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Abstract: Novel supported task-specific ionic liquids have been developed for the first time via the ionic-
pair coupling of imidazolium cation of the modified polystyrene support with L-proline. The materials have
shown an efficient metal scavenging ability (e.g., Cul, Pd(OAc),, Pd® and IrCls) without the aid of a
nonimmobilized ionic liquid, which relies on the highly synergistic effect of the coordination with the nitrogen
atom and the COO~ group of the L-proline moiety, electrostatic forces, and steric protection. The resulting
metal-soaked supported ionic liquids can be used as efficient heterogeneous catalysts. These materials
have been investigated in the Cul-catalyzed N-arylation of nitrogen-containing heterocycles and exhibit
much higher catalytic activity and a more extensive structural range of aryl and heteroaryl halides than
those exhibited by free L-proline in combination with Cul both in the ionic liquid ([BMIM][BF4]) and in the
corresponding homogeneous reaction conditions. The Cul-soaked catalyst 4a-2 can be recycled for nine
runs at least without any considerable loss of activity. To the best of our knowledge, our catalytic process
is among the most efficient approaches to the N-arylation of imidazoles with aryl halides so far reported.
Furthermore, the Pd-soaked material 4a-2 also shows higher catalytic activity in the solvent-free
hydrogenation of styrene to ethylbenzene. This new concept is generally applicable and may easily be
extended to other supported task-specific ionic liquids.

Introduction overcome these drawbacks, the concept of supported ionic liquid
catalysis (SILC) has recently been established to combine the
advantages of ionic liquids with those of heterogeneous support
materials®

lonic liquids (ILs) have received great attention in a variety
of different areas reaching from material synthesis to separation
science as well as alternative reaction médimwever, despite
promising results, their widespread use in process chemistry is

still hampered by the following practical drawbacks: (i) product o, OH Ruo, sio] 7O~ OFt @\Nx
isolation, (ii) catalyst recovery, and (iii) the use of relatively O:SIi\/\/N@/N\R A-0-Sine ~ NI TR
large amounts of ionic liquids in biphasic systems which is = [{W (20)(O,)x(H,0)l, (-0
costly and may cause possible toxicological concériie. Silc[Im][RuO,]
SiO,[Im][X]
(1) (a) Welton, T.Chem. Re. 1999 99, 2071. (b) Wasserscheid, P.; Keim,
C. Banmwiarin, W Roller, . Hebel, A Haag Angew: Chim. Int £a.  Task-specific ionic liquids (TSILs) can provide a facile and
é%g’zz‘c‘)%;ggg- é‘é)e?“f’é”ﬁhi{é)dﬁ -S?\Au;;?\b théFg S\X?(jrﬁéhi?ﬁiégEAecTe{ promising route to multifunctional compountisSo far, the
2002, 35, 75. ' T T majority of these ionic liquids have focused on the derivatization

(2) For a recent review on toxicity of ionic liquids, see: Zhao, D.; Liao, Y.; ioni i i i
Zheng 2. Cletn 200735, 42 and reforences therein. of the cationic component due to their convenient chemical

(3) (a) Mehnert, C. PChem—Eur. J.2005 11, 50 and references therein. For ~ modification. Although ILs containing functional anions are
more recent references, see: (b) Gu, Y.; Ogawa, C.; Kobayashi, J.; Mori, H R e i ; :
V': Kobayashi. SAngew. Ghem., int. E@006 45, 7317, (¢) Gruttadauria, starting to attract intereStthere is little information about the
M.; Riela, S.; Aprile, C.; Meo, P. L.; D’Anna, F.; Noto, Rdv. Synth.

Catal. 2006 348 82. (d) Sievers, C.; Jimenez, O.; "Nar, T. E,; (4) For recent reviews, see: (a) Davis, J. H.,.Ghem. Lett2004 33, 1072.
Steuermagel, S.; Lercher, J. &. Am. Chem. So006 128 13990. (e) (b) Fei, Z.; Geldbach, T. J.; Zhao, D.; Dyson, PChem—Eur. J. 2006
Jimenez, O.; Mler, T. E.; Sievers, C.; Spirkl, A.; Lercher, J. £&hem. 12, 2122 and references therein.

Commun.2006 2974. (f) Dioos, B. M. L.; Jacobs, P. Al. Catal.2006 (5) (@) Kim, H. S.; Kim, Y. J.; Lee, H.; Park, K. Y.; Lee, C.; Chin, C. S.
243 217. (9) Gu, Y.; Karam, A.; ¥éme, F.; Barrault, JOrg. Lett.2007, Angew. Chem., Int. E@002 41, 4300. (b) Ishida, Y.; Miyauchi, H.; Saigo,
9, 3145. (h) Ruta, M.; Yuranov, I.; Dyson, P. J.; Laurenczy, G.; Kiwi- K. Chem. Commur2002 2240. (c) Ranu, B. C.; Banerjee, Srg. Lett.
Minsker, L.J. Catal.2007, 247, 269. (i) Gu, Y.; Ogawa, C.; Kobayashi, 2005 7, 3049. (d) Nobuoka, K.; Kitaoka, S.; Kunimitsu, K.; lio, M.; Harran,
S.Org. Lett.2007, 9, 175. (j) Haumann, M.; Dentler, K.; Joni, J.; Riisager, T.; Wakisaka, A.; Ishikawa, Y. J. Org. Cher2005 70, 10106. (e) Kim,
A.; Wasserscheid, FAdv. Synth. Catal2007, 349, 425. (k) Hagiwara, H.; Y. J.; Varma, R. SJ. Org. Chem2005 70, 7882. (f) Xu, J. M.; Liu, B.
Ko, K. H.; Hoshi, T.; Suzuki, TChem. Commur2007, 2838. (I) Castillo, K.; Wu, W. B.; Qian, C.; Wu, Q.; Lin, X. FJ. Org. Chem200§ 71,
M. R.; Fousse, L.; Fraile, J. M.; Gae;1J. |.; Mayoral, J. AChem—Eur. 3991. (g) Schulz, P. S.; Mier, N.; Bosmann, A.; Wasserscheid, fagew.
J. 2007, 13, 287. Chem., Int. EJ2007, 46, 1293.

10.1021/ja073633n CCC: $37.00 © 2007 American Chemical Society J. AM. CHEM. SOC. 2007, 129, 13879—13886 = 13879
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supported ones, in which the functional anions have been Scheme 1. Preparation of the Polymer-Supported Task-Specific
designed for the catalytically active species. Typically, among '3 PS[DMVB'M][P'O] (43) and PS[MVBIM][Pro] (4b)

these outstanding examples reported so far, the anions mainly™

involve peroxometalates and polyoxometalates (e.g.,4RuO A|BN EtOH R

[{W(=0)(02)o(Hz0)} 2(u-O)I?", and [PW204] ", etc.)® These o5c.2an N ¢
-cr

materials have been prepared by ionically coupling peroxo- @NH

metalates or polyoxometalates with the imidazolium cations in 2

a simple anion-exchange reaction (e.g., Silc[Im][R]¥®and

SiO,[Im][X] €9). More surprisingly, despite the extensive ap-

plication of organic ligands in catalysis, the supported ionic
@—\

N@N’

1 40 n,nIOH'

liquid catalysis attributed to organic anions has received much (—) L-proline, H,O ®_\N_(R
less attention to date. Natural amino acids, especially for K/N gelolony “W ® N;OH‘
L-proline, have proved to be an outstanding class of ligands in

organocatalysis and organometallic catalysis. Quite recently, 4aR =CH, 3

task-specific ionic liquids with amino acids as anions (e.g., 4bR=H

1-ethyl-3-methylimidazolium amino acids ([Emim][AAT}tet- Table 1. Loading Level of the Imidazolium Unit on the Material 2
rabutylphosphonium amino acids ([RJG[AA]), 7® and phos- and the L-Proline Moiety on the Material 42

phonium trifluoromethanesulfonyl amino acids ([P4448][Tf- monomer 1 used loading of the
AA]) 79 have been synthesized from natural amino acids. Herein, in the free radical imidazofium unit loading of -proline
copolymerization on the resin 2 on the resin 4
A~ OOCHC-NH Bu entry (mol %) (mmolig) (mmol/g)
“NENT “NH;  gy— P Bu ‘OOCHC—-NH,
\®; it B iy 1 31.07 1.96 1.554a-1)
2 18.56 1.35 0.6%4@-2
. 3 5.03 0.32 0.144a-
(Emim][AA] [P(Ca)llAA] 4 18.98 1.46 0.4‘}42(@)3)
Bu |+ 9 _ aTh . . . .
o= e loading amount of the-proline moiety on the materiad was
Bléup (CH)7CHs F3C ICSIt N-GHCOOH calculated from the nitrogen content 2fand 4.
[P4448][TF-AA]

(DVB) using azobisisobutyronitrile (AIBN) as an initiator and
we illustrate a novel concept for the preparation of multifunc- polyvinylpyrrolidone (PVP) as a dispersant in ethanol at65
tional materials by using an IL-modified polystyrene backbone, for 24 h. Further treatment &a with either aqueous NaOH or
in which the imidazolium cations deliberately couple amino KOH for 40 h, followed by neutralization with a large excess
acids via the ionic-pair interaction, and thus various character- of L-proline, afforded the PS[DMVBIM][Pro]4a).” The PS-
istics of amino acids would easily be delivered into the resulting [MVBIM][Pro] ( 4b) was prepared fromib according to the
materials. To the best of our knowledge, amino acids have neversame procedure as described above. In sharp contrast, all
been immobilized as the supported task-specific ILs. attempts to prepare the supported TSILs were unsuccessful by
attachment of the freeproline to2 containing the halide anions.
The supported TSIL4 were analyzed by elemental analysis to

Generally, itis assumed that ionic liquids are noncoordinating quantify the amount of -proline by measuring the nitrogen
solvents and stable toward many organic and inorganic sub-content of2 and 4. This loading level of.-proline could be
stances. However, the deprotonation at the C2 position of the adjusted by changing the amount of the monomar the free
imidazolium nucleus can generateheterocyclic carbenes due  radical copolymerization. In this work, four supported TSILs
to the relatively high acidity (8. = 21-23) of the H2 hydrogen  4a-1, 4a-2, 4a-3, and 4b with different loading levels of the
and may further result in the formation of metalarbene L-proline unit were prepared as shown in Table 1.
complexe$. Therefore, in this article both 1,2-dimethyl-3-(4- The supported ionic liquid catalysts have been prepared by
vinylbenzyl)imidazolium chloride ¥a) and 1-methyl-3-(4-  ysing two different approaches involving the covalent attachment
Vinylbenzyl)imidazolium Chloride](b) have been chosen as the of ionic ||qu|ds to the support surface and the Simp|e phys_
monomers for comparison of the physical and chemical proper- jsorption of the catalytically active speci#sAmong various
ties of the resulting materials. The synthetic route of imidazo- types of catalysts described so far, a thin film of the free ionic
lium-modified polymers4 is illustrated in Scheme 1. The |iquid phase is most commonly required to hold the catalytically
polymer2a (PS[DMVBIM][CI]) was synthesized by the free  active species on the surface of the supp8rom a practical
radical copolymerization dfa, styrene, and 1,4-divinylbenzene  and environmental viewpoint, it is highly desirable to develop
an interesting variation of the supported ionic liquid catalysis,

Results and Discussion

(6) (a) Ciriminna, R.; Hesemann, P.; Moreau, J. J. E.; Carraro, M.; Campestrini,
S.; Pagliaro, M.Chem—Eur. J. 2006 12, 5220. (b) Yamaguchi, K.;
Yoshida, C.; Uchida, S.; Mizuno, Nl. Am. Chem. So@005 127, 530.

(9) (a) Mehnert, C. P.; Cook, R. A.; Dispenziere, N. C.; Afeworki, MAm.

(c) Zhang, Y.; Shen, Y.; Yuan, J.; Han, D.; Wang, Z.; Zhang, Q.; Niu, L.

Angew. Chem., Int. EQ006 45, 5867.
(7) (a) Fukumoto, K.; Yoshizawa, M.; Ohno, Bl. Am. Chem. So@005 127,

2398. (b) Zhang, J.; Zhang, S.; Dong, K.; Zhang, Y.; Shen, Y.; Lv, X.

Chem—Eur. J.2006 12, 4021. (c) Fukumoto, K.; Ohno, Angew. Chem.,
Int. Ed. 2007, 46, 1852.

(8) (a) Dupont, J.; Spencer, Angew. Chem., Int. EQ2004 43, 5296. (b)
Handy, S. T.; Okello, MJ. Org. Chem2005 70, 1915. (c) Kim, J. H.;
Kim, J. W.; Shokouhimehr, M.; Lee, Y. S. Org. Chem2005 70, 6714.
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Chem. Soc2002 124, 12932. (b) Mehnert, C. P.; Mozeleski, E. J.; Cook,
R. A. Chem. Commur2002 3010. (c) Hagiwara, H.; Sugawara, Y.; Isobe,
K.; Hoshi, T.; Suzuki, T.Org. Lett. 2004 6, 2325. (d) Riisager, A,;
Fehrmann, R.; Flicker, S.; van Hal, R.; Haumann, M.; Wasserscheid, P.
Angew. Chem., Int. EQ005 44, 815. (e) Mu, X.; Meng, J.; Li, Z.; Kou,

Y. J. Am. Chem. So@005 127, 9694. (f) Sasaki, T.; Zhong, C.; Tada,
M.; Iwasawa, Y.Chem. Commur2005 2506. (g) Shi, F.; Zhang, Q.; Li,

D.; Deng, Y.Chem—Eur. J.2005 11, 5279. For more recent references,
see ref 3b-l.
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Figure 1. View of scavenging of metal salts: (a) Cul (0.035 mmol) in DMSO; 4B)2/Cul in DMSO (1:2 molar ratio of Cultproline); (c) Pd(OAc)
(0.0086 mmol) in DMF; (dya-2/Pd(OAc) in DMF (1:8 molar ratio of Pd(OAg)L-proline); (e) the formation of Pdparticles after hydrogenation; (f) Irl
(0.0086 mmol) in DMF; (g¥a-2/IrClz in DMF (1:8 molar ratio of IrC}/L-proline).

Figure 2. Representative SEM and TEM images of the polymers4é2 (SEM); (b) ionic liquid-soaked Pd(OAg)n 4a2 (0.53 mmol/g Pd(OAg)
loading level) (TEM); and (c) ionic liquid-stabilized Pd nanoparticles4es® after hydrogenation (TEM).
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in which the ionic liquid-modified materials can carry out their
catalysis in the absence of a nonimmobilized ionic liquid. In
comparison with the former, however, only very few examples
have appeared in the literature to d&&1°For instance, a
polymer-supported ionic liquid prepared via the covalent
anchoring of an imidazolium salt to a polystyrene resin (PS-
[Hmim][X]) showed much higher activity for nucleophilic
substitution reactions including fluorinatiof$:® Ru nanopar-
ticles immobilized on montmorillonite-supported ionic liquids

demonstrated a highly efficient heterogeneous catalyst for the 0 2 4 6 8 1012 14 16 18 20 22
hydrogenation of benzerl& Recently, Mioskowski et al. Ratio of metals to the L-proline unit
reported that polyionic gels (PGELSs) were employed as efficient (mol/mol)
heterogeneous media for metal stabilization and catalysis.
Herein, we found that our supported TSILs displayed consider-

able ability for metal scavenging onto their surface (e.g., Cul,  \whjle a suspension afa-2 was stirred in a solution of metal
Pd(OAc), P, and IrCh) without the aid of a nonimmobilized g4yt at room temperature, an obvious color change was observed,
ionic liquid. which clearly illustrated the high affinity ability with metal
precursors (Figure 1). For example, more than 97% of Cul was
NEJ})\N/[X]' soaked orta-2 in DMSO, and the loading level of Cul was.
=/ 0.34 mmol/g, which was determined by the ICP-AES analysis
as a Cull-proline molar ratio was maintained at 1:2 (Figure
la,b). An SEM image depicts that the surface 4af2 is
ElEmimE composed of nanoscale beads with 60—80 nm in diameter
(Figure 2a) and could not be differentiated by sight after soaking
Cul. The scavenging ability ofa-2 for Cul was investigated
and shown in Figure 3. The Cul loading level 4&2 could be
controlled by the molar ratios of Cul used and theroline
unit during the soaking process. The experimental results on

I

n

N

Pd adsorption
e Cu adsorption

n

It

Loading of metals (mmol/g)
OCOO0O—_==2NNNOWWWW

CWRONVID =B NOWD©

Figure 3. Loadings of Cul and Pd(OAg)n 4a-2

X = BF4, OTf

+

EtzN the adsorption of Cul are clearly indicative of Langmuir type
cr adsorption. The adsorption constant and the adsorption capacity
n NEt; C|- Cr EtN are 18.4 dimol~* and 1.6 mmol/g, respectively.
* We next investigated the scavenging ability4a2 for Pd-
(OAc),. Similarly, the experimental results indicate that the
PGEL n . .
adsorption of Pd(OAg)corresponds to Langmuir type adsorp-
(10) (a) Kim, D. W.; Chi, D. Y.Angew. Chem., Int. EQ2004 43, 483. (b) (12) The adsorption capacity and adsorption constant were calculated according
Kim, D. W.; Hong, D. J.; Jang, K. S.; Chi, D. YAdv. Synth. Catal2006 to the well known Langmuir adsorption isotherm equation; see: (a) Moor,
348 1719. (c) Miao, S.; Liu, Z.; Han, B.; Huang, J.; Sun, Z.; Zhang, J.; W. J.Basic Physical ChemistryPrentice Hall: Englewood Cliffs, NJ, 1983.
Jiang, T.Angew. Chem., Int. EQ006 45, 266. (b) Webster, C. E.; Cottone, A., lll; Drago, R. $.Am. Chem. S0d999
(11) Thiot, C.; Schmutz, M.; Wagner, A.; Mioskowski, 8ngew. Chem., Int. 121, 12127. (c) Sugihara, G.; Shigematsu, D. S.; Nagadome, S.; Lee, S.;
Ed. 2006 45, 2868. Sasaki, Y.; Igimi, H.Langmuir200Q 16, 1825.

J. AM. CHEM. SOC. = VOL. 129, NO. 45, 2007 13881
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tion (Figure 3), and the adsorption constant and the adsorptionTable 2. Some Representative Results from the Screening of

capacity are 19.0 dfnmol~! and 3.8 mmol/g, respectively.

For instance, the orange supernatant became colorlesdafer
was stirred in a solution of Pd(OAcith a metall-proline
molar ratio of 1:8 in DMF to afford a loading of 0.085 mmol/
g, which roughly corresponds to the total absorption of Pd(@Ac)
in solution (Figure 1c,d). The use of a 1:1 molar ratio of Pd-
(OAc),/L-proline resulted in a Pd content ofca. 0.53 mmol/

g. A color change of the Pd-soaked precatalyst from orange to
black was observed by hydrogen reduction in water for 30 min,
indicating that the formation of Pgarticles (Figure 1e). The

TEM analysis clearly demonstrated that some Pd nanoparticles

are distributed on the outer PS surfaces with the size of the
particles ranginga. 2 + 1 nm (Figure 2b,c§e1123It is well-
known that metallic particles are kinetically unstable with respect
to agglomeration to the bulk metal. To our delight, the resin
4a-2 has considerable ability for stabilizing Pdanoparticles

on its surface, which should stem from the highly synergistic
effect of the coordination with the nitrogen atom and the COO
group of theL-proline moiety, electrostatic forces, and steric
protection'* Furthermore, we found thdia-2 also showed the
ability for IrClz scavenging onto its surface using the straight-
forward procedure described above (Figure 1f,g). Thus, it is

reasonable to assume that other classes of transition metals (e.g

Reaction Conditions for the N-Arylation of Imidazole with
4-Bromoanisole?

P Cul/4, Base, S~
MeO@—Br + HN\;N Solvent MeO@—N\;N
amount of amount of
L-proline salt Cul time temp  yield®
entry (mol %) (mol %) base solvent (hy (°C) (%)
1 4a-2(10) 10 KCO; DMF 60 120 41
2 4a-2(20) 10 KCO; DMF 60 120 68
3  4a-2(30) 10 KCO; DMF 60 120 66
4 4a-2(40) 10 KCO; DMF 60 120 59
5 4a-2(20) 10 KCO; DMSO 60 120 97
6 4a-2(20) 10 KCO; n-BuOH 60 120 53
7 4a-2(20) 10 KCO; i-PrOH 60 80 trace
8 4a-2(20) 10 KPOy  DMSO 60 120 76
9 4a-2(20) 10 CsCO; DMSO 60 120 87
10 4a-2(10) 5 K:CO; DMSO 60 120 46
11 4a-2(20) 10 KCO; DMSO 24 120 38
12 4a-2(20) 10 KCO; DMSO 48 120 81
13  4a-1(20) 10 KCO; DMSO 60 120 84
14  4a-3(20) 10 KCO; DMSO 60 120 53
15 4b(20) 10 KCO; DMSO 60 120 trace
16 L-proline (20) 10 K,CO; DMSO 60 120 54
(in ILs)

a8 Reaction conditions: 4-bromoanisole (0.6 mmol), imidazole (0.5 mmol),
and base (1.2 mmol) in the presencedoénd Cul in 2.0 mL of solvent
tnder a N atmospherePlsolated yields (average of two runs) based on

Co, Zn, Rh, Ru, and La, etc.) may also be scavenged using thisimidazole. <20 mol % of the freeL-proline in 2.0 mL of ionic liquid
method and the resulting materials can be used as heterogeneoU8MIM][BF 4)).

catalysts.

Recently, the economic attractiveness of copper has led to a

resurgence of interest in the Cu-catalyzbdarylation of
nitrogen-containing heterocycles with aryl halides in the pres-
ence of amino ligands to afford the correspondiigrylazoles,
which are ubiquitous in biochemical, biological, and medicinal
structure and functiof? Despite significant progress, however,
the coupling with respect to imidazoles is still a long-standing
problem, which is far from being satisfactorily solvidThe
majority of aryl halides investigated to date, already limited in
examples, are aryl iodides. There are only a few examples

(13) ILs have emerged as templates or stabilizers for metal nanoparticles; see:

(a) Dupont, J.; Fonseca, G. S.; Umpierre, A. P.; Fichtner, P. F. P.; Teixeira,
S. R.J. Am. Chem. So@002 124, 4228. (b) Zhao, D.; Fei, Z.; Geldbach,

T. J.; Scopelliti, R.; Dyson, P. J. Am. Chem. So@004 126, 15876. (c)
Astruc, D.; Lu, F.; Aranzaes, J. Rngew. Chem., Int. EQ005 44, 7852.

(d) Migowski, P.; Dupont, JChem—Eur. J. 2007, 13, 32. (e) Geldbach,
T.J.; Zhao, D.; Castillo, N. C.; Laurenczy, G.; Weyershausen, B.; Dyson,
P.JJ. Am. Chem. So2006 128 9773.

(14) (a) For a recent review, see: Ott, L. S.; Finke, RGBord. Chem. Re
2007, 251, 1075. (b) Han, B. et al. reported that the IL 1,1,3,3-
tetramethylguanidinium lactate could stabilize the highly dispersive Pd
particles onto the surface of the molecular sieve since guanidinium ions
have considerable ability for coordinating metal particles: Huang, J.; Jiang,
T.; Gao, H.; Han, B.; Liu, Z.; Wu, W.; Chang, Y.; Zhao, Sngew. Chem.,

Int. Ed. 2004 43, 1397.

(15) For a recent review, see: (a) Ley, S. V.; Thomas, A.Allgew. Chem.,

Int. Ed. 2003 42, 5400 and references therein. For Buchwald’'s and

Taillefer’s pioneering work, see: (b) Klapars, A.; Antilla, J. C.; Huang,

X.; Buchwald, S. LJ. Am. Chem. So@001, 123 7727. (c) Antilla, J. C.;

Klapars, A.; Buchwald, S. LJ. Am. Chem. SoQ002 124, 11684. (d)

Antilla, J. C.; Baskin, J. M.; Barder, T. E.; Buchwald, S.1..Org. Chem.

2004 69, 5578. (e) Cristau, H. J.; Cellier, P. P.; Spindler, J. F.; Taillefer,

M. Eur. J. Org. Chem2004 695. (f) Taillefer, M.; Cristau, H. J.; Cellier,

P. P.; Spindler, J. F. FR 0116547, 2001.

For selected examples, see: (a) Cristau, H. J.; Cellier, P. P.; Spindler, J.

F.; Taillefer, M. Chem—Eur. J.2004 10, 5607. (b) Alcalde, E.; Dinase

I.; Rodriguez, S.; de Miguel, C. GEur. J. Org. Chem2005 1637. (c)

Jerphagnon, T.; van Klink, G. P. M.; de Vries, J. G.; van KotenO@&.

Lett.2005 7, 5241. (d) Liu, L.; Frohn, M.; Xi, N.; Dominguez, C.; Hungate,

R.; Reider, P. JJ. Org. Chem2005 70, 10135. (e) Rao, H.; Jin, Y.; Fu,

H.; Jiang, Y.; Zhao, YChem—Eur. J.2006 12, 3636. (f) Xie, Y.-X.; Pi,

S.-F.; Wang, J.; Yin, D.-L.; Li, J.-HJ. Org. Chem2006 71, 8324. (g)

Altman, R. A.; Buchwald, S. LOrg. Lett.2006 8, 2779. (h) Taillefer, M.;

Xia, N.; Ouali, A. Angew. Chem., Int. EQ007, 46, 934. (i) Lv, X.; Bao,

W. J. Org. Chem2007, 72, 3863.

(16)

13882 J. AM. CHEM. SOC. = VOL. 129, NO. 45, 2007

describing the coupling of imidazoles with aryl bromides or of
functional substrates or of hindered substrates, and in some cases
the electron-withdrawing groups and/or higher reaction tem-
peratures even have to be required. Following our continuing
interest in the development of thearylation of imidazoled/we
therefore chose to focus initial studies on evaluation of the
behavior of4 doped with Cul as catalyst in the synthesis of
N-arylimidazoles.

A preliminary survey of reaction conditions was conducted
using 4-bromoanisole and imidazole as model arylating agents
(Table 2, entries £15). As shown in Table 2, the best results
were obtained in DMSO at 12T for 60 h under Nusing 2.4
equiv of K;COs as base in the presence of a catalyst system
generated in situ from 10 mol % of Cul and the supported IL
4a2 containing 20 mol % of-proline unit (Table 2, entry 5).
The 4a2 doped with Cul could smoothly prompt the cross-
coupling reaction, and show much higher catalytic activity than
the freeL-proline catalyst performed both in the ionic liquid
(compare entries 5 and 16 in Tablé&jnd in the corresponding
homogeneous analogii®For instance, the coupling reaction
of 4-bromoanisole with imidazole afforded only 22% yield of
product in the homogeneous catalytic systérithe catalytic
performance, however, proved to be significantly influenced by
the catalyst composition and could be fine-tuned by adjusting
the structure and the-proline loading of the supported TSILs
(Table 2, entries 5, £315). Interestingly, the catalyst system
that was prepared fromb attaching to 1-methyl-3-(4-vinyl-
benzyl)imidazolium salt did not display any catalytic activity
(Table 2, entry 15), whereas high catalytic activity was observed

(17) (a) Lan, J.; Chen, L.; Yu, X.; You, J.; Xie, Rhem. Commur2004 188.
(b) Zhu, L.; Cheng, L.; Zhang, Y.; Xie, R.; You, J. Org. Chem2007,
72, 2737.

(18) Lv, X.; Wang, Z.; Bao, WTetrahedron2006 62, 4756.

(19) zZhang, H.; Cai, Q.; Ma, DJ. Org. Chem2005 70, 5164.
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Table 3. aCataIytiC N-Arylation of Imidazole with Aryl Halides by arylation to provide the corresponding-arylimidazoles in
Culi4a-2 excellent yields (Table 3, entries—42, and Table 46n),
/=N Cul/4a-2, K,CO3, DMSO /=N avoiding the formation of diarylethers and diarylamines. This
Ar-X + HN " Ar—N\) . . . . R .
o 120 °C, 60 h = is particularly interesting as nature amino acids have been
5 (X = Br, Cl) 6a-m reported as ligands in the Cu-catalyzed syntheses of aryl ethers
' and arylamines from aryl halidé&2Hence our protocols have
yield® offered new opportunities for the synthesis of highly function-
entry Ar-X product (%) .
: alized azoles.
; g:g:gmgzz:zg:g gﬁ gg Preliminary results suggest that the current system could be
3 4-bromobenzonitrile 6c o5¢ applied to aryl chlorides to a less extent (Table 3, entries 13
4 1-(4-bromophenyl)ethanone 6d 922 14, and Table 46r). Further exploration revealed that some
g ng{éﬁ;g{;?;::”zoate g]? gé heteroaryl halides (Table 8n—6r) were compatible with these
7 2_bromotoluene 69 89 reaction conditions, giving satisfactory yields (6699%)2?
8 1-bromonaphthalene 6h 62 Notably, to date the development of chemistry that could
9 2-bromophenol 6i 74 emanate from a single method for each of the major classes of
10 4-bromophenol 6j 97 - . . S
1 4-bromoaniline 6k 86 nitrogen-containing heterocycles has been seriously inhibited.
12 3-bromoaniline 6l 99 To our delight, this new catalytic system could also be applied
13 1-chloro-4-nitrobenzene 6m 97 to otherz-electron-rich nitrogen heterocycles (Table6%-
14 4-chlorobenzonitrile 6c 87 6
Y)-
3Reaction conditions: aryl halide (0.6 mmol), imidazole (0.5 mmol), Compared to the corresponding homogeneous system, which
162 ml‘IHOC/JI 0}{ CKzCIOs lznéhel_pr?sg'\r}lcseoof zi)zrggl %dof engappeﬂ’r%’, anfd prefers aryl iodides and aryl bromides activated by an electron-
mol % orCulin Z0mL O at unaer a atmosp ere ror : ; 9,23 H F
60 h.bIsolated yields (average of two runs) based on imidaz8ie.°C. withdrawing gr_OUpL’ our protocol showed higher activity ahd
490 °C, 1.5 equiv of aryl halides30 h, 1.5 equiv of aryl halide. a more extensive structural range of aryl or heteroaryl halides.

It is reasonable to assume that the significantly improved

catalytic activity may stem from a highly polyionic polar
for 4a-2 containing 1,2-dimethyl-3-(4-vinylbenzyl)imidazolium.  mjcroenvironmen#* Such ionic binding of amino acids to the
We speculated that the lack of turnover was a consequence ofsypport should offer the advantage of a strong yet reversible
the formation of coppercarbene complexes in the copolymer jnteraction with the polymer. Consequently, the spatial array
4b® of the polymer-bound amino acids could be expected to

Next, a series of aryl halides were employed to investigate modulate more freely to the steric requirement for coordination

the scope of the reaction as shown in Table 3. We were delightEdat the metal center. Furthermore, the po|ye|ectro|yte could
to find that theN-arylation of imidazole with a broad range of  prevent leaching of the metal salts and thus ensure the multiple
aryl bromides (e.g., electron-rich, electron-deficient, electron- ysage of the catalysts.
neutral, sterically hindered, and functionalized bromoarenes) Further, the supported ionic liquid catalyst was easily

could be conducted smoothly to afford the corresponding geparated from the reaction system by simple filtration and could
products in good to excellent yields (Table 3, entriesl?). 155 pe stored several months without loss of activity. Fae
Notably, our catalyst system showed very high activity with o~ system had shown a remarkable recyclability as the
regard to electron-rich aryl halides although transition-metal- corresponding yields started at 95% and reached 73% after nine
catalyzed reactions involving these electron-rich arylating agents ;s in theN-arylation of imidazole with 4-bromobenzonitrile
are traditionally less straightforward (Table 3, entries2] at 90°C. The ICP-AES analysis of the supernatant indicated a
9—12). The reaction of the notoriously recalcitrant-hindered and negligible leaching of Cul from every run. Despite this minimal
deactivated 2-bromoanisole even gave an excellent yield of 90%, 455, reduced catalyst activity was observed in consecutive runs,
to the best of our knowledge, demonstrating the best result,yhich was likely attributed to the presence of air and the loss
reported so far. of reactants. Further, we investigated the pH sensitivity of the
Substrates that contain certain functional groups have provenmaterials. After being soaked in a series of aqueous hydrochloric
to be persistently problematic in tiNearylation of imidazoles. acid or sodium hydroxide solutions of different pH values for
First, some functional groups themselves might be decomposedyt |east 24 h, thda-2 in combination with Cul was employed
at higher temperatures, for example, the partial hydrolysis of o promote theN-arylation of imidazole with 4-bromobenzoni-
the ester to benzoic acid and of the nitrile to amie Our trile at 90°C. The results indicate that the catalytic performance
catalytic system could tolerate a variety of functional groups ¢ould remain at a high level in the range of pH values from 6
such as ester, nitrile, ketone, and nitro (Table 3, entrie§,3 5 10. Otherwise, the catalytic activity would be decreased

13-14). Another problematic situation is the competition from - gjightly. For example, the yields of product were 79% and 81%
the formation of a C(arytyN and C(aryl)-O bond when there 3t the pH values of 0 and 14, respectively.

is a free OH or NH directly bound to the aromatic ring that
contains the halid& Generally, free hydroxyl and primary 21y wa, b.: Cai, QOrg. Lett. 2003 5, 3799.

amine groups should be protected before carrying out the (22) O_myge\tlv papeﬁ] hf_\ge destt?rzibed the CU-C?tlalwﬂaﬂ!ylaﬁog of irgidSZ_OESk |
N-arylation of imidazoleg? It is important to stress that our K o e 0 5. (8] Ao, e

method could almost exclusively undergo the selectire Koval, E. D.; Buchwald, S. LJ. Org. Chem2007, 72, 6190. Also, see
refs 16f, 17b, and 18.

(23) Ma, D.; Cai, Q.Synlett2004 128.
(20) Collman, J. P.; Wang, Z.; Zhong, M.; Zeng,d.Chem. Sa¢Perkin Trans. (24) (a) Horn, J.; Michalek, F.; Tzschucke, C. C.; Bannwarth,fp. Curr.
1200Q 1217. Chem 2004 242, 43. (b) Barbaro, PChem—Eur. J. 2006 12, 5666.
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Table 4. Catalytic N-Arylation of Azoles with Aryl and Heteroaryl Halides by Cul/4a-22b

Cul/4a-2, K,CO3, DMSO

Ar—X + HN—Het

Ar—N—Het

120°C, 60 h

5 (X =Cl, Br, )

6n-y

= /<N
HoN \N/ N\%

6n, 90% ( X=Br)

=N ~n
N
Q?‘ )

6r, 94% (X = Cl)

60, 99% (X = Br)

O

6s,68% (X = Br)

6w, 90% (X = Br)

o

6v, 93% (X = Br)

(D~

s” NN

6p, 60% (X = Br)
Ph

N N
L)<
N N

H
6t, 81% (X = Br)

6x,99% (X =1)

N 5
[

6q, 86% (X = Br)
L

6u, 99% (X = I)
69% (X = Br)

N
N
\=N

8y, 99% (X = I)

68% (X =Br)

aReaction conditions: see Table Bsolated yields (average of two runs) based on azole.

Pd-soaked 4a-2 (0.02 % Pd)
Hy (1 atm), rt, solvent-free

(1)

Conclusion

Finally, the Pd-soakeda-2 with ca.0.53 mmol/g Pd loading  with a Bruker AV-300 (75 MHz), a Varian Inova-400 (100 MHz), or
remarkable activity at room temperature under a constant NMR chemical shifts were recorded with CRGind CROD as the
. . obtained by a Finnigan-LC8B* spectrometer, and the GBS spectra
of Pd with >99% of conversion in 20 h. Furthermore, we also y g co* sp P

The SEM images were acquired with a JSM-5900 LV.
chiral Pdt-proline IL catalyst, but the racemic product was by refluxing for at least 24 h over CakDMF, DMSO, or CHC}) and

it is used to ensure satisfactory catalytic activity. Unless otherwise
In summary, we have developed novel supported task-specific ) ) )

Sample Preparation for TEM Studies.A drop of suspension was
display an efficient metal-soaking ability as “metal sponges”. grid was dried under air. Transmission electron microscopy (TEM)
nitrogen-containing heterocycles without the aid of additional 270 000 times.
the catalyst performance by supporting itself on the ionic liquid- mixture of 1,2-dimethyl imidazole (8.30 g, 86.5 mmol) and 4-chlo-
activity. Furthermore, the Pd-soaked material has also shown ith ethyl acetate to afford the desired product in 95% yittiNMR
to ethylbenzene. This new concept is generally applicable and(d, J=18.0 Hz, 2H), 7.35 (s, 2H), 7.51 (d,= 8.0 Hz, 2H).13C NMR
are currently underway in our laboratory. for Ci4H1/CIN2: C, 67.60; H, 6.89; N, 11.26. Found: C, 67.44; H,
Experimental Section

[CI]. This compound was prepared from 1-methyl imidazole following

was used in the “green” solvent-free hydrogenation of styrene a Varian Inova-600 (150 MHz). Thi¢i chemical shifts were measured
to ethylbenzene (eq 1). As expected, the catalyst showedrelative to tetramethyisilane as the internal reference, while'iGie
pressure of (L aim), and a TON of 5000 and a wmover - [711 400, Femenl sy were periomec it 2 CARLO
frequency (TOF) of 250 Tt were obtained using 0.02 mol % . P
were recorded with an Agilent 6890-5973 machine. The TEM analysis
@_// : / was performed on a JEM-100CXII transmission electron microscope.
Unless otherwise noted, all reagents were obtained from commercial
tested the hydrogenation of 1,2-diphenyl-1-propene using the suppliers and used without further purification. Solvents were dried
afforded under our standard conditions although the high TON sodium/benzophenone (THF or toluene) and freshly distilled prior to
and TOE were achievable. use. Cul should be washed with THF using a Soxhlet extractor before
indicated, all syntheses and manipulations were carried out under dry
N2 atmosphere.
ILSdY]? Ctihe Ilomtc_palr COUp“n? O.ftkllmlda.lZO“umdcatlpns of thheh placed onto a carbon-coated 300 mesh copper grid. After adsorption,
modined polystyréne support with amino acla anions, WRICh o oy cess of liquid was removed with a piece of filter paper and the
The concept of SUp_port?d iO.niC liquid catalysis has SU_CC‘ESS‘(U”V observation was performed with a JSM 100CX |l microscope operating
been used for the first time in the Cul-catalyzdgrylation of at 100 kV. The images were taken at a nominal magnification of
immobilized ionic liquid, demonstrating that the homogeneous  Preparation of the lonic Liquid Monomer 1a,b® 1,2-Dimethyl-
catalyst could be heterogenized with dramatic improvement of 3-(4-vinylbenzyl)imidazolium Chloride (1a), [DMVBIM][CI]. A
modified polymer. The supported ionic liquid catalyst can be romethyl styrene (17.12 g, 112.2 mmol) was stirred in 50 mL of GHCI
recycled for nine runs at least without any considerable loss of for 8 h at 50°C. The resulting white solid was filtered and washed
- ) (400 MHz, DO): & 2.55 (s, 3H), 3.77 (s, 3H), 5.31 (s, 2H), 5.34 (d,
remarkable activity for the solvent-free hydrogenation of styrene J=10.8 Hz, 1H), 5.85 (d) = 17.6 Hz, 1H), 6.74 6.81 (m, 1H), 7.26
may easily be extended to other supported task-specific ILs. (75 MHz, DzO)l 09.1,34.7,51.2,115.3, 121.1, 122.4, 126.9, 128.2,
Further studies for the preparation of other catalytic systems 133.3, 135.9, 138.0, 144.6. MS (E$hvz 213 [M—CI] *. Anal. Calcd
6.92; N, 11.24.
1-Methyl-3-(4-vinylbenzyl)imidazolium Chloride (1b), [MVBIM]-
the same procedure as that described abasge Compoundlb was
obtained in 90% yield as a pale yellow semisohd NMR (400 MHz,

General Remarks.'H NMR spectra were obtained with a Bruker
AV-300 (300 MHz), a Varian Inova-400 (400 MHz), or a Varian Inova-
600 (600 MHz) spectrometer, whilé€C NMR spectra were recorded

13884 J. AM. CHEM. SOC. = VOL. 129, NO. 45, 2007
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D,0O): 6 3.82 (s, 3H), 5.28 (s, 2H), 5.30 (d~= 11.2 Hz, 1H), 5.79 (d,

J =18 Hz, 1H), 6.66-6.73 (m, 1H), 7.31 (dJ = 8.4 Hz, 2H), 7.38

(d, 3= 0.8 Hz, 2H), 7.45 (dJ = 8.0 Hz, 2H) 8.72 (s, 1H}C NMR

(75 MHz, D,O): 0 35.8,52.5,115.4,122.2,123.9, 126.9, 129.0, 133.1,

135.8, 138.2. MS (ES) m/z 199 [M—CI] *. Anal. Calcd for GaHis

CIN,: C, 66.52; H, 6.44; N, 11.93. Found: C, 66.38; H, 6.46; N, 11.90.
General Procedure for the Polymerization.A mixture of 1, styrene,

1,4-divinylbenzene (DVB), azobisisobutyronitrile (AIBN), and poly-

vinylpyrrolidone (PVP) as a dispersant was stirred in ethanol for 24 h

of 4b (%): C, 80.50; H, 7.60; N, 4.57. The loading of I-proline on the
resin: 0.44 mmol/g.

Metal Salt Scavenging Experiment. Cul scavengingA mixture
of 4a-2 (100 mg, 0.069 mmol of the-proline unit), Cul (6.6 mg, 0.035
mmol, 0.5 equiv), and DMSO (2 mL) was stirred overnight under N
at room temperature, and an obvious color change of the resin from
pale yellow to red was observed. The ICP-AES analysis of the
supernatant indicated that the content of copper was 32.81 ppm,
demonstrating more than 97% of Cul was soaked on the dssip

at 65°C under a nitrogen atmosphere. The resulting resin was filtered and the loading level of Cul wasa. 0.34 mmol/g Other Cul-soaked
and washed with distilled water, ethanol, and dichloromethane. The 4a-2 materials with different Cul loadings were prepared according

resulting white polymer was dried inacuo for 24 h and then was

to the same procedure, and their Cul loading levels are shown in

analyzed by elemental analysis to quantify the amount of imidazolium Figure 3.

groups by measuring the nitrogen content. This loading level could be

adjusted by changing the amount of ionic liquid monorhem this
work, four polymers with different loadings of the imidazolium group
were used as shown in Table 1.

Poly[1,2-dimethylimidazoliummethyl styrene chloride]co-PS Resin
(PS[DMVBIM][CI], 2a-1). The ionic liqguid monomefa (9.9 g, 39.8
mmol), styrene (6.3 g, 60.6 mmol), divinylbenzene (3.6 g, 27.7 mmol),
PVP (1.1 g), and AIBN (173 mg, 1.1 mmol) were used in EtOH (88
mL). Elemental analysis (%): C, 78.02; H, 7.43; N, 5.48. The loading
of the imidazolium on the resin: 1.96 mmol/g.

Poly[1,2-dimethylimidazoliummethyl styrene chloride]co-PS Resin
(PS[DMVBIM][CI], 2a-2). The ionic liqguid monometa (9.9 g, 39.8
mmol), stryene (12.4 g, 119.2 mmol), divinylbenzene (7.2 g, 55.4
mmol), PVP (1.6 g), and AIBN (265 mg, 1.6 mmol) were used in EtOH
(135 mL). Elemental analysis (%): C, 80.81; H, 7.53; N, 3.79. The
loading of the imidazolium on the resin: 1.35 mmol/g.

Poly[1,2-dimethylimidazoliummethyl styrene chloride]-co-PS Resin
(PS[DMVBIM][CI], 2a-3). The ionic liqguid monometa (9.9 g, 39.8
mmol), stryene (53.6 g, 515.4 mmol), divinylbenzene (30.6 g, 235.4
mmol), PVP (6.7 g), and AIBN (1.12 g, 6.8 mmol) were used in EtOH
(572 mL). Elemental analysis (%): C, 89.49; H, 7.39; N, 0.89. The
loading of the imidazolium on the resin: 0.32 mmol/g.

Poly[1-methylimidazoliummethyl styrene chloride]-co-PS Resin
(PS[MVBIM][CI], 2b). The ionic liquid monomerlb (9.6 g, 40.9
mmol), stryene (12.4 g, 119.2 mmol), divinylbenzene (7.2 g, 55.4
mmol), PVP (1.6 g), and AIBN (265 mg, 1.6 mmol) were used in EtOH
(135 mL). Elemental analysis (%): C, 81.97; H, 7.17; N, 4.10. The
loading of the imidazolium on the resin: 1.46 mmol/g.

General Procedure for the Preparation of 4a,b.The polymer2

Pd(OAc), Scavenging A mixture of 4a-2 (100 mg, 0.069 mmol of
theL-proline unit), Pd(OAc) (1.9 mg, 0.0086 mmol, 0.125 equiv), and
DMF (1 mL) was stirred overnight at room temperature, and the
supernatant became colorless. The ICP-AES analysis of the supernatant
showed that the content of Pdwas 3.22 ppm, demonstrating more
than 99% of Pd(OAg)was soaked on the res#ta-2, and the loading
level of Pd(OAc) was ca. 0.085 mmol/g. Other Pd(OAgpoaked
4a2 materials with different Pd loadings were prepared according to
the same procedure, and their Pd(OAlording levels are shown in
Figure 3.

IrCl 3 Scavenging.A mixture of 4a-2 (100 mg, 0.069 mmol of the
L-proline unit), IrCk (2.6 mg, 0.0086 mmol, 0.125 equiv), and DMF
(1 mL) was stirred overnight at room temperature, and the supernatant
became colorless. The ICP-AES analysis of the supernatant showed
that the content of f was 16.3 ppm, demonstrating more than 99%
of IrClawas soaked on the resi#a-2, and the loading level of IrGl
wasca. 0.085 mmol/g.

General Procedure for the Catalytic N-Arylation of Nitrogen-
Containing Heterocycles with Aryl and Heteroaryl Halides. A flame-
dried Schlenk test tube with a magnetic stirring bar was charged with
Cul (9.5 mg, 0.05 mmol)4a-2 (145 mg, 0.1 mmol of the-proline
unit), K2CO; (165 mg, 1.2 mmol), nitrogen-containing heterocycle (0.5
mmol), aryl or heteroaryl halide (0.6 mmol), and DMSO (2 mL) under
Na. A rubber septum was replaced with a glass stopper, and the system
was then evacuated three times and backfilled withTthe reaction
mixture was stirred for 30 min at room temperature and then heated at
120 °C for 60 h. The resulting mixture was cooled to ambient
temperature, diluted with-23 mL of ethyl acetate, filtered through
a plug of silica gel, and washed with @0 mL of ethyl acetate.

(10.0 g) was stirred in agueous NaOH (1 M, 100 equiv based on the The filtrate was concentrated, and the resulting residue was purified

imidazolium group) for 40 h at room temperature. The resulting polymer
3 was separated and washed with distilled water, followed by a stirring
in an aqueous solution af-proline (1 M, 100 equiv based on the
imidazolium group) for 40 h at room temperature. The solid was
separated and washed with distilled water and then drieddéaofor

by column chromatography on silica gel to provide the desired
product.

Recycling Experiments. These experiments were performed ac-
cording to the representative procedure described above. The organic
solvent was filtrated after every run, and the resulting residue was

24 h. The polymer was analyzed by an elemental analyzer to quantify gyracted with degassed ethyl acetate, washed with degassed water,

the amount of the-proline unit by measuring the nitrogen contént
and4 as shown in Table 1.

Poly[1,2-dimethylimidazoliummethyl styreneL-proline salt]-co-
PS Resin (PS[DMVBIM][Pro], 4a-1). A pale yellow solid. Elemental
analysis ofda-1 (%): C, 75.08; H, 7.64; N, 6.98. The loading of
L-proline on the resin: 1.55 mmol/g.

Poly[1,2-dimethylimidazoliummethyl styreneL-proline salt]-co-
PS Resin (PS[DMVBIM][Pro], 4a-2). A pale yellow solid. Elemental
analysis of4a-2 (%): C, 79.00; H, 7.66; N, 4.55. The loading of
L-proline on the resin: 0.69 mmol/g.

Poly[1,2-dimethylimidazoliummethyl styreneL-proline salt]-co-
PS Resin (PS[DMVBIM][Pro], 4a-3). A pale yellow solid. Elemental
analysis of4a-3 (%): C, 88.38; H, 7.98; N, 1.08. The loading of
L-proline on the resin: 0.14 mmol/g.

Poly[1-methylimidazoliummethyl styrene L-proline salt]-co-PS
Resin (PS[MVBIM][Pro], 4b). A pale yellow solid. Elemental analysis

and then dried irvacua The recycled catalyst was used directly for
the next cycle after the addition of 2.4 equiv 0fGO:;.

General Procedure for Solvent-Free Hydrogenation of Styrene.
A mixture of 4a-2 (100 mg, 0.069 mmol of the-proline unit), Pd-
(OAC), (15.5 mg, 0.069 mmol), and DMF (8 mL) was stirred overnight
at room temperature. The ICP-AES analysis of the supernatant showed
that the content of Pd was 218.43 ppm, demonstrating the loading
level of Pd(OAc) was ca. 0.53 mmol/g. The resulting solid was
separated and washed with DMF, followed by hydrogenation in 4 mL
of water under H(1 atm) overnight at room temperature. The resulting
black solid was filtrated and washed with water and drieddoua A
Schlenk test tube with a magnetic stirring bar was then charged with
the black solid (2.2 mg, 0.0012 mmol of Pd) and styrene (0.641 g, 6.2
mmol). The mixture was stirred for 20 h undep FL atm) at room
temperature to afford the hydrogenated product (GC analys28%
yield).
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