diphenylphosphanylethyl)-3H-imidazol-1-ium chloride (2), for the phosphine/N-
heterocyclic carbene-based pincer ligand, PCNCP, and its palladium complexes were reported. The complex, [Pd-
(PCNHCPYCIICI (4), was prepared by the common route of silver carbene transfer reaction and a novel direct reaction
between the ligand precursor, PCN'CP-HCI and PdCl, without the need of a base. Metathesis reactions of 4 with
AgBF, in acetonitrile produced [Pd(PCNHCP)(CH;CN)](BF,). (5). The same reaction in the presence of excess pyridine
gave [Pd(PCNCP)(py)](BF4). (6). The X-ray structure determination on 4—6 revealed the chiral twisting of the central
imidazole rings from the metal coordination plane. In solution, fast interconversion between left- and right-twisted
forms occurs. The twisting reflects the weak sz-accepting property of the central NHC in PCNCP. The uneven
extent of twisting among the three complexes further implies the low rotational barrier about the Pd—NHC bond.
Related theoretical computations confirm the small rotational energy barrier about the Pd—NHC bond (ca. 4 kcal/
mol). Catalytic applications of 4 and 5 have shown that the complexes are modest catalysts in Suzuki coupling.
The complexes were active catalysts in Heck coupling reactions with the dicationic complex 5 being more effective
than the monocationic complex 4.

Introduction NHC-based pincer ligands
Transition metal complexes witN-heterocyclic carbene
(NHC) ligands have emerged as a hot research ‘area. _ = | _
Numerous publications related to their coordination chemistry | X N. N
) . ) N (1 "ET ~
and catalytic properties have been reported in the past 10 E N N -
yearst On the other hand, metal complexes based on pincer PRz PRa & V¢ J PPh, PhyP
framework (Figure 1) are continuously attracting attention N N
because of their unique balance of stability vs reactivity R R NHC
; : o PCP, PNP CCC, CNC PCNHCp
which can provide enhanced metal complex reactivity and ELoN
E=C,N =C,

catalytic performancek.In this regard, transition metal n=0 1

cpmplexe_s w_|th phosphme-pased pincer !lgands hr_:tve shownFigure 1. Pincer ligands.

rich promise in bond activation, coordination chemistry, and

catalysis*® Recently, efforts have been made to prepare coupling reactiorf® ¢ Since an earlier report on palladium
transition metal pincer complexes with NHC ligarid<zor complexes with mixed NHC-phosphine ligaftiand more
example, the palladium complexes of CCC and CNC pincer
ligands have shown to be effective in catalyzing Heck

(3) (a) Tulloch, A. A. D.; Danopoulos, A. A.; Tizzard, G. J.; Coles, S. J.;
Hursthouse, M. B.; Hay-Motherwell, R. S.; Motherwell, W @em.
Commun 2001, 1270. (b) Peris, E.; Loch, J. A.; Mata, J.; Crabtree,

* Author to whom correspondence should be addressed. 886 4 R. H.Chem. Commur2001 201. (c) Gfndemann, S.; Albrecht, M.;
7232105 ext. 3523. Faxt+886 4 7211190. E-mail: leehm@cc.ncue.edu.tw. Loch, J. A.; Faller, J. W.; Crabtree, R. Brganometallic2001, 20,
(1) For areview, see for example: Herrmann, W.Ahgew. Chem., Int. 5485. (d) Loch, J. A.; Albrecht, M.; Peris, E.; Mata, J.; Faller, J. W.;
Ed. 2002 41, 1290. Crabtree, R. HOrganometallics2002 21, 700. (e) Nielsen, D. J.;
(2) For recent reviews, see for example: (a) Rybtchinski, B.; Milstein, Cavell, K. J.; Skelton, B. W.; White, A. Hnorg. Chim. Acta2002
D. Angew. Chem., Int. EA.999 38, 871. (b) Albrecht, M.; van Koten, 327, 116. (f) Simons, R. S.; Custer, P.; Tessier, C. A.; Youngs, W. J.
G. Angew. Chem., Int. EQ001, 40, 3750. (c) van der Boom, M. E.; Organometallic2003 22, 1979. (g) Danopoulos, A. A.; Tulloch, A.
Milstein, D. Chem. Re. 2003 103 1759. (d) Singleton, J. T. A. D.; Winston, S.; Eastham, G.; Hursthouse, M. Balton Trans.
Tetrahedron2003 59, 1837. 2003 1009.
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recent articles on palladium complexes with bidentate Bruker AV-300 spectrometer. Chemical shifts ¥orand3C spectra
phosphine/NHC ligands had demonstrated the effectivenesswere in ppm relative to residual proton of CR@H, 4 7.24;1%C,

of phosphine/NHC combination in-€C coupling reaction® < 0 77.0) or DMSOés (*H, 0 2.50;*°C, 6 39.5).3'P NMR chemical

it would be of interest to explore whether the combinatory Shifts were relative to 85% PO, external standard: 6 0.0).
construction of phosphine and NHC into a pincer framework Elémental analyses were performed on a Heraeus CHN-OS Rapid
will result in new pincer complexes, which may display novel Elemental Analyzer at Instrument Center, National Chung Hsing
reactivity and enhanced catalytic ’activities University, Taiwan. 1-(2-Chloroethyl)H-imidazole was prepared

. ” . . according to the literature procedufe.
Palladium co.mp.)lexes. with NHC_ ligands Wer,e typically Preparation of 1,3-Bis(2-chloroethyl)-34-imidazol-1-ium chlo-
prepared from imidazolium salts via the palladium acetate |jge (1). A mixture of 1-(2-chloroethyl)-E-imidazole (1.41 g, 10.78
protocol? the silver carbene transfer reactidns, the free mmol) in excess 1,2-dichloroethane was heated under reflux for 2
carbene routéln the first two methods, the carbenic proton d. The solvent was then removed completely under vacuum. The
of an imidazolium salt was deprotonated by basic ligands viscous yellow oil remaining was washed with THF and dichlo-
of the metal precursors, Pd(OA@nd AgO, respectively, romethane, and then dried under vacuum. The compound could be
while the latter method involves uses of inorganic or organic used without further purification. Yield: 1.91 g (77%H NMR
bases for the acidic proton abstraction with the generated(PMSO-de): 6 4.10 (t,%)un = 5.4 Hz, 4H, G1;), 4.63 (t,%J =
free carbene then being trapped, after isolation or in situ, by 5.4 Hz, 4H, G"Z)'.7-94 (s, 2H, ), 9.48 (s, 1H, NEIN). *C{*H}
a metal precursor. More recently, the oxidative addition of 'I‘g%g“"éﬂﬂ;)' 0 43.6 (5,CH2), 50.7 (5,CHy), 123.2 (s,CH),
an imidazolium C-H bond by palladium(0) was shown to N :

. . . Preparation of 1,3-Bis(2-diphenylphosphanylethyl)-3H-imid-
be a viable method for the preparation of palladium(ll) NHC azol-1-ium chloride (2).A mixture of HPPR (0.17 mL. 0.40 mmol)

complexes. . L . and KOBU (0.45 g, 0.40 mmol) in 2 mL of DMSO was stirred for
Here we report the synthesis of a new imidazolium salt apoyt 26-30 min. The red solution was then added dropwise to a
for the pincer derivative, PP, and the preparation of its 2 mL DMSO solution ofL (0.42 g, 1.83 mmol). After addition,
palladium complexes. In contrast to the preparation of the solution was allowed to react for 3 h. The solvent was removed
palladium NHC complexes reported in the literature, the completely under vacuum. Methanol (10 mL) was added and the
pincer complex [Pd(PE®'°P)CI|CI was achieved by the  white solid formed was filtered through a plug of Celite. The filtrate
metal-promoted €H bond activation between the ligand Wwas pumped dry under vacuum. Upon addition of THF, a white
precursor, P&CP-HCI, and PdGl without the need of base. solid formed which was then filtered, further washed with dried
Crystallographic determinations on the palladiumNpe® (T:HIF,dafnd aumpﬁldegl uncde;(;/gcguungYgiild;\]054509 5:44%21' Agal.
complexes prepared have shown that chiral twisting of the ~2'¢0 0F “a1MalNaFLE &, /.99, H, 994, I, 0.5, Found: &,
central imidazole rings from the metal coordination plane 70.02; H, 5.29; N, 5.63. mp 22230 °C. *H NMR (DMSO-do):

. 0 2.75 (t,S-JHH = ZJHP = 7.5 Hz, 2H, P(Hz), 4.37 (q,aJHH = BJHP
occurs. Two of the structures appear to have the highest_ ; ¢ Hz, 2H, NGH,), 7.02 (s, 2H, imiH), 7.20-7.38 (m, 12H,

degree of twisting among reported pincer complexes. Theo-py ) 7.40-7.48 (m, 8H, PhH), 11.19 (s, 1H, NEIN). 13C{*H}
retical computations were performed to estimate the rota- N\MR (DMSO-dg): 6 28.9 (d,Jcp = 15.6 Hz, EH,), 47.8 (d,
tional energy barrier about the PHIHC bond. Catalytic 2Jep = 22.0 Hz, NCHy), 121.5 (imiC), 128.8 (d,3Jcp = 7.1 Hz,
applications of the new palladium(ll) complexes in-C PhH), 129.3 (s, PH), 132.7 (d,2Jcp = 19.3 Hz, PhH), 135.8 (d,

coupling reactions were also reported. Wep=11.2 Hz), 138.2 (s, BHN). 31P{1H} NMR (DMSO-dg): 0
—21.7 (s).
Experimental Section Preparation of Ag(PCNHCP)CI (3). To a 20 mL dichloromethane

All reactions were performed under a dry nitrogen atmosphere Selution 0f2(0.41 g, 0.77 mmol) was added with solid A (89
using a Schlenk line and standard Schlenk technique. All solvents M9: 0-39 mmol). The mixture was allowed to stir in the dark
were distilled under nitrogen from the appropriate drying agent and ©vernight. A gray solid of AgCl was slowly precipitated from the
stored in solvent reservoirs, which containeA molecular sieves, solution and then removed by filtration. The filtrate was reduced

and purged with nitrogerH, 13C{H}, and*!P{H} NMR spectra to ca., of its original volume under vacuum. Upon addition of

were recorded at 300.13, 75.48, and 121.49 Hz, respectively, on adiethyl ether, a white solid was formed, which was filtered and

dried under vacuum. Yield: 0.22 g (92%). Anal. Calcd for
(4) Poyatos, M.; Mata, J. A.: Falomir, E.; Crabtree, R. H.: Peris, E. CaiHaoN:P,AgCl: C, 58.56; H, 4.76; N, 4.41. Found: C, 58.52;
Organometallics2003 22, 1110. H, 4.80; N, 4.31. mp 165170°C. 'H NMR (DMSO-dg): 6 2.83

(5) (a) Herrmann, W. A.; Bom, V. P. W.; Gsttimayr, C. W. K.; Grosche, imi
M.; Reisinger, C.-P.; Weskamp, J. Organomet. Chen2001, 617— (brs, PGH,), 4.54 (br s, NE1;), 6.89 (br s, 2H, imiH), 7.18-7.49

618 616. (b) Yang, C.; Lee, H. M.; Nolan, S. Prg. Lett.2001, 3, (M, 20H, PhH). 3C{*H} NMR (DMSO'dG): 030.2 (br s, RHy),
1511. (c) Tsoureas, N.; Danopoulos, A. A.; Tulloch, A. A. D.; Light,  49.5 (br s, NCHy), 121.2 (br s, imi€), 128.8 (br s, PhH), 129.9
M. E. Organometallics2003 22, 4750. ) (br s, PhH), 132.8 (br s, PH). 31P{1H} NMR (DMSO-dg): ¢
(6) (a) Herrmann, W. A.; Elison, M.; Fischer, J.; &er, C.; Artus, G. —10.0 (br s)
R. J.Angew. Chem., Int. Ed. Endl995 34, 2371. (b) Lee, H. M.; ’ "
Lu, C.Y.; Chen, C.Y.; Chen, W. L.; Lin, H. C.; Chiu, P. L.; Cheng, Preparation of [Pd(PCNHCP)CI|CI (4). Method A. A 20 mL
- l(:’.)YWTetrafL?dI(/(I)rﬂlf)_Oél IG% 588%7. tallics1998 17, 972. (b) DMF solution of3 (67 mg, 0.11 mmol) and Pd£(19 mg, 0.11
a) Wang, H. M.; Lin, I. J. BOrganometallic f . :
Bildstein, B.; Malaun, M.; Kopacka, H.; Wurst, K.; Mittetbl, M.; mmol) was hgated at 9T for 16 h. After CO_Ohng’ the gray AgCl
Ongania, K.; Giuliana, O.; Zanello, Prganometallics1999 18, 4325. formed was filtered through a plug of Celite. The solvent of the
(8) (a) Arduengo, A. J., lll; Dias, H. V. R.; Harlow, R. L.; Kline, M. filtrate was removed completely under vacuum. Upon addition of

Am. Chem. S0d.992 114, 5530. (b) Kernbach, U.; Ramm, M.; Luger,
P.; Fehlhammer, W. FAngew. Chem., Int. Ed. Endl996 35, 310.

(9) Grindemann, S.; Albrecht, M.; Kovacevic, A.; Faller, J. W.; Crabtree,
R. H.J. Chem. Soc., Dalton Tran2002 2163. (10) Bogdal, D.; Jaskot, KSynth. Commur200Q 30, 3341.

diethyl ether, a yellow solid was formed which was then filtered

Inorganic Chemistry, Vol. 43, No. 21, 2004 6823



and dried under vacuum. Yield: 58 mg (83%). Anal. Calcd for
CaiH3oNCloP,Pd: C, 55.58; H, 4.51; N, 4.18. Found: C, 55.44;
H, 4.50; N, 4.20. mp 256260 °C. *H NMR (DMSO-dg): 6 2.73
(m, PQHy), 4.49 (br m, N®1,), 7.54 (m, 12H, PHH), 7.65 (s, 2H,
imi-H), 7.82 (m, 8H, and Pl). 13C{'H} NMR (DMSO-dg): o
25.1 (t,"Jcp= 16.1 Hz, ICH,), 47.0 (NCH,), 124.2 (imiC), 129.3

(t, 2Jcp = 5.4 Hz, Cortno), 129.7 (t,Jcp = 25.6 Hz, PE), 131.9
(Cpargs 134.3 (t,3Jcp = 6.3 Hz, Cierd, 151.4 (t,Jcp = 8.4 Hz,
PdC). 31P{1H} NMR (DMSO-ds): & 11.6 (s). Method B. A
mixture of 2 (0.38 g, 0.72 mmol) and Pd£(0.13 g, 0.72 mmol)
in 15 mL of DMF was stirred at 99C overnight. The volatile was

Lee et al.

catalyst. The flask was thoroughly degassed, 5 mLNoN-
dimethylacetamide was added via a syringe, and then the flask was
placed in a preheated oil bath at 16675 °C. In the cases of
bromobenzene as substrate, after a fixed time, 10 mL of diethyl
ether was added to the reaction mixture and the organic layer was
washed & with water and dried with anhydrous Mg&QOThe
solution was then filtered. The solvent and any volatiles were
removed completely under high vacuum to give the isolated product.
With all the other substrates, aliquots (0.2 mL) were removed from
the reaction after a fixed time and added to dichloromethane (10
mL). The organic portion was washedk Svith water and dried

then removed completely under vacuum. The residue was dissolvedwith anhydrous MgS® The solution was filtered and the solvent

with a minimum amount of dichloromethane. Upon addition of
diethyl ether, a yellow solid was formed which was filtered and

was removed completely under vacuum. The residue was dissolved
in CDCl; and analyzed byH NMR. For catalytic runs with low

dried under vacuum. Yield: 0.46 g (94%). The spectroscopic and catalyst loading, stock solutions of appropriate concentration were

analytical data were identical to those from method A.
Preparation of [Pd(PCNHCP)(CH3CN)](BF ), (5). aA 10 mL

acetonitrile solution o# (75 mg, 0.11 mmol) was treated with

AgBF, (44 mg, 0.22 mmol) dissolved in 5 mL of the same solvent.

The mixture was allowed to stir for 1 h. A gray solid of AgCIl was

slowly formed, which was filtered off through a plug of Celite.

The solvent of the filtrate was removed completely under vacuum

to give a brown solid. Yield: 71 mg (78%). Anal. Calcd for

C33H33BzF8N3P2Pd: C, 48.72; H, 4.09; N, 5.16. Found: C, 48.90;

H, 4.17; N, 5.23. mp 259263 °C. 'H NMR (DMSO-dg):  2.03

(s, CHs), 2.86 (br s, PEly), 4.75 (br s, NE1), 7.45-7.78 (m, 22H,

imi-H and PhH). 13C{*H} NMR (DMSO-ds): 0 1.56 CH3;—C=

N), 25.4 (t,"Jcp = 16.8 Hz, EH,), 48.5 (NCH,), 118.8 (CH-C=

N), 124.7 (imiC), 128.7 (t,)Jcp = 25.1 Hz, P€), 129.9 (t,2Jcp =

5.3 Hz,Corino), 132.6 Cparg, 134.1 (t,3Jcp = 6.7 Hz,Crery, 144.3

(t, YUcp = 10.0 Hz, PdE). 3P{H} NMR (DMSO-dg): 6 15.5 (s).
Preparation of [Pd(PCN"CP)(py)] (BF.). (6). To a 5 mL

acetonitrile solution ob (55 mg, 0.068 mmol) was added excess

pyridine (0.5 mL). The solution was allowed to stir overnight. The

volume of the solution was reduced to about 1 mL under vacuum.

Upon addition of diethyl ether, a white solid was formed which
was then filtered and dried under vacuum. Yield: 44 mg (77%).
Anal. Calcd for GegHasBoFsNsP.Pd: C, 50.77; H, 4.14; N, 4.93.
Found: C, 50.67; H, 4.13; N, 4.91. mp 24952 °C. 'H NMR
(DMSO-dg): ¢ 3.01 (br s, PEly), 4.97 (br s, NE1y), 6.97 (t,33un

= 6.5 Hz, 2H, pyHmet), 7.36-7.63 (m, 23H, P, py-H), 8.14
(d, 33y = 4.8 Hz, 2H, pyHorno). 13C{*H} NMR (DMSO-dg): o
24.7 (t,Ycp = 16.8 Hz, -EHy), 49.0 (NCH,), 124.7 (imiC), 126.4
(PY-Cretd, 128.5 (t,)Jcp = 25.6 Hz, PE), 129.6 (t,2Jcp = 5.2 Hz,
Ph-Cortho), 132.1 (Ph€pary, 133.3 (t,3Jcp = 6.6 Hz, Ph€perg, 139.0
(PY-Cparg, 150.0 (t,%Jcp = 10.0 Hz, PdE), 150.1 (pyCortng)- 31P-
{H} NMR (DMSO-dg): 0 16.5 (s).

General Procedure for the Suzuki Coupling Reactionsin a
typical run, a mixture of aryl bromides (1.0 mmol), phenylboronic
acid (1.5 mmol), cesium carbonate (2.0 mmol), and 0.5 mol % of
catalyst in 5 mL of 1,4-dioxane was stirred at 8C for an
appropriate time under nitrogen. The solution was allowed to cool.
A 1:1 mixture of diethyl ether/water (20 mL) was added. The

prepared.

X-ray Data Collection. Crystals of 4 suitable for X-ray
diffraction analysis were grown with slow diffusion of diethyl ether
into a dichloromethane solution 4f Crystals ot and6 were grown
with the same procedure using the solvent combination of aceto-
nitrile/diethyl ether. Typically, the crystal was removed from the
vial with a small amount of mother liquor and immediately coated
with silicon grease on a weighing paper. A suitable crystal was
mounted on a glass fiber with silicone grease and placed in the
cold stream of a Bruker SMART CCD with graphite monochro-
mated Mo K radiation ¢ = 0.71073 A) at 273(2) K. No decay
was observed in 50 duplicate frames at the end of the data collection.

Solution and Structure Refinements. Calculations for the
structures were performed using SHELXS-97 and SHELXL-97.
Tables of neutral atom scattering factdrsandf' ', and absorption
coefficient are from a standard soufé& he structures were solved
via Pattersons heavy-atom method. All atoms except hydrogen
atoms were refined anisotropically. All hydrogen atoms were located
in difference Fourier maps and included through the use of a riding
model. Crystallographic data (excluding structure factors) for the
structures in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication numbers
CCDC 23551%+235513. Copies of the data can be obtained, free
of charge, on application to CCDC, 12 Union Road, Cambridge,
CB2 1EZ, UK [fax: +44(0)-1223-336033 or e-mail: deposit@
ccdc.cam.ac.uk].

Results and Discussion

Preparation of Imidazolium Salt. The preparation of
ligand precursor, 1,3-bis(2-diphenylphosphanylethyd)-3
imidazol-1-ium chloride, P®CP-HCI (2) is shown in
Scheme 1. The key intermediate 1,3-bis(2-chloroethig)-3
imidazol-1-ium chloride ) had to be produced via a two-
step procedure because attempts to carry out a one-pot
reaction between imidazole and 1,2-dichloroethane always
resulted in an impure mixture containing dehydrohalogena-
tion products. Thus, the compound 1-(2-chloroeth-1

organic layer was washed, separated, further washed with anotheimidazole was first synthesized by the reported phase-transfer

10 mL portion of diethyl ether, and dried with anhydrous MgSO

catalytic approach The N-substituted imidazole was then

The solution was then filtered. The solvent and any volatiles were heated in neat 1,2-dichloroethane to afford plire 77%
removed completely under high vacuum to give a crude product yield. Further reaction ofl with KPPh, in situ generated
which was subjected to column chromatography resulting in pure by HPPh and KOBLU, in DMSO produce@ as a white solid

compounds.
General Procedure for the Heck Coupling Reactionsln a
typical run, a 50 mL two-neck flask equipped with a reflux

in 44% yield. The organic salt, which is stable under nitrogen
protection but slowly oxidized in the air, was characterized

condenser was charged with aryl halides (1.0 mmol), styrene (1.4 (11) sutton, L. ETables of Interatomic Distances and Configurations in

mmol), anhydrous sodium acetate (1.1 mmol), and 0.5 mol % of

6824 Inorganic Chemistry, Vol. 43, No. 21, 2004
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Scheme 1 Scheme 2
KOH/K,CO3/ [\
o Clio~y X
A~_Cl + H-N""N NBuCl N” SN AN ONCA
cl \—/ \__/ P,NHCHCI Ag20  PhP 1/ PPh,

]

|

2 Cl

HPPhy/KOBuU!

+
CI\/\N/AN/\/CI or 3
e/ DMSO
PdCI,\ -HCI deAgCI
1

—_—

CI/\/Cl {

PP~ AN~ PPN +cr )
— x cr
2; PCNHCP-HC PhoP—pd—PPh;
cl
by H, 3P{H}, and ¥C{'H} NMR spectroscopies and 4

elemental analysis. As expected, a singlg{'H} NMR
resonance was observeddat-21.7. The carbenic hydrogen
was observed at 11.19 which is close to the upper limit of
related imidazolium halides)(9.0—12.0)3 9 suggesting a

AgBF4/CH5CN / XgBF“/pyridine

high acidity of this proton. B o+
. . . /_\ =\ 2+

Preparation of Silver Complex. Treating PCHCP-HCI (— (BF.) N N
with 0.5 equiv of AgO in dichloromethane readily produced hyP g/ —PPh, vz Ph P\Y’PPh (BF4)2
a white solid. The'H NMR of 3 clearly shows that the N 2 ':f 2
downfield signal at aboud 11 was absent, indicating the C “
successful deprotonation of PCP-HCI and hence, the Me X
coordination of NHC, instead of the phosphine moieties, to 5 - 6

the Ag(l) center. Also, in thé'P{'H} NMR spectrum, the
upfield resonance observeddat-10.0 indicates the presence (CNC)CI]X and [Pd(CCC)CI] in which conformations are
of free phosphine groups. It should be noted that all the NMR rigid at either room temperature 6150 °C. The low rota-
signals of 3 are broad which can be attributed to the tional barrier about the PeNHC bond and the flexibility
fluxionality of the dangling phosphanylethyl moieties. It has of the ethylene spacer can account for the differences. The
been shown that the formation of [Ag(NHLX with two BC{*H} NMR spectra of4 clearly indicate the successful
NHC ligands coordinated to the silver center was possible formation of chelating PANHC complex and trans disposi-
if an excess amount of AQ was employed? However, the tion of phosphine groups. The carbenic carbon off*E
analytical data of8 suggest that only one PE°P ligand is was observed at 151.4 as a triplet witRJcp = 8.4 Hz, the
coordinated to the silver center and agrees with the molecularmagnitude of which corresponds to the cis coupling of two
formula being Ag(P&HCP)CI. phosphine groups. Consistently, the methylene carbod (at
Preparation of Palladium Complexes (4-6). The pal- 25.1) and the ortho-, ipso-, and meta-carbons of the phenyl
ladium complex [Pd(P®CP)CI|CI (4) was successfully — groups (ab 129.3, 129.7 and 134.3, respectively) appear as
prepared via the silver carbene transfer reaction by stirring triplets because of virtual coupliig,which also indicates
a mixture PdGland3 in dichloromethane for 16 h with 83%  unambiguously the trans disposition of the two phosphine
yield (Scheme 2). The yellow solid obtained was air stable groups.
and thermally robust. TR¥{'H} NMR resonance was We also followed the routine procedure of employing
downfield shifted to 11.6 upon metal coordination. Inthe NaOAc as base for the generation of free carbene, which
'H NMR spectrum, the presence of only one set of signals was then trapped by PdCin situ affording4 in 50% of
for the ethyl protons suggests that the molecule is symmetry-yield. One of the key features of pincer ligands is the metal-
related. Interestingly, these ethylene protons appear as twapromoted C-R (R = H or C) bond activation in their
broad singlets, suggesting the involvement of a dynamic corresponding ligand precursors due to steric requirement,
process. The broadening of these signals can be attributedvhich results in the production of tridentate cyclometalated
to the interconversion between the left- and right-twisted pincer complexe$! Therefore, we anticipated that a similar
forms (atropisomers) in solution (see structure description metal-promoted €H bond activation in P&*“P-HCl would
below), similar to what had observed in the related complexes occur and so a direct reaction between the ligand precursor
[PA(CNC)CI]X and [Pd(CCC)Brj& The interconversion
is faster than théH NMR time scale as decoalescence of
the ethylene signals was not observed even@Q °C. This
rapid interconversion is sharply different from those in [Pd-

(13) Green, J. C.; Green, M. L. H. I@omprehengie Organometallic
Chemistry Bailar, J. C., Jr., Emeleus, H. J., Nyholm, R., Trotman-
Dickenson, A. F., Eds.; Pergamon Press: Oxford, 1973; Chapter 48,
p 355.

(14) (a) Gozin, M.; Weisman, A.; Ben-David, Y.; Milstein, Dature1993
364, 699. (b) Liou, S.-Y.; Gozin, M.; Milstein, DJ. Am. Chem. Soc
1995 117, 9774. (c) Rybtchinski, B.; Vigalok, A.; Ben-David, Y.;
Milstein, D.J. Am. Chem. S0d.996 118 12406.

(12) Tulloch, A. A. D.; Danopoulos, A. A.; Winston, S.; Kleinhenz, S.;
Eastham, GJ. Chem. Soc., Dalton Tran200Q 4499.
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Table 1. Crystallographic Data fo4, 5, and6

Lee et al.

4 5 6
empirical formula G1H30CIoN2P.Pd GsH33B2FsN3sP.Pd GseH3sB2FsN3PPd
formula weight 669.85 813.58 851.63
color and habit colorless prism colorless prism colorless prism
crystal system monoclinic monoclinic monoclinic
space group C2lc P2i/c C2lc
a, A 50.480(16) 13.749(3) 17.598(7)

b, A 11.333(3) 12.538(2) 13.394(5)
c, A 24.738(7) 20.682(4) 17.272(7)
o, deg 90 90 90

p, deg 114.119(11) 96.412(4) 107.512(12)
y, deg 90 90 90

vV, A3 12917(7) 3543.2(12) 3883(3)
T, K 273(2) 273(2) 273(2)

z 16 4 4

Dcaica mg/n? 1.378 1.525 1.457

u, mmt 0.861 0.685 0.628
range of transm. factor 0.89.81 0.88-0.85 0.96-0.86
no. of unique data 12706 6945 4592
no. of parameters refined 705 443 237

Ri [l > 201] 0.0648 0.0445 0.0494
wR (all data) 0.2293 0.1232 0.1509

2 and PdC] would afford 4 without the requirement of a
base. Remarkably, it was proven to be the case, as the
reaction betweefl and PdCJ in the absence of base cleanly
reacted to producéin 94% of yield. This reaction represents
the first example of formation of palladium(ll) NHC complex
from N-substituted imidazolium salts and PdQirectly
without the need of base. The feasibility of this reaction can
be attributed to the intrinsic high acidity & and the
chelating requirement of the pincer ligand resulting in facile
elimination of hydrogen chloride from the imidazolium
chloride. Metathesis reaction 8fwith AgBF, in acetonitrile
produced the ionic complex [Pd(FEEP)(CHCN)](BFa).

(5). The pyridine adduct [Pd(PEP)(py)](BR). (6) was
obtained by a similar reaction in the presence of excess
pyridine. Both4 and5 are stable in air. Likél, 5 and6 also
exhibit broad ethylene signals, which are not resolved even
at —60 °C in their'H NMR spectra. Thus, the rapid chiral _ o _
conformational change also occurs in them. TREH) - % Naer Stitre of i e sl spcet s
NMR resonances ib (6 15.5) andb (6 16.5) were observed  ypit is shown. Hydrogen atoms are omitted for clarity. Selected bond

downfield to that of4 (0 11.6), which can be attributed to  distances: Pd(H)C(1), 1.983(7); Pd(1}P(1), 2.3248(19); Pd(H)P(2),

inatinni 2.297(2); Pd(1)-Cl(1), 2.333(2) A. Selected bond angles: C{Pd(1)-

the dicationic natqre. of the complexes. P(2), 91.4(2); C(1}Pd(1)-P(1), 91.7(2); P(2}Pd(1)-CI(1), 85.96(7):

Structure Description of 4—6. The molecular structures P(1)-Pd(1)-CI(1), 90.88(7); P(2Pd(1)-P(1), 176.22(7); C(BPd(1)}-
of 4—6 were determined (Table 1) and their selected bond CI(1), 177.1(2) deg.

distances and angles are given in Figureg 2respectively.

In the structure o#, there are two independent molecules P(1)>-P(2) (the twist angle) is 27°1 Interestingly, in

in the asymmetric unit of th€2/c unit cell (only one of the comparison withd, the central imidazole rings iB and 6
molecules is used for structural analysis below). One of the are highly twisted. In fact, the twist angles®&nd6 (48.7
counter chloride anions is disordered with partial occupancy and 48.9) are significantly bigger than that of. It is

in 6 different locations. In contrast, in the structure 6yf conceived from the figures that the twisting of the imidazole
there is only a half of the molecule present in the asymmetric ring from the metal coordination plane and the flexibility of
unit of theC2/c unit cell. The full molecule is generated by the ethylene spacer are essential for the palladium center to
a crystallographic grotation axis along the P€C(1) bond, accommodate the bulky pincer ligand in the square planar
while in the structure oft and5 the complex molecules also  coordination geometry. The direction of twist determines the
possess a noncrystallographigr@tation axis along the same  chirality generated4-6 crystallized in centrosymmetric space
bond. In each of the structures, the palladium center adoptsgroup so that both the left- and right-twisted forms were
a square planar geometry and the imidazole ring is twisted present and related by the centers of symmetry in the unit
making an angle with the metal coordination plane. For cell. It is the interconversion between left- and right-twisted
example, in the structure of, the angle between the forms in solution leading to the broadening of ethylene
imidazole ring and the plane defined by P&{D)(1)—C(1)— protons ind—6. The twisting also means that the overlapping
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Figure 3. Molecular structure ob with thermal ellipsoids depicted at
35% probability level. Hydrogen atoms are omitted for clarity. Selected
bond distances: Pd(#)C(1), 1.961(4); Pd(}yP(1), 2.3276(11); Pd(}H)
P(2), 2.3200(12); Pd(HN(3), 2.052(4); N(3)-C(32), 1.125(5) A. Selected
bond angles: C(H)Pd(1)-P(2), 85.71(12); C(yPd(1)-P(1), 81.86(12);
P(2)-Pd(1)-N(3), 93.89(10); P(£yPd(1)-N(3), 98.57(10); P(2yPd(1)-
P(1), 166.87(4); C(H)yPd(1)-N(3), 179.39(16); N(3)C(32)—C(33), 178.4(5)
deg.

Figure 4. Molecular structure ob with thermal ellipsoids depicted at
35% probability level. Hydrogen atoms are omitted for clarity. Selected
bond distances: Pd(3)C(1), 1.985(4); Pd()P(1), 2.3300(11); Pd(H)
N(2), 2.086(4) A. Selected bond angles: G{Pd(1)-P(1), 83.32(2); P(
Pd(1}-N(2), 96.68(2); P(1yPd(1)-P(1A), 166.65(5); C(tyPd(1)}-N(2),
180.000(2) deg.

of metal d, orbital with the p orbital of the carbenic carbon
is inefficient, which confirms the negligibler-accepting
property of NHC ligand?® Further evidence came from the
great variation in the twist angle, implying the low rotation

(15) (a) Green. J. C.; Scurr, R. G.; Arnold, P. L.; Cloke, G.@®hem.
Commun1997 1963. (b) Boehme, C.; Frenking, Grganometallics
1998 17, 5801. (c) Lee, M.-T.; Hu, C.-HOrganometallic2004 23,
976.

barrier about the PENHC bond (see theoretical computa-
tions below). The degree of twisting in the structures can
also be quantified by the dihedral angles-@®d(1)-C(1)—

N), which are 25.25 29.02 in 4, 48.18, 49.10 in 5, and
49.02 in 6, respectively. Bottb and 6 appear to have the
highest degree of twisting among reported pincer complexes
as the corresponding dihedral angle in similar Pd(Il) pincer
complexes of CCC and CNe€&3¢ and Pt(ll) pyrazolyl
complexes is in the range of 38-85.5’.26 The smaller Pet

C(1) bond distance iB (1.961(4) A) compared with those

in 4 (1.983(7) A) andb (1.985 (4) A) is due to the smaller
trans influence of the acetonitrile ligand. The shortening of
Pd(1)>-C(1) distance irb does not warrant the high extent
of twisting, as the twist angle d is the same as that &

The question whether the twisting is trans ligand dependent
remains to be explored.

Theoretical Computations. To explore the P&NHC
bonding feature, we performed theoretical computations of
several related species. The three-parameter hybrid of exact
exchange and Becke’s exchange enéf@gnd of Lee, Yang,
and Parr’s nonlocal correlation enetg§yB3LYP) has been
applied. We used the 6-31G(d) basis sets for H, C, N, P,
and Cl and the LANL2DZ effective core potential plus basis
functions for Pd® The Gaussian03 suite of programs has
been used in these computatiGh&irst, the geometries of
the cationgl—6 were obtained, and the optimized geometrical
parameters are in excellent agreement with the X-ray data.
The computed dihedral angles{Pd-C—N) (4 27.6", 30.5;
542.7, 43.7°; 6 40.3) differ only by a few degrees from
the diffraction data. We have further studied two species in
which the ethylene connection in the pincer ligand is removed
(Scheme 3). A constrained search on the potential energy
surfaces of7 and8 shows that the rotational energy barriers
of the imidazole rings are rather small. The geometrical
parameters are not very different during the rotation, the most
noticeable change being PE(NHC) of 7, which is length-
ened from 2.017 A (909 to 2.048 A (0). The minima of
both species occur at dihedral angi€90.C°, corresponding
to structures having the imidazole ring orthogonal to the
metal coordination plane, while their maxima occur at 0
corresponding to the coplanar structures. The rotational

(16) Canty, A. J.; Patel, J.; Skelton, B. W.; White, A. H.Organomet.
Chem 200Q 599, 195.

(17) Becke, A. D.J. Chem. Physl993 98, 5648.

(18) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

(19) Hay, P. J.; Wadt, W. RI. Chem. Phys1985 82, 270.

(20) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin,
K. N.; Burant, J. C.; Millam, J. M.; Lyengar, S. S.; Tomasi, J.; Barone,
V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G.
A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R;
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
H.; Klene, M,; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B,;
Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev,
O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J.; Ayala, P. Y.;
Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.;
Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas,
O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J.
B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.;
Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.;
Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
W.; Wong, M. W.; Gonzalez, C.; Pople, J. Gaussian Reision B.05
Gaussian, Inc.: Pittsburgh, PA, 2003.
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Table 2. Pd-Catalyzed Suzuki Coupling Reaction between
Phenylboronic Acid and Aryl Bromidés

Table 4. Pd-Catalyzed Heck Coupling Reaction of Phenyl lodide and

Styrene Catalyzed b§?

R R yield ¢
B(OH), o entry mole % time  %(trans/gent) TON
+ cat./C32003
Q @ —_— 1 5x 1075 48 h 100 (90:10) 2000 000
80 °C O 2 5x 1076 48 h 100 (89:11) 20 000 000
Br 3 1.25x 10°® 48 h 70 (89:11) 56 000 000
| . h ield. b aReaction condition: 1 mmol of aryl halides, 1.4 mmol of styrene, 1.1
entry catalyst R time, yield, % mmol of NaOAc, comple)s, 5 mL of DMA. P Determined by*H NMR.
1 4 COMe 2 99 ¢lIsolated yield.
2 5 COMe 2 72
3 4 H 16 90 Table 5. Pd-Catalyzed Heck Coupling Reaction
4 5 H 16 82 R
5 4 OMe 16 38 Br
6 5 OMe 16 34 . — cat./NaOAc ,
. . . . R 165 °C + R
aReaction condition: 1 mmol of aryl halide, 1.5 mmol of phenylboronic
acid, 2.0 mmol of C£L£0;5, 0.5 mol % of Pd catalyst, 5 mL of 1,4-dioxane. R R R
b|solated yield. trans gem
Table 3. Pd-Catalyzed Heck Coupling Reaction of yield, %
4-Bromoacetophenone and Styrgne entry  catalyst R R time, h  (trans/gem)
yield, % 1 4 Ph COMe 1 89(96:4)
entry catalyst R (trans/gem) TOF (hY) 2 5 Ph COMe 1 10g95:5)
- 3 4 Ph H 4 8%(93:7)
1 4 15 min 36 (97:3) 288 4 5 Ph H 4 94(93:7)
2 4 30 min 46 (96:4) 184 5 4 Ph OMe 20 80(95:5)
3 4 1h 89 (96:4) 174 6 5 Ph OMe 20 100(93:7)
4 5 15 min 7%(100:0) 568 7 4 n-BuO-CO  COMe 2 72(100:0)
S S 30 min 80 (94:6) 320 8 5 n-BuO-CO  COMe 2 108(100:0)
6 5 1h 100(95:5) 200 9 4 n-Buo-CO H 4 75(100:0)
aReaction condition: 1 mmol of aryl halides, 1.4 mmol of styrene, 1.1 12 i 233&88 gMe 2‘(1) E;Zé ggggg
mmol of NaOAc, 0.5 mol % of Pd catalyst, 5 mL of DMAYield and 12 5 NMBUO-GO  OMe 20 87 (100-0)

trans/gem ratio are determined Hy NMR.
a8 Reaction condition: 1 mmol of aryl halides, 1.4 mmol of styrene, 1.1

mmol of NaOAc, 0.5 mol % of Pd catalyst, 5 mL of DMA. Yield and

trans/gem ratio are the average of two runBetermined by'H NMR.

¢ Isolated yield.

energy barrier is 3.0 kcal/mol faf and 4.9 kcal/mol foig,
respectively. Thus, the PANHC bond can be readily rotated
in order to minimize the ring strain and steric repulsion.
Interestingly, we found that when the ethylene is replaced sjgnificantly higher than those obtained by palladium com-
by methylene spacer, the pincer liganddiis planar. plexes of phosphine-based pincer (P&Rnd bis-carbene
Catalytic Reactions.The catalytic applicability o# and CNC pincer®® and comparable to that reported by palladium
5in C—C coupling reactions was investigated. As seen in complexes with amido-based pin@éin general, good yields
Table 2,4 and5 were effective in the Suzuki coupling of  of coupled products could be obtained from the reactions
phenylboronic acid with activated aryl bromides. However, between aryl bromides derivatives and styrene (Table 5). The
prolonged reaction time was needed for unactivated sub-corresponding reactions withbutyl acrylate as olefin partner
strates. Only poor yields were obtained with deactivated gave slightly lower yields. Longer reaction times were
4-bromoanisole as substrates. The monocationic complex required for unactivated and deactivated aryl bromides. The
is slightly more active than the dicationic complgx trans/gem ratio of the stibene products obtained compares
Complexes4 and5 are more efficient in Heck coupling ~ well with those of similar pincer complexés:© Only trans
reactions. Table 3 gives the comparative results betwleen products were obtained with-butyl acrylate as substrate.
and5 from the standard coupling between 4-bromoacetophe- However, both4 and5 gave poor yields in reactions with
none and styrene. In contrast to the catalytic results from activated aryl chlorides as substrates. For example, under
Suzuki reaction’5 is found to be more reactive thahin the same catalytic conditiob,affords a 27% of yield in 24
Heck reaction. In fact, as seen in Table 4 (entry3)yith h for the reaction between 4-chloroacetophenone and styrene.
an amount as low as 1.26 10-% mol % exhibits a TON of —
56 000 000 in the Heck coupling reaction between the % gg’cﬁ’lgM&OlT& e der Boom, M. E.; Milstein, Q. Am. Chem.
reactive phenyl iodide and styrene. This level of activity is (22) Huang, M.-H.: Liang, L.-COrganometallics2004 23, 2813.
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In this regard4 and5 are inferior to palladium complexes rotational energy barrier about the PHHC bond is small
with phosphinito PCP pincer ligafitiand bis-carbene CNC  (ca. 4 kcal/mol), indeed. The preferred structure ahd8
pincer ligand containing methylene spacers, which are moreare with the imidazole ring orthogonal to the metal coordina-
effective with aryl chlorideg¢-3¢ tion plane, whereas in the computed struct@réhe one-
carbon connection does not allow the imidazole ring to turn
but locks it in coplanar position. The two-carbon spacer in
We report the preparation of a new imidazolium salt, 1,3- 4—6imposes extra steric bulkiness and its flexibility coupled
bis(2-diphenylphosphanylethylBimidazol-1-ium chloride, ~ with the low rotation barrier about the PNHC bond lead
for the pincer ligand P®°P. The palladium comple4 can to the square planar coordination of the NP€P ligand
be prepared by the routine procedure of silver carbenearound the metal center with significant twisting of the
transfer reaction or by a novel metal-promoted direct reaction central imidazole ring. Catalytic applications4énd5 have
between the imidazolium salt with PdCThe intrinsic high shown that the complexes were modest catalysts in Suzuki
acidity and steric requirement of the ligand favors the coupling. The complexes were efficient in Heck coupling
successful deprotonation of the imidazolium salt and facile reactions with aryl bromide as substrates. The dicationic
elimination of HCI without the need of a base. The X-ray complex5 with a coordinated acetonitrile ligand is more
structures ofi—6 have shown that, in each case, the central efficient than the monocationic complébearing a chloride
imidazole ring is twisted from the palladium coordination ligand. Complex5 exhibited a TON as high as 56 000 000
plane producing pairs of atropisomers in the crystal lattice. in the reaction between phenyl iodide and styrene. However,
5 and 6 are highly twisted. The uneven extent of twisting both 4 and5 were ineffective with aryl chlorides.
among4—6 implies the weakr-accepting property of the .
NHC gnd the Io?/v rotational barrier ab%ut?thgHCybond. Acknowledgment. W € are _gratgful to the Na_tlonal
In solution, rapid atropisomerization occurred, which is faster Science Council of Taiwan for financial support of this work
than the NMR time scale even-a60 °C. Related theoretical (Grant NSC 92-2113-M-018-005-).
computations on7 and 8 with no spacer between the  sypporting Information Available: Crystallographic data of
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