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Deprotonation of an imidazolium salt with silver oxide forms the silver carbene cofplg¥C AN)]l} -
l2 (2, CAN = 3-methyl-1-picolylimidazolin-2-ylidene). The Agcarbene complex undergoes a facile
reaction with Pd(PhCNCI, to yield the carbene complex Pd(®I)Cl; (3). Complexes2 and 3 have
been characterized by IR{ and'3C NMR spectra, and elemental analyses. The molecular structures of
complexes2 and 3 have been confirmed by X-ray single-crystal analyses. Combleixows moderate
catalytic activities of up to 10g of PE (mol of Ag)* h~? for ethylene polymerization, and compl8x
shows very high catalytic activities of up to®l@of PNB (mol of Pd)* h™! for the addition polymerization
of norbornene in the presence of methylaluminoxane (MAO) as cocatalyst.

Introduction

Since the first isolation of a free carbene by Arduehgo,

N-heterocyclic carbenes (NHCs) have attracted increasing
attention as ancillary ligands in homogeneous catalysis, such

as hydrogenatiof hydroformaylatiors, C—C coupling olefin
metathesi8,hydrosilylation® and many other§However, few
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of these compounds have been used as catalysts for olefin
polymerization, which is due to the fact that transition-metal-
based heterocyclic carbene complexes containing an alkyl group
decomposed via the reductive elimination of the hydrocarbyl
and carbene moiety, as free NHC tends to undergo 1,2-alkyl
migration® The problem might be solved by the use of
functionalized bidentate or polydentate NHC ligands developed
recently, since these ligands could provide an opportunity to
control the stability and reactivity of active centers more
efficiently in olefin polymerization. In recent years, pyridine-
functionalized bidentate or polydentate NHC ligands have been
frequently used as versatile ancillary ligands in organometallic
chemistry and catalysi%;®1%but only a few have been used as
catalyst precursors for the copolymerization of CO and
norbornen&'a and the homopolymerization of norbornere,
ethyleneltPcand styrendld
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Scheme 1. Synthesis of Complexes 2 and 3

(S
X NN
| N N NS
e O A~
! Ag,0 N‘Me 9 Me’N Pd(PhCN),Cl, /N\ “Me
= d
© Qs | N
N\ CN\ Ag Me Ag I\b 212- Cl Cl
—
Me N )\ Me ‘N ‘\/
0T )

1

The structural diversity of silver(l) N-heterocyclic carbenes the precursors are found (10.32 ppm), and the chemical shifts
has been widely studied, and their application as transmetalationof other hydrogens are similar to those of the corresponding
reagents has widened their use as an easy access to variousrecursors. In th&3C NMR spectra the signals for the carbene
catalytic transition-metal NHC complex&However, despite  carbon of complexeg and3 appear at 182.1 and 161.9 ppm,
the number of silver NHC complexes reported to date, we still respectively, which is characteristic for a metahrbene
do not have much knowledge about their applications in catalytic signall4
processe& As part of an effort to design new catalysts for olefin All of the carbene complexes described are very soluble in
polymerization, we have investigated a pyridine-functionalized CH4OH, slightly soluble in CHCI, and THF, and insoluble in

NHC silver complex and its corresponding palladium complex .
by transmetalation. Preliminary studies show {fi&g(CAN)_]sl}- (rjr:?)g]eyrlateetlr;/egtggli ir;]ygsc;:bon solvents. The complexes are

I2 (2; CAN = 3-methyl-1-picolylimidazolin-2-ylidene) exhibits . i
moderate catalytic activity (8@ of PE (mol of Ag) h~2) for Crystals ;ungble for X.-ray crystallographyZ)f{vere obtained
ethylene polymerization, and complex [Pad(8)ICl» (3) is by slow diffusion of diethyl ether into a dichloromethane
highly active toward the addition polymerization of norbornene. S_0|Ut'0n of the COFreSpondlhg compo_und_. The structure of the
silver—carbene complex d is shown in Figure 1. CompleX
Results and Discussion crystallizes as a symmetrical trinuclear compound of the formula
) _ {[Ag(carbene)]sl} .. The geometry at the silver center is planar,
We report the synthesis of a palladium complex by trans- with every Ag coordinated by two carbene carbon atoms and
metalation from the corresponding silver carbene derlvat[ve bY one triply bridging iodide. The three Ag(l) cations are linked
a two-step process,_analogously to the_mgthod of McGumnessby the bridging 1(1) anion symmetrically with an AgE)1)
and Cavelf! who first prepared the iodide salts of these istance of 3.0398(11) A, which is much longer than those of
materials. The first step involves deprotonation of the imida- 4 Ag—I(bridging) bonds (2.8313(15) and 2.7839(15)*Aand
zolium salt with silver oxide to form the silver carbene species. the net 2+ charge is balanced by two noninteracting iodide ions.
:Ir'Eese dfj"?‘tf‘ be :csi)latec()j 5as th_e er"'l[)e dtrllanhuclear sHverg_orrﬁt)Iex There is no important interaction between the silver ions and
€ addition of 1 or U.5 equiv 0 (. G0 (accc_>r Ing to the alkyl groups. The bulkiX-methyl group favors the formation
the molgs of car.bene) gave the deglred _prqduct in each Cas€ut a dihedral angle of 72°2between the two imidazole rings
along with a white suspension of silver iodide. The reaction And the imidazole ring 'forms an angle of 54.&ith the '

was allowed to continue for 16 h to achieve completion, which L
: : ' coordination plane (C(1), C(1D), Ag(1), I(1)). The Ag{ig(1)
then gave the chelating palladium mono(carbene) comBlex distance of 2,096 A is within expected valiis.

in good yields (Scheme 1). It is very surprising that a similar

reaction performed by the Cavell group led to (NH&)-Agl, Crystals suitable for X-ray crystallography ®fvere obtained

and Pd(NHC)Cl,, which is obviously different from our results. by slow diffusion of diethyl ether into C¥¢DH solutions of the
The!H NMR spectra of complexe® and3 do not exhibit a corresponding compound. The structure of the palladium carbene

signal at 16-11 ppm, where the imidazolium,EH signals of complex3is shown in Figure 2. The molecular structure reveals

that the geometry at the palladium atom is essentially square
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A Trinuclear Ag(l) N-Heterocyclic Carbene Complex

Figure 1. Crystal structure of compleXshowing 30% probability
ellipsoids (cation only). The hydrogen atoms are omitted for clarity.
Selected bond lengths (A) and angles (deg): Ag(j1)= 2.096-
(9), Ag(1)-1(1) = 3.0983(11); C(1D)}Ag(1)—C(1) = 166.0(4),
C(1)-Ag(1)—I1(1) = 97.0(2), Ag(1)-1(1)—Ag(1A) = 120.0, Ag-
(1)—1(1)—Ag(1B) = 120.0, Ag(1A>-I(1)—Ag(1B) = 120.0, N(1}
C(1)—-Ag(1) = 127.2(7).

Figure 2. Crystal structure of compleXshowing 30% probability
ellipsoids. The hydrogen atoms are omitted for clarity. Selected
bond lengths (A) and angles (deg): P&(Q(1) = 1.968(7), Pd-
(1)=N(3) = 2.051(7), Pd(1}Cl(1) = 2.317(2), Pd(1}CI(2) =
2.3626(17); C(1yPd(1)-N(3) = 86.9(3), C(1)}-Pd(1)-CI(1)
91.6(3), N(3)-Pd(1)}-Cl(2) = 89.53(16), ClI(1)}-Pd(1)-ClI(2)
92.18(7), N(3)-Pd(1)-Cl(1) = 174.68(17), C(1yPd(1)}-CI(2)
175.6(2).

C(carbene) bond length (1.968(7) A) is slightly shorter than the
predicted value (2.08 A), where pure P@ o-bonding is
considered.

A preliminary ethylene polymerization study showed that the
Ag carbene compleR is a moderately active precatalyst for
the polymerization of ethylene. For example, ethylene was
polymerized under MAO activation of complexat different
temperatures (polymerization conditions: solvent, 50 mL of
toluene; silver compleX, 2 umol; Al/Ag (molar) = 3100;
ethylene; pressure, 1 atm; reaction time, 30 min) with activities
of 5.2 x 1P (10 °C), 6.0 x 10° (20 °C), 4.7 x 1 (30 °C),
and 3.0x 1P g of PE (mol of Ag)* h=1 (40 °C), respectively.
The polymers obtained are insoluble in most organic solvents,
such as hydrocarbon solvents, chloroform, tetrachloroethane

Organometallics, Vol. 25, No. 15, 28867

Table 1. Addition Polymerization of Norbornene with
Palladium Complex 3 Activated by Methylaluminoxane

(MAO)2
activity
T time conversn  (10°g of PNB

run complex (°C) Al/Pd (min) (%) (mol of Pdy1h™1)
1 3 0 1000 7 100 11.2
2 3 10 1000 2 100 40
3 3 20 1000 1 100 77
4 3 40 1000 <1 100 b
5 3 20 500 10 64 52
6 3 40 500 5 100 16
° 3 20 0
8d 20 0

a Polymerization conditions: solvent, chlorobenzene; total volume, 10
mL; palladium complexJ), 1.4 umol; norbornene, 1.88 ¢.The systems
became highly viscous at once and turned into gellike product mixtures,
and the forming polymers were insoluble in 1,2,4-trichlorobenze¥éth-
out cocatalyst MAOS Without palladium complex.

ization by treatment with MAO to afford addition-type polynor-
bornene (PNB) with very high activities (6 of PNB (mol of
Pd) 1 h™1), while under the same conditions, the complex itself
and MAO did not produce polymers (run 7 and 8). The
norbornene polymerization results are collected in Table 1. We
found that the systems catalyzed by the palladium-based
catalysts all become highly viscous and turn into gellike product
mixtures immediately and the yields are all 100% at high
temperature or high Al/Pd molar ratio. The polymers obtained
are insoluble in most organic solvents, such as cyclohexane,
chloroform, benzene, chlorobenzene, 1,2-dichlorobenzene, 1,2,4-
trichlorobenzene, and tetrachloroethane, even if the polymers
are prepared without the appearance of gellike product mixtures;
therefore, we had to characterize the polymers by solid-state
13C CP/MAS NMR. With a decrease in the amount of MAO,
from run 3 to run 5, the system does not immediately become
highly viscous, but they are all suspensions and the polymers
precipitate immediately during the polymerization. The molec-
ular weights of the polymers obtained by the palladium-based
catalyst could not be measured because of their insolubility.
The catalytic systems always maintain a high activity even if
the polymerization conditions are changed. The molar ratio of
Al to Pd has a great effect on the activity of the polymerization;
the activity increases rapidly as the molar ratio of Al to Pd
increases. Also, the polymerization temperature influences the
activity as well; the activity increases as the temperature
increases. The optimal polymerization temperature for the
catalytic system is 40C (comparing runs 14).

The polynorbornenes obtained with the palladium carbene
complex possess an addition structure, as determined from IR
and the solid-stat®®C CP/MAS NMR spectra. The absence of
bands at 16861620 cnt?in the IR spectra indicated no double
bonds, which was different from the results found for the
polymers of norbornene ring-opening metathesis polymeriza-
tion.’6 The solid-state3C CP/MAS NMR spectrum of PNB
shows the main four groups of resonanced 29.0-57.3 ppm
(m, maxima at 29.0, 35.3, 48.8, and 52.6), attributed to the
vinyl addition polymer structure of polynorbornene, the bridge
carbon, the bridgehead carbon, and the backbone carbon,
respectivel\t’ Therefore, the polymerization took place exclu-
sively in a vinyl addition manner. The microstructures of the

(16) (a) Sacchi, M. C.; Sonzogni, M.; Losio, S.; Forlin, acromol.

benzene, chlorobenzene, 1,2-dichlorobenzene, and 1,2,4-trichloChem. Phys2001, 202, 2052-2058. (b) Barnes, D. A.; Benedikt, G. M.;

robenzene, which makes it difficult to characterize them.
Preliminary experiments indicated that the palladium-based
catalyst precursoB can be activated for norbornene polymer-

Goodall, B. L.; Huang, S. SMacromolecule2003 36, 2623-2632.

(17) (a) Huang, W. J.; Chang, F. C.; Chu, PJPPolym. Sci200Q 38,
2554-2563. (b) Mi, X.; Ma, Z.; Cui, N.J. Appl. Polym. Sci2003 88,
3273-3278.
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Table 2. Summary of Crystallographic Data for 2 and 3
1400 -] 2 3
1200 chem formula @0H66A93I 3N1g C10H11C|2N3Pd
formula wt 1743.62 350.52
1000+ temp (K) 293(2) 293(2)
o 500 wavelength (A) 0.710 73 0.71073
B cryst syst rhombohedral triclinic
é 600 space group R3c P1
= unit cell dimens
4007 a(h) 13.151(2) 8.4682(18)
2004 b (A) 13.151(2) 8.5914(18)
c(A) 68.335(16) 9.122(2)
0 a (deg) 90 104.258(4)
200 B (deg) 90 98.156(5)
0 1 20 30 40 5 60 70 8 9 VS(dEQ) 120 98.661(4)
2 Theta () \Z/(A ) éo 235(4) 2624.7(2)
Figure 3. WAXD diagrams of polynorbornenes obtained with the  p_,.4(Mg/md) 1.697 1.864
Pd-based catalyst. abs coeff (mm?) 2.260 1.888
F(000) 5112 344
polymers obtained by the palladium complexes could not be crystsize (mm) 0-3%00-15>< 0-25350-10><
analyzed beca_use of their insolubility. Partial mfprmatlon on 0 range for data collecn (deg) 1.795.00 2 48-25.00
the cgnformatlon of the polynorpornenes obtalned_ by the |imiting indices —15<h<+4+11 -10<h<+8
palladium-based complex was obtained by means of wide-angle —13<k=<+15 -9<k=<-+4
X-ray diffraction (WAXD), as shown in Figure 3. Two broad —81l=<1=+80 —2=1=+10
halos at 2 values of 10.68(peak 1) and 18.42peak 2) appear ~no- of rfins collected 13420 1409
. . P no. of indep rflns 2023R(int) = 1376 R(int) =
in the diagram of the polymers, which is similar to the results 0.0475) 0.0064)
reported by Haselwender et #2Zhao et al18?and Hu et aksc completeness t6 = 100.0 62.6

According to their results, peak 1 can be regarded as a reflection ~ 25.00 (%)
of the interchain or intersegment distance of the polymer, while m?X- min tfans?\"ssn
peak 2 can be regarded as a reflection of the intrachain distance. "¢finément method

0.8055, 0.6606 0.9115, 0.6497
full-matrix least squaresFén

. L . no. of data/restraints/params 2023/0/130 1376/0/146
No traces of Bragg reflections, characteristic of crystalline  goodness of fit or2 1.038 0.981
regions, are revealed. The polynorbornenes, therefore, are final Rindices ( > 20(1))?
noncrystalline. R1 0.0635 0.0371
wR2 0.1865 0.0849
. largest diff peak, hole (e 2.214,—2.002 0.598;-0.486
Conclusion

2R1= 3 (lIFol — IFcll)/3|Fol. WR2 = [3(IFol? — |Fe2)?3.(FoA] 2

We have successfully synthesized the silver carbene complex
2 and its palladium transmetalation prod@&tA preliminary spectra were recorded on a Bruker DMX 500 spectrometer in §DCI
study shows that the trinuclear silver complex with a pyridine- i3 pMsO-ds, Cross-polarization magic angle spinning (CP MAS)
functionalized NHC ligand shows moderate activity toward NMR spectra of solid-state PNB were measured at room temper-
ethylene polymerization, while its corresponding palladium ature on a Bruker DSX 300 NMR spectromefé€ chemical shifts
carbene complexd] is highly active as a catalyst precursor in  were calibrated through the external adamantane peak. Elemental
norbornene polymerization. To the best of our knowledge, this analysis was performed on an Elementar Vario EL Il analyzer. IR
is the first report of these kinds of pyridine-functionalized NHC (KBr) spectra were recorded on a Nicolet FT-IR spectrophotometer.
silver and palladium complexes exhibiting activity toward the WAXD (wide-angle X-ray diffraction) curves of the polymer
polymerization of ethylene and the addition polymerization of powders were recorded on a Bruker D4 ENDEAVOR diffractometer
norbornene. Further investigations into olefin polymerization using Cu Ku radiation at 40 kV and 40 mA with a scan speed of
by these kinds of complexes and the polymerization mechanism1°/min. Scanning was performed witl¥ Zalues ranging from 5 to
are ongoing. 80"

{[Ag(3-methyl-1-picolylimidazolin-2-ylidene)]sl } 1, (2). A mix-
ture of 3-methyl-1-picolylimidazolium iodide (300 mg, 1 mmol)
and silver(l) oxide (580 mg, 2.5 mmol) was taken up in 30 mL of

General Procedures All manipulations were performed using  CH.Cl, and was stirred for 2 h. The solution was filtered through
standard Schlenk techniques under an atmosphere of argonCelite, and the solvent was removed completely under vacuum.
Methanol was dried over Mg, Gi&l, and chlorobenzene were dried  Upon addition of diethyl ether, the gray-white solid that formed
over Cah, and norbornene was dried over Na, and then all were was filtered, washed with more diethyl ether, and dried under
distilled under nitrogen immediately prior to use. Methylalumi- vacuum. The product was recrystallized from £Li}/ether to give
noxane (MAO) and 1-methylimidazole and 2-picolyl chloride white crystals. Yield: 175 mg (60%)'H NMR (500 MHz,
hydrochloride were purchased from Witco and Acros, respectively. CDCl): 6 8.53 (d, 1H, pyridyl), 7.65 (m, 1H, pyridyl), 7.47 (m,
Other solvents were used as received as technical-grade solventslH, HCCH), 7.27 (m, 1H, HCCH), 7.14 (m, 1H, pyridyl), 6.97
3-Methyl-1-picolylimidazolium iodidé and Pd(PhCNLI,® were (m, 1H, pyridyl), 5.51 (s, 2H, Ch), 3.83 (s, 3H, NCH) ppm.13C
prepared according to literature procedur#s. and 13C NMR NMR (125 MHz, CDC}): ¢ 182.1 (Ag-C), 155.9 (pyridyl, G),
149.6 (pyridyl, G), 137.4 (pyridyl, G), 123.3 (pyridyl, G), 123.1
(pyridyl, Cg), 122.2 (NCCN), 56.9 (Ch), 39.0 (NCH) ppm. Anal.
Calcd for GoHgsAgsN1gls: C, 41.29; H, 3.78; N, 14.45. Found: C,
41.23; H, 3.72; N, 14.74.

[Pd(3-methyl-1-picolylimidazolin-2-ylidene)]Cl (3). To a sus-
pension of2 (290 mg, 0.17 mmol) in 10 mL of Cil, was added

Experimental Section

(18) Haselwander, T. F. A.; Heitz, W.; Kgel, S. A.; Wendorff, J. H.;
Macromol. Chem. Phy4.996 197, 3435. (b) Zhao, C.-T.; Ribeiro, M. R,;
Pinho, M. N.; Subrahmanyam, V. S.; Gil, C. L. Lima, A.Polymer2001
42, 2455. (¢), Mi, X.; Ma, Z.; Wang, L.; Ke, Y.; Hu, YMacromol. Chem.
Phys.2003 204, 868-876.

(19) Inorg. Synth.1992 7, 218-230.
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a CHCI, solution of Pd(PhCNKI, (140 mg, 0.5 mmol). The polymer was isolated by filtration and dried under vacuum at 40
mixture was stirred at room temperature overnight and filtered; the °C for 10 h.
resulting solid was washed with G&I, and then dried under Norbornene Polymerization.In a typical procedure, 1.4mol
vacuum. The product was recrystallized from MeOH/ether to give of the palladium comple8in 2.0 mL of chlorobenzene, 1.88 g of
yellow crystals. Yield: 134 mg (76%)H NMR (500 MHz, DMSO- norbornene in 5.0 mL of chlorobenzene, and another 3.0 mL of
ds): 6 9.03 (s, 1H, pyridyl), 8.09 (m, 1H, pyridyl), 7.60 (s, 1H, fresh chlorobenzene were added into a flask (20 mL) with strong
HCCH), 7.57(m, 2H, pyridyl), 7.34 (s, 1H, HCCH), 5.70 (d, 1H, stirring under an Ar atmosphere. After the mixture was kept at the
NCH,), 5.60 (d, 1H, CH), 3.92 (s, 3H, NCH). 13C NMR (125 desired temperature for 10 min, MAO (10%) was charged into the
MHz, DMSO-ds): 6 161.9 (Pd-C), 155.2 (pyridyl, C2), 153.7 polymerization system via syringe, and the reaction was started. A
(pyridyl, C6), 140.9 (pyridyl, C4), 125.5 (pyridyl, C3), 124.3 certain time later, acidic ethanoViethanoiVeoncd Hol = 20:1) was
(pyridyl, C5), 122.4 (NCCN), 121.2 (NCCN), 54.9 (G 39.8 added to terminate the reaction. The PNB was isolated, washed
(NCHj3). Anal. Calcd for GoH11CIoNgPd: C, 34.23; H, 3.13; N, with methanol, and dried at 8@ for 48 h under vacuum. For all
11.98. Found: C, 34.19; H, 3.24; N, 11.43. of the polymerization procedures, the total reaction volume was
X-ray Crystallography. Crystals suitable for X-ray analysis of ~ 10.0 mL, which can be achieved by variation of chlorobenzene
2 and 3 were obtained by slow diffusion of diethyl ether into when necessary. IR (KBr): 2946 (vs), 2869 (vs), 1473 (m), 1451
dichloromethane and methanol solutions of the corresponding (s), 1375 (m), 1295 (m), 1258 (m), 1222 (m), 1148 (m), 1108 (m),
compounds, respectively. Neither showed signals of decomposition 1040 (w), 943 (w), 893 (m) cri. Solid-state*C CP/MAS NMR
during X-ray data collection, which was carried out at room (300 MHz): 6 29.0-57.3 ppm (m, maxima at 29.0, 35.3, 48.8,
temperature. Details of the data collection and refinement are 52.6).
summarized in Table 2. The structures were solved by direct

methods using SHELX-97 and refined by full-matrix least-squares _ Acknowledgment. Financial support by the National Science
calculations, using the program system SHELXTL-97. Foundation of China for Distinguished Young Scholars (Grant

Ethylene Polymerization. Ethylene polymerization was per- Nos. 20421303 _and 20531020), by the National Basic Research
formed in a 200 mL Schlenk-type glass reactor fitted with a Program of China (Grant No. 2005CB623800), and by the
mechanical stirrer. After it was flame-dried three times, the flask Shanghai Science and Technology Committee (Grant Nos.
was back-filled with ethylene. Then the reactor was charged with 05JC14003 and 05DZ22313) is gratefully acknowledged.

45 mL of toluene and MAO (10%) via syringe under an atmosphere
of nitrogen. After the catalyst in 5 mL of solvent was introduced

into the polymerization bottle via syringe, stirring was begun and
the polymerization was kept at the desired temperature. After 30
min, the polymerization was quenched with ethanol/HCI and the OM060309C

Supporting Information Available: CIF files giving crystal-
lographic data foR and3. This material is available free of charge
via the Internet at http:/pubs.acs.org.



