JIAICIS

ARTICLES

Published on Web 12/16/2003

Ruthenium-Catalyzed Heck-Type Olefination and Suzuki
Coupling Reactions: Studies on the Nature of Catalytic
Species
Youngim Na, Soyoung Park, Soo Bong Han, Hoon Han, Sangwon Ko, and
Sukbok Chang*

Contribution from the Center for Molecular Design and Synthesis (CMDS), Department of
Chemistry and School of Molecular Science (BK21), Koreaafdded Institute of Science and
Technology (KAIST), Daejon 305-701, Korea

Received September 26, 2003; E-mail: sbchang@kaist.ac.kr

Abstract: Ruthenium-catalyzed Heck olefination and Suzuki cross coupling reactions have been developed.
When starting with a ruthenium complex [RuCl,(p-cymene)], as a homogeneous catalyst precursor, induction
periods were observed and ruthenium colloids of zero oxidation state were generated under catalytic
conditions. Isolated ruthenium colloids carried out the olefination, implying that active catalytic species are
ruthenium nanoclusters. To support this hypothesis, ruthenium nanoparticles stabilized with dodecylamine
were independently prepared via a hydride reduction procedure, and their catalytic activity was subsequently
examined. Olefination of iodobenzene with ethyl acrylate was efficiently catalyzed by the ruthenium
nanoparticles under the same conditions, which could be also reused for the next runs. In poisoning
experiments, the conversion of the olefination was completely inhibited in the presence of mercury, thus
supporting our assumption on the nature of catalytic species. No residual ruthenium was detected from
the filtrate at the end of the reaction. On the basis of the postulation, a heterogeneous catalyst system of
ruthenium supported on alumina was consequently developed for the Heck olefination and Suzuki cross
coupling reactions for the first time. It turned out that substrate scope and selectivity were significantly
improved with the external ligand-free catalyst even under milder reaction conditions when compared to
results with the homogeneous precatalyst. It was also observed that the immobilized ruthenium catalyst
was recovered and reused up to several runs with consistent efficiency. Especially in the Suzuki couplings,
the reactions could be efficiently carried out with as low as 1 mol % of the supported catalyst over a wide
range of substrates and were scaled up to a few grams without any practical problems, giving coupled
products with high purity by a simple workup procedure.

Introduction Especially in recent years, optimization of suitable ligands has

The Pd-catalyzed olefination of aryl halides (Hed®izoroki allowed the reactions to be carried out under mild conditions
reaction} and closely relevant cross couplings (e.g., Stille, (€:g- room temperature) even with less reactive substrates,
Sonogashira, SuzukiMiyaura reactions, et&)have been including aryl chlorides and alkyl halidésWhereas this field
developed as one of the most useful tools for the cartvanbon is largely dominated by palladium catalysts, the development
and carbon-heteroatom bond formation in organic synthesis. The®f Néw catalytic protocols has also been actively investigated
catalytic procedures have been shown to be particularly attractiveWith the use of other transition-metal species such as nfckel,
and versatile in numerous organic transformations because they
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copperdiron,” rhodium® and iridium? However, it is generally

In addition, detailed studies on the nature of catalytic species

considered that the scope of the reactions with metal speciesin the catalysis led us to develop axternal ligand-free

other than palladium catalyst is narrower and that functional

ruthenium systeras an efficient, selective, and practical catalyst

group tolerance is also limited with these catalysts. Despite the for both olefination and Suzuki reactions.
significant progresses in the Pd-catalyzed olefination and cross

coupling reactions, efficiency and selectivity of those protocols
are prone to be subtly sensitive to the use of ancillary ligands

Results and Discussion

During the course of our studies on the ruthenium catalysis,

such as phosphanes. The employed ligands are presumed tQ o gpserved that an aryl halide bond of haloarenes was readily

control the steric and/or electronic property of coordinated metal
species, thus making the catalysts sufficiently active for the
desired transformations. Inhibiting precipitation of in situ

reduced metals during the catalytic cycles is believed to be

activated with a certain type of ruthenium species. For example,
a treatment of [RuG(benzene}] with sodium acetate in DMF-

dz at 135°C for 2 h followed by the addition of iodobenzene
resulted in a new set 3%C NMR signals in the aromatic region

another important role of the added ligands. Some of these ¢ ioqobenzene ab = 126.0. 128.9. 129.6. which are signifi-

ligands, however, are expensive and/or sensitive to air and

moisture, making them difficult to use under certain reaction

conditions such as those of oxidation. This leads to extensive

searches foligand-freecatalyst systems for the olefination and
related cross coupling reactions by the use of nanoparticles
colloidal metal specie¥;!* or polymer-entrapped metdl3.
While ruthenium complexes have been widely used in
numerous GC bond formationd?® Ru-catalyzed Heck-type

cantly different from those of original iodobenzere= 94.7,
128.1, 130.9, 139.18 It was assumed that the newly generated
species is an activated aryl ruthenium iodo moiety that may be
resulted from the insertion of ruthenium into an aryl iodo bé&hd.

'However, no detectable activation was observed at temperatures

lower than 130°C with the ruthenium comple® When the
activation experiment was carried out in the presence of an olefin
(styrene, 3 equiv) and a base (KOAc, 2 equiv), it was observed

olefination and related cross coupling reactions have been -t an olefinated adductréns-stilbene) was almost quantita-

disclosed only in a few limited exampl&s!>Our recent interests

in ruthenium catalysis directed toward efficient and selective
organic transformatiof%as well as studies in the Pd-catalyzed
cross coupling reactiohsled us to scrutinize a possibility
whether ruthenium species can exhibit an equivalent catalytic
role to palladium catalysts for the olefination and cross coupling
reactions. Herein, we report our investigations on the ruthenium-
catalyzed olefination and Suzuki-type cross coupling reactions.

(6) lyer, S.; Ramesh, C.; Sarkar, A.; Wadgaonkar, Hédahedron Lett1997,

, 3.

(7) Fustner, A.; Leitner, A.; Madez, M.; Krause, HJ. Am. Chem. So2002
124, 13856.

(8) (a) Takaya, Y.; Ogasawara, M.; Hayashi, T.; Sakai, M.; Miyaura,J.N.
Am. Chem. Socl998 120, 5579. (b) Li, C.-J.; Meng, YJ. Am. Chem.
Soc 200Q 122, 9538. (c) Lautens, M.; Roy, A.; Fukuoka, K.; Fagnou, K;
Martin-Matute, B.J. Am. Chem. So2001, 123 5358. (d) Mori, A.; Danda,
Y.; Fujii, T.; Hirabayashi, K.; Osakada, K. Am. Chem. So@001, 123
10774. (e) Oi, S.; Honma, Y.; Inoue, Yrg. Lett 2002 4, 667.

(9) (a) lyer, S.J. Organomet. Chen1995 490, C27. (b) Koike, T.; Du, X;
Sanada, T.; Danda, Y.; Mori, AAngew. Chem., Int. E®2003 42, 89.

tively obtained (98%) at 150C within 6 h.

This result led us to investigate a possibkgalytic Heck-
type olefination reaction with ruthenium complexes. A series
of ruthenium species were first screened for the transformation,
and among numerous complexes examined, [Kp&€ymene)}

(5 mol %) displayed the highest activity to affardns-stilbene

in 98% yield under the following conditions: DMF (1.0 M), 8
h, 150°C, 3.0 equiv of styrene, and 2.0 equiv of KOAc. Other
catalysts tested turned out to be less effective: R(Z3%),
Ru(acac) (14%), Rub(PPh)4 (0%), Ry(CO)2 (12%), RuH-
(CO)CI(PPh)3 (12%), [RUCH(CO)]2 (62%), and RUG(PPh)3
(24%). Among various bases examined, 2 equiv of KOAc or
NaOAc proved to be most suitable 0%) in combination with
[RuCl(p-cymene)} (5 mol %), and use of others resulted in
lower yields: EiN (30%), NaHCQ (8%),t-BuOK (60%), K-
CO; (8%), and KHPOy (15%). Solvents other than DMF were

(10) For selected recent examples on the use of transition metal nanoparticlesyych less effective for the olefination reaction: dioxane (21%),

for C—C bond formation, see: (a) Augustine, R. L.; O’Leary, SJTMol.
Catal. A: Chem1995 95, 277. (b) LeBlond, C. R.; Andrews, A. T.; Sun,
Y.; Sowar, J. R., JrOrg. Lett 2001, 3, 1555. (c) Le Bars, J.; Specht, U.;
Bradley, J. S.; Blackmond, D. Gtangmuir1999 15, 7621. (d) Mobufu,
E. B.; Clark, J. H.; Macquarrie, D. &reen Chem2001, 3, 23.

(11) For recent reviews for this topic, see: (a) Schmid, G.; Chi, LAdu.
Mater. 1998 10, 515. (b) Roucoux, A.; Schulz, J.; Patin, Bhem. Re.
2002 102, 3757. (c) Moreno-Maas, M.; Pleixats, RAcc. Chem. Re2003
36, 638. (d) Bell, A. T.Science2003 299, 1688.

(12) Akiyama, R.; Kobayashi, S. Am. Chem. SoQ003 125 3412.

(13) (a) Naota, T.; Takaya, H.; Murahashi, SGhem. Re. 1998 98, 2599.

(b) Trost, B. M.; Toste, F. D.; Pinkerton, A. BChem. Re. 2001, 101,
2067. (c) Mitsudo, T.-a.; Kondo, TSynlett2001, 309. (d) Ritleng, V.;
Sirlin, C.; Pfeffer, M.Chem. Re. 2002 102 1731.

(14) One example of ruthenium-catalyzed vinylation of alkenyl halides has been
reported with a rather limited scope. See: Mitsudo, T.-a.; Takagi, M.;
Zhang, S.-W.; Watanabe, Y. Organomet. Cheni992 423 405.

(15) Ru-catalyzed olefination of arylboronic acid in the presence of excess
amounts of Cu(OAg)has been recently reported. See: Farrington, E. J.;
Brown, J. M.; Barnard, C. F. J.; Rowsell, Engew. Chem., Int. E@002
41, 169.

(16) (a) Na, Y.; Chang, Srg. Lett 200Q 2, 1887. (b) Lee, M.; Ko, S.; Chang,
S.J. Am. Chem. So200Q 122 12011. (c) Lee, M.; Chang, Setrahedron
Lett 200Q 41, 7507. (d) Chang, S.; Na, Y.; Choi, E.; Kim, Org. Lett
2001, 3, 2089. (e) Yang, S. H.; Chang, ®rg. Lett 2001, 3, 4209. (f)
Chang, S.; Lee, M.; Ko, S. Lee, P. Bynth. Commur002 32, 1279. (g)
Choi, E.; Lee, C.; Na, Y.; Chang, 8rg. Lett 2002 4, 2369. (h) Ko, S.;
Na, Y.; Chang, SJ. Am. Chem. So®002 124, 750. (i) Ko, S.; Lee, C.;
Choi, M.-G.; Na, Y.; Chang, Sl. Org. Chem?2003 68, 1607. (j) Ko, S.;
Han, H.; Chang, SOrg. Lett 2003 5, 2687. (k) Na, Y.; Ko, S.; Hwang,

L. K.; Chang, STetrahedron Lett2003 44, 4475.

(17) (a) Chang, S.; Yang, S. H.; Lee, P. Fetrahedron Lett2001, 42, 4833

(b) Chang, S.; Lee, M.; Kim, SSynlett2001, 1557.

DMSO (26%), toluene (11%), 2-propanol (16%), acetonitrile
(65%), DME (3%), and THF (13%). Conversion became lower
when the reactions were carried out at lower temperatures. For
example trans-stilbene was obtained only in 9% vyield at 135
°C and <5% at 110°C under otherwise identical conditions.
However, reactions with substrates other than styrene could be
carried out efficiently even at lower temperatures (vide infra).
As shown in Table 1, under the optimized conditions, the
Heck-type olefination reactions of aryl and alkenyl (pseudo)-
halides were readily achieved with a variety of olefinic
counterparts. lodobenzene was reacted to give the corresponding
olefinated products in good to excellent yields with ethyl acrylate
(entry 1),N,N-dimethyl acryl amide (entry 2), and phenyl vinyl
sulfone (entry 3) within 12 h at 13%C using sodium acetate as

(18) See the Supporting Information for a copy of i€ NMR spectrum of
the iodobenzene activation experiments.

(19) For discussions on the formation of activated aryl palladium species, see:
(a) Reetz, M. T.; Westermann, Bngew. Chem., Ind. E@00Q 39, 165.
(b) Nilsson, P.; Larhed, M.; Hallberg, Al. Am. Chem. SoQ001, 123
8217. (c) Amatore, C.; Jutand, Acc. Chem. Re®00Q 33, 314.

(20) For a previous example of activation of aryl bromides with [R(@H)]»
in the ortho arylation of 2-arylpyridines, see: Oi, S.; Fukita, S.; Hirata,
N.; Watanuki, N.; Miyano, S.; Inoue, YOrg. Lett 2001, 3, 2579.
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Table 1. Olefination of Aryl and Alkenyl (Pseudo)Halides with the
Use of [RuCl,(p-cymene)], Catalyst?
[RuCly(p-cymene)],
Ri—X + Z R, + NaOAc (6 mol %) Ris~R @
DMF 2
entry R;-X R, T(C)/h yield (%) __jl - D O T
1 CeHsl CO,Et 135 (12) 95 ©
2 CHsl CONMe, 135 (12) 74 R N O
3 CeHsl SO,Ph 135 (12) 84 © u
£ CHl CHs 1508 99 B R B R J L
5 CeHsl CN 135 (12) 547 @ l
6 4-AcCsHyl  COLEt 135 (12) 83 Ut e N
7 4-AcCgH,L  CONMe, 135(12) 94 1o &5 60 s sl a5 40 35 aw 205 20 15 10 e
Figure 1. (a)'H NMR (400 MHz) spectra of [RuG{p-cymene)} in DMF-
: 1
8 4-AcCHI CoHs 150 (8) 94 ds. (b) After heating a solution of [Ruglp-cymene)} in DMF-d; for 12 h
at 135°C. (c) After 15 min at 135C upon addition of NaOAc (5 equiv)
9 4-MeCeH,I - CO,Et 135 (12) 83 to a solution of [RuCkp-cymene)} in DMF-d;. (d) Spectrum of the solution
10°  4-MeCgHyl  C¢Hs 150 (8) 64 (c) after 2 h at 135°C.
1 CH.OTE CO.Et 135 (12) 60 heating (135°C) in DMF-d;. The dissociation, however, did
¢ 5\ 5 : not proceed into completion even after a prolonged time, and
12 Ph -5 CO,Et 135 (12) 64 the ratio of coordinated dimeric ligand and frgecymene
13 O\ COEt 15 (7) 0 remained almost 1:1 after 12 h at the same temperature. In
N_orf ? contrast, as shown in Figure 1c, when a certain base such as
14 ® COEt 135 (12) 87 sodium acetate (5 equiv) was added into a solution of [RuCl
N Cl

a lodobenzene (0.5 mmol), olefin (1.5 mmol), ruthenium catalyst (5 mol
%), NaOAc (1.0 mmol), and solvent (0.5 mLY).Isolated yieldc KOAc
was used as a base.E/Z = 1:1.¢ K,CO; was used as a base.

(p-cymene)} in deuterated DMF,'H NMR spectroscopy
revealed that the dimeric ruthenium species immediately dis-
sociated into a monomeric ruthenium adduct that is assumed to
be coordinated by the added base with 1:1 ratio, RuCI(
cymene)(OAc). Chemical shifts of the presumed ruthenium

a base. The geometry of the generated double bonds wasicetato species are consistent with those of a previously reported

exclusively in €)-form, and no isomeric adducts were detected.
However, when acrylonitrile was allowed to react, cinnamoni-
trile was obtained with a poor selectivit{E/Z, 1:1, entry 5¢!
Electronic variation on aryliodide derivatives has little effects
on both efficiency and selectivity of the vinylation reactions.
For example, 4iodoacetophenone was readily olefinated with
ethyl acrylate, acryl amide, and phenyl vinyl sulfone to furnish
the corresponding conjugate){olefinic adducts in high yields
(entries 6-8). In addition, 4-iodotoluene showed a comparable

case?? A sharp singlet peak ab 1.67 ppm in Figure 1c is
ascribed to a coordinated acetato methyl group, which is then
completely shifted downfield to 1.96 ppm (free acetate) after 2
h (d). Although we could not isolate the base-coordinated
monomeric ruthenium moiety from this research, a similar
pattern of chemical shift change gi-cymene peaks was
previously observed in our early study upon addition of amine
bases into a solution of the dimeric ruthenium precursor, which
was also attributed to the formation of a monomeric ruthenium

reactivity and selectivity as iodobenzene and iodoacetophenoneadduct bound with the added bad§&éAs shown in Figure 1d,

(entries 9 and 10). Aryl triflate was also reacted with ethyl
acrylate to afford ethyrans-cinnamate under the same reaction
conditions except base ¢KOs), albeit with a rather moderate
yield (entry 11). Alkenyl halide, exemplified hrbromostyrene,
underwent the olefination with ethyl acrylate to affoie K)-

the coordinateg-cymene peaks of the presumed monomeric
species disappeared completely af2eh at 135°C, and only
free p-cymene peaksd a free acetate peak (1.96 ppm) were
detected from théH NMR spectrum. In addition, formation of
insoluble colloids was observed from the reaction mixture. The

ethyl 5-phenyl-2,4-pentadiene ester in acceptable yield (entry initial pale brown solution of [RuG(p-cymene)} in DMF

12). Imidoyl triflate was also olefinated to give conjugated dienyl
product with E)-geometry (entry 13). A complete chemose-

turned to black upon heating after addition of sodium acétate.
These observations led us to hypothesize that ruthenium colloids

lectivity as well as a functional group tolerance was observed are generated upon addition of sodium acetate to a solution of

when 2-chloro-5-iodopyridine was allowed to react (entry 14).

Initial studies on the mechanistic aspects in the present

the homogeneous precursor under the heating conditions.
Indeed, our assumption was confirmed by the isolation of

Cata|yst system were next performed on the basis of NMR the in situ generated ruthenium colloids from the mixture of

spectroscopy (Figure 1). The proton NMR spectrum shows that

the coordinateg@-cymene ligand in a dimeric ruthenium species,
[RuClx(p-cymene)j, starts to dissociate into frgecymene upon

(21) This is not an unprecedented result even in the case of palladium catalysis,

in which the ratio ofE/Z is varied depending on the ligands employed.
See ref 1.
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(22) (a) Tocher, D. A.; Gould, R. O.; Stephenson, T. A.; Bennett, M. A.; Ennett,
J. P.; Matheson, T. W.; Sawyer, L.; Shah, V. K.Chem. Soc., Dalton
Trans 1983 1571. (b) Bennett, M. A.; Ennett, J. Fhorg. Chim. Acta
1992 198-200, 583.

(23) This color change has been regarded as one of the strong signs for in situ
formation of ruthenium nanoparticles starting from homogeneous precursors.
See: Widegren, J. A.; Bennett, M. A,; Finke, R. &.Am. Chem. Soc
2003 125, 10301.
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Figure 2. TEM images of isolated ruthenium colloids (a) from the reaction of [R{ptymene)} with NaOAc, (b) from the reaction of [Rugb-

cymene)} with NaOAc in the presence of iodobenzene and ethyl acrylate, and (c) of independently prepared Ru nanopatrticles that are stabilized with
dodecylamine.

280.2 eV, while [RuCl(p-cymene)} showed a peak at 281.3

202 E;g ﬁu;:;l:;:z:g?;s eV. Such a difference in the binding energy (1.1 eV) between
Ru colloids the Ru(ll) species and the prepared ruthenium nanopatrticles as
(c) RW/ALO, well as the in situ generated ruthenium colloids is regarded as
(d) [RuCl,(p-cymene)], strong evidence for the difference in the oxidation state on the
(a basis of the known literature dat&Thus, we were convinced

that generated ruthenium colloids were in zero oxidation state
under the above catalytic conditions with the use of [R(EI
cymene)} as a homogeneous precursor. When the filtered

M ruthenium colloids were used as a catalyst (about 20 mol %)
for the olefination of iodobenzene with styrene, it was observed
270 280 290 300 that they .in.deed did carry out the transformation albeit with
binding energy (V) lower activity (18 h, 24%) compared to the homogeneous

Figure 3. XPS of (a) ruthenium nanopatrticles stabilized by dodecylamine, precursor, [Ru_Q(p—cyme_ne)}. Decrease(_j reactivity of the
(b) isolated ruthenium colloids from the reaction of [Re(@icymene)} isolated ruthenium colloids may be attributed to the surface
with NaOAc, (c) Ru/AbOs, and (d) [RuCl(p-cymene)}. contamination of the metal such as with water, salts, organic

o residues, or an oxide shell resulting from the reaction conditions
[RuCly(p-cymene)} (30 mg) and NaOAc (40 equiv) in DMF  in analogy with the reported cas®s.
at 135°C (2 h). Upon centrifugation of the reaction mixture,  The gbservation that ruthenium colloids are generated under
we could isolate ruthenium nanoparticles (7 rifgfhe size of  the Heck-type reaction conditions with the use of a homoge-
the obtained nanoparticles was in a range of 1 to 2 nm, as pegys ruthenium precursor and that the isolated particles display
determined by transmission electron microscopy (TEM, Figure 3 measurable catalytic activity for the olefination led us to
2a), and they are presumed to be coordinated by acetate ion 0gyrmise that the reaction is catalyzed by ruthenium nanoparticles
solvent (DMF) as illustrated in previous repoftsLikewise,  of zero oxidation state regardless of the ruthenium precursors
ruthenium colloids could also be isolated from the reaction employed. To verify our assumption on the nature of the
mixture under the olefination conditions_ containing all reagents catalytic species, we decided to prepare ruthenium nanoparticles
(iodobenzene, ethyl acrylate, and sodium acetate). They alsoyjith stabilizing molecules. With a modification of the known
have a similar size distribution of 2 to 3 nm (Figure 2b). procedure? ruthenium nanoparticles capped with dodecylamine
O>.<|dat|on state of the isolated ruthenium particles was deter- \yare readily prepared from a Ru(lll) precursor using a hydride
m|ned to be zero by X-ray photoelectron spectroscopy ()_<PS, reduction protocol. The size of the prepared nanoparticles was
Figure 3b), which was compared to those of commercially \yith a mean size near 2 to 3 nm (Figure 2c), and XPS of the
available species, Ru/AD; (Figure 3c) and [RuGlp-cymene)} particles (Figure 3a) revealed that they are in zero oxidation
(Figure 3d). For energy calibration, we used an alumina 1S state, which is in good correlation with the isolated ruthenium
photoelectron line and 1s binding energy, which was tgken t0 ¢olloids generated from the reaction mixture of [Ry(@
be 74.0 eV. The narrow scans of Ru 3d shown in Figure 3 ¢ymene)} and sodium acetate (Figure 3b). As expected, the
revealed that a peak of gdof Ru(0) was distinctly detected at  ythenjum nanoparticles stabilized with dodecylamine displayed
280.0 eV2® The samples of (a) ruthenium nanoparticles capped 4jmost the same catalytic activity and selectivity for the

with dodecylamine, (b) in situ generated Ru colloids, and (€) glefination compared to the homogeneous precursor, [RuCl
commercially available Ru/ADs equally showed a peak at  (5.cymene)}. For example, when the prepared ruthenium

nanoparticles were used as a catalyst (10 mol %) in the reaction

(24) The isolated particles were moisture-sensitive, but they did not burn in the

open air.

(25) For example, see: (a) Franke, R.; Rothe, J.; Pollmann, J.; Hormes, J.; (27) For a previous example of using XPS for determining different Pt oxidation
Bonnemann, H.; Brijoux, W.; Hindenburg, TH. Am. Chem. Sod 996 states, see: Muijsers, J. C.; Niemantsverdriet, J. W.; Wehman-Ooyevaar,
118 12090. (b) Vidoni, O.; Philippot, K.; Amiens, C.; Chaudret, B.; Balmes, I. C. M.; Grove, D. M.; van Koten, Glnorg. Chem 1992 31, 2655.
0O.; Malm, J.-O.; Bovin, J.-O.; Senocq, F.; Casanove, Mipjew. Chem., (28) (a) Bominemann, H.; Braun, G.; Brijoux, W.; Brinkmann, R.; Schulze-Tilling,
Int. Ed. 1999 38, 3736. A.; Seevogel, K.; Siepen, KJ. Organomet. Chenl996 520, 143. (b)

(26) This value comes from a reference. See: Wagner, C. D.; Riggs, W. M.; Peng, X.; Schlamp, M. C.; Kadavanich, A. V.; Alivisatos, A. P.Am.
Davis, L. E.; Moulder, J. F. InHandbook of X-ray Photoelectron Chem. Soc1997 119, 7019.
SpectroscopyMuilenberg, G. E., Ed.; Perkin-Elmer Corporation Physical  (29) Pan, C.; Pelzer, K.; Philippot, K.; Chaudret, B.; Dassenoy, F.; Lecante, P;
Electronics Division, Eden Prairie, MN, 1979. Casanove, M.-1J. Am. Chem. So@001, 123 7584.

J. AM. CHEM. SOC. = VOL. 126, NO. 1, 2004 253



ARTICLES Na et al.

% 1004 approaches to answer the question, “is it homogeneous or

;Z' heterogeneous catalysis®’ mercury poisoning experiments

& 809 have been widely practiced as one of the most decisive tests

B 604 for distinguishing it, although careful precaution has to be used

h: for the interpretation of experimental resuitsThis is based

E 40 on the ability of the added mercury to poison metal(0)

s heterogeneous catalysts by either formation of amalgam or
204 adsorption on the metal surface. Therefore, suppression of a
N e ) catalysis by the presence of Hg(0) is generally regarded as strong

0 2 T;ime " 6 8 evidence for any heterogeneous metal(0) catalysts examined.

Whereas the olefination of iodobenzene with styrene reaches a

I;igure 4. PlOE _Odefll)Jde PfOton_l;l]MR yield(O;frandsstilaene VSdtirrclje frorc?__ complete conversion withi8 h under the standard conditions

the reaction of iodobenzene with styrene (a) under the standard conditions, H . H H

(b) after addition of mercury (3 equiv to Ru) at 4.5 h, and (c) in the presence using [RUCH(p .Cymene)i catalyst (Figure 4a.)’ it was observed

of mercury (3 equiv to Ru) from the beginning. that the reaction was totally shut down in the presence of
mercury (3 equiv to [RuG(p-cymene)}) under otherwise

of iodobenzene with ethyl acrylate, ethyans-cinnamate was identical conditions (Figure 4c). A control experiment revealed
isolated in 92% yield under otherwise identical conditions that mercury itself does not react with the homogeneous
(compare this to entry 1 in Table 39.Furthermore, the  futhenium species employédWhen mercury (3 equiv to Ru)
ruthenium nanoparticles were easily recovered from the reactionwas added to the reaction mixture after achieving some
mixture by a simple centrifugation, and they could be reused conversion (4.5 h in this case), no further conversion was
for the second olefination with a similar efficiency (94%). observed after the addition point (Figure 4b). Likewise, catalytic
However, catalytic activity was sharply decreased after the activities of other ruthenium sources including ruthenium
second cycle, and only low yield (34%) was obtained from the Nanoparticles and Ru/alumina (vide infra) were also completely
third cycle. This is presumably due to a significant aggregation SUPPressed by the action of mercury. . .
of the nanoparticles over recycles under the reaction condi- ©On the basis of our assumption that ruthenium(0) colloids
tions3! which was verified from a TEM analysis of the catalyze the Heck-type olefination without the need for any
recovered ruthenium nanoparticles, showing that the size @ncillary ligands, the same transformation was next examined
increases up to 150 nm after the second c§le. with the use of commercially available Ruj8l; as a catalyst
These results further solidify our assumption that the olefi- on the basis of a practical point of viéWe were pleased.to
nation is catalyzed by ruthenium colloidal particles of zero observe that the Suppo rted z eroyalent _ru_thenlum catalyst_ln_deed
oxidation state that form in situ under the reaction conditions performs the olefination with high efficiency and selectivity

starting with a homogeneous ruthenium precursor, [Rp<l (Table 2).

cymene)}. Indeed, we observed that there are some induction Surprisingly, the I|mmob|I|zeq Species dlsplayeq wider Su.b'
) ‘ o . - strate scope and higher selectivity even under milder reaction
periods in the olefination reaction with [Ru{-cymene)}

catalyst. It proceeds relatively slower during the initial stages conditions when compared to the homogeneous precursor,

and gets faster after abod h (Figure 4a). This is presumably [RuC_:Iz(p-cymene)i. Eor exa_lmple, whereas_[Rqud-cymene)i .
. . - T . carried out the reaction of iodobenzene with ethyl acrylate with
due to an induction period, which is the prerequisite step for

) . . ) ; low yield (<30%) at temperatures below 13C, the same
reduction of ruthenium(ll) species to ruthenium(0) particles . .
o g " - .~ conversion was completed even at I’T5with the use of the
under the olefination reaction conditions. A similar observation

. . . . . . same mole percent of Ru/&D; catalyst (Table 2, entry 1). A
of induction periods was previously reported when starting with
homogeneous precatalysts, and it was claimed that nucleation(34) Fprkso_mz'e1 Se!eae% Iexamples of Eeterogeneous 2Heck reaction, see: (a)
of free metals to form metal clusters was rgsponsjble for the E!?f;éﬁ%dulg'ﬁilf?f; S;{rg,“]%_p;‘%iigugeanﬁi,??g%%t;niélg?glgéégwo&
phenomenon and that, therefore, true catalytic species are metal ~ Am. Chem. Soc2002 124, 11572. (c) Sasson, Y.; Mukhopadhyay, S.;

lusterd3 Rothenberg, G.; Jc_)shl, A, Baidossi, Mdv. Synth. Cata|2002 344, 348.
nanoclusters: (d) Kéhler, K.; Heidnreich, R. G.; Krauter, J. G. E.; PistschChem-—
i ; ; ; Eur. J. 2002 8, 622.

AIthough eXt.enSNe. stu_dles have been carried out to eIUC|date(35 For some examples showing that heterogeneous catalysts serve as catalytic
the true catalytic species in the heterogeneous Pd-catalyzed Heck  precursors for homogeneous catalysis, see: (a) Zhao, F.; Murakami, K.;
reaction, it is still unclear in many cases whether the reaction ~ Shiral M., Arai, M.J. Catal 200Q 194 479. (b) Davies, I W.; Matty, L.
takes place on the surfaces of the solid Pd catflgstwhether
the active catalyst is dissolved Pd species that are leached fronf3®)
the support, simply acting as a Pd reservoitmong the several

~

Hughes, D. L.; Reider, P. J. Am. Chem. So2001, 123 10139. (c) NoVk,

Z.; Szabio A.; Repasi, J.; Kotschy, AJ. Org. Chem?2003 68, 3327.

For discussions on the nature of true catalytic species to distinguish
homogeneous and heterogeneous catalysis, see: (a) Collman, J. P.; Kosydar,
K. M.; Bressan, M.; Lamanna, W.; Garrett, J. Am. Chem. Sod 984

106, 2569. (b) Weddle, K. S.; Aiken, J. D., IlIl; Finke, R. G.Am. Chem.

Soc 1998 120, 5653. (c) Stein, J.; Lewis, L. N.; Gao, Y.; Scott, R. A.

Am. Chem. Sod 999 121, 3693. (d) Widegren, J. A.; Finke, R. G. Mol.

(30) For selected recent examples of using stabilized Pd colloids for Heck

reactions, see: (a) Beller, M.; Fischer, H.;ldein, K.; Reisinger, C. P.;
Herrmann, W. A.J. Organomet. Cheml996 520, 257. (b) Zhao, F.;
Bhanage, B. M.; Shirai, M.; Arai, MChem—Eur. J. 200Q 6, 843. (c)
Choudary, B. M.; Madhi, S.; Chowdari, N. S.; Kantam, M. L.; Sreedhar,
B. J. Am. Chem. So@002 124, 14127.

~

Catal. A: Chem2003 198 317.

For examples of inhibition studies with the use of added ligands, see: (a)
Anton, D. R.; Crabtree, R. HOrganometallics1983 2, 855. (b) Lin, Y.;
Finke, R. G.Inorg. Chem1994 33, 4891. (c) Chauhan, B. P. S.; Rathore,

J. S.; Chauhan, M.; Krawicz, Al. Am. Chem. SoQ003 125, 2876.

(31) For a similar phenomenon of decrease in catalytic activity over recycles (38) For detailed control experiments and spectroscopic data, see the Supporting

using palladium nanoparticles, see: Narayanan, R.; El-Sayed, ¥1.A4m.
Chem. Soc2003 125, 8340.

(32) See the Supporting Information for a copy of a TEM image of the
aggregated ruthenium particles after the second cycle.

(33) (a) Lewis, L. N.; Lewis, NJ. Am. Chem. Sot986 108 7228. (b) Rocaboy,
C.; Gladysz, J. A.New. J. Chem2003 27, 39. (c) Reetz, M. T,
Westermann, EAngew. Chem., Int. EQ00Q 39, 165. (d) Reference 23.
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Information.

(39) For recent examples on the use of Ruldlas a catalyst for organic

transformations, see: (a) Bond, G. C.; Hooper, AAppl. Catal., A200Q
191, 69. (b) Miyazaki, A.; Balint, |.; Aika, K.-i.; Nakano, YJ. Catal.2001,
204, 364. (c) Yamaguchi, K.; Mizuno, NAngew. Chem., Int. E®2002
41, 4538. (d) Yamaguchi, K.; Mizuno, NAngew. Chem., Int. EQ003
42, 1480.
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Table 2. Heck-Type Olefination of Aryl and Alkenyl Halides Using conditions, ethytrans5-methylcinnamate was obtained in 43%
RU/Al;0s Catalyst® . yield using the supported ruthenium catalyst.
R“/A(Igorj’o(lso/r;t %) Although it is too early to give an exclusive explanation for
Ri=X + 2R, + NaOAc OMFE 121 R1\/\R2 the observation that the supported ruthenium catalyst shows
: higher catalytic activity and selectivity in the Heck-type reaction
entry  Ry-X R, T(C) yield (%)’ compared to the homogeneous precursor, [Ripalymene)},
1 CeHil CO,Et 115 94 it may be again closely related to our postulation that the reaction
is catalyzed by ruthenium colloids of zero oxidation stdfEhe
2 CeHsl CONMe, 115 63

supported catalyst was quantitatively recovered at the end of
3¢ CHil PO(OEt), 115 84 the reaction by a simple centrifugation, and it could be reused
for the following runs with constancy reactivity (1st, 2nd, and

4 CeHsl CN 115 99’ 3rd runs; 94, 91, 92%, respectivelif).When the reaction

5 CeHil C¢H;s 135 91 mixture was filtered through a micropore filter, no residual Ru
was detected from the filtrate by ICP analysis1( ppm),
implying that leaching of Ru from the support is negligible. In

7 4-AcCeHJd  CO,Et 115 70 addition, no conversion was observed when a substrate and a
base were added to a filtered solution under the same reaction

6 CeHsl COH 115 57

8 4-AcCHL  CONMe, 115 8 conditions. Crude products were readily isolated in most cases
9° 4-MeC¢H,I  C¢Hs 135 94 with more than 95% purity from the reaction mixture by a
simple workup of the filtrate solution. It should be noted that
10 CO:EL 15 70 this represents a rare example of ruthenium-catalyzed hetero-
11 i CN 115 894 geneous Heck-type olefination with a reusabifity.
2 X Br COLE 15 75 Th_e external Iigand-freeruthel_w_ium catalyst _supported on
| alumina was next successfully utilized to Suzukliyaura cross
13 [ CO,Et 115 83 coupling, one of the most efficient and practica-C bond-
o N forming reactions (Table 3§ It was found that the immobilized
! ruthenium system was highly efficient and selective for the
14 CO,Et 115 99 coupling of a wide range of aryl iodides with boron compounds
Br using as low as 1 mol % of the catalyst in either a biphasic or
monophasic reaction medium. The ruthenium-catalyzed coupling
# lodobenzene (0.5 mmol), olefin (1.5 mmol), 5 wt % Ru@d (5 mol was carried out at-60—90 °C, depending on the electronic

%), and NaOAc (1.0 mmol) in DMF (0.5 mL}. Isolated yield¢ C$CO; - .
as a base! E/Z = 3:1.° KOAc was used as a base and the reaction time nature of the employed substrates with electron-donating

was 8 h.f Product is 3-bromdrans-ethyl cinnamate. substituents being slower. Both boronic acids and boronate esters
were equally efficiently coupled with iodoarenes, although most
wide range of olefins were reacted with aryl iodides, providing data presented in Table 3 are those from reactions with the
good to excellent yields of olefinated products at temperatures former reactants.
115-135°C. It should be noted that whereas the olefination of Coupling of phenylboronic acid with’'4odoacetophenone
iodobenzene with vinyl phosphonate was inert with [R{E! was complete within 12 h at 60C, using the supported
cymene)} catalyst even at temperatures above iGdor long ruthenium catalyst (1 mol %) to give 4-acetylbiphenyl in
reaction times (24 h), the reaction went smoothly at €5 guantitative yield in a cosolvent of 1,2-dimethoxyethane/water
using the supported ruthenium catalyst to afford vinylated (1:1,v) (Table 3, entry 1). In the case of boronic acid derivatives,
phosphonate in good yield (entry 3). When acrylonitrile was NaOH was chosen as a practical base although other commonly
allowed to react with iodobenzene, both selectivijZ(= 3:1) used ones also gave similar results: KOH {0 12 h, 95%)
and yield (99%, 113C) were significantly improved with the ~ andt-BuOK (60 °C, 12 h, 96%). However, carbonate bases
supported catalyst (entry 4), compared to that with [R(EI turned out to be less effective for the conversion:CRs (120
cymene)} catalyst (1:1, 54%, 135C, entry 5 in Table 1).  °C, 12 h, 50%) and N&£Os; (120 °C, 12 h, 28%). Whereas a
Whereas acrylic acid did not react at all with iodobenzene using biphasic medium consisting of 1,2-dimethoxyethane/water (1:
[RuCly(p-cymene)} catalyst, the corresponding produdg) —— — : -
cinnamic acid, was obtained with the immobilized catalyst albeit “*) ¢ Slimina n e abssnce of ruthenium under oenwise Gential
in moderate yield (entry 6). In addition, 1-iodonaphthalene, 4 conditions.

. . . 1) For selected recent examples of reusable Pd catalytic systems for Heck
which is a poor substrate with the homogeneous precatalyst reactions, see: (a) Turlan, D. U. E. P.; Navarro, R.; Royo, C.; Meee,

<200, i i i M.; Santamda, J.Chem. Commur2001, 2608. (b) de Vries, A. H. M;
( 20% yleld at 1350(_:’_ 12 h)’ was read”y reacted _Wlth ethyl Parlevliet, F. J.; de Vondervoort, L. S.; Mommers, J. H. M.; Henderickx,
acrylate and acrylonitrile to afford the corresponding coupled H. J. W.; Walet, M. A. M.; de Vries, J. GAdv. Synth. Catal2002 344,

B ; ; i 996. (c) Nair, D.; Scarpello, J. T.; Vankelecom, I. F. J.; Santos, L. M. F.
naphthalene derivatives (entngs_ 10 and 11). In addition, the D.. White, L. S.: Kloetzing, R. J.: Welton, T.: Livingston, A. @reen
supported Ru/AlO; system exhibited a complete chemoselec- “2) (%Eem.zottlz 4, 319. o sinal ¢ (ref 14) on the h 5
P . . . € reaction scope or a single report (re on the homogeneous RuU-
tivity with iodo over bromo group, as demonstrated in entry (COD)(COT)-catalyzed olefination is rather narrow, working only with
14. In contrast to terminal olefins that afforded high yields of alkenyl halides, and to our best knowledge, no heterogeneous ruthenium-

. . L . . catalyzed Heck-type reaction has been published.
olefinated products, reactions with internal olefins were sluggish, (43) For recent reviews on the Pd-catalyzed Suzuki reaction, see: (a) Suzuki,

ina i i i - A. J. Organomet. Chen2002 653 83. (b) Miyaura, N.J. Organomet.
resultlng in lower prOdUCt yle_lds' For example, when iodoben Chem 2002 653 54. (c) Kotha, S.; Lahiri, K.; Kashinath, Oretrahedron
zene was allowed to react with ethyl crotonate under the same 2002 58, 9633.
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Table 3. Suzuki—Miyaura-Type Cross Coupling Reaction of Aryl temperatures with longer reaction times (entries 10 and 11).

lodides with Boron Compounds Using Ru/Al,Os Catalyst® 1-lodonaphthalene turned out to be slow-reacting and was
0, . . . .

Ru/Al203 (5 wt) coupled with phenylboronic acid to afford product in moderate

Ri—1 + R,-B(ORj), Base » Ri-R, yield (entry 13). The ruthenium-catalyzed Suzuki coupling was
DME/H,0 (1:1) also similarly operated with a heteroaromatic substrate (entry

14). Some functional groups such as nitro, formyl, and free

entry Ry R, R; T(C)h cat’ yield(%)° hydroxyl moiety were tolerated under the developed reaction

conditions (entries 12, 15, and 16, respectively). In contrast to
iodobenzene derivatives, bromo- and chloroarenes were unre-

—

4'ACC6H4 C6H5 H 60 (1 2) 1 99

2 4-AcCeH, Cglls (CHy), 60(12) 1 99 active under the present conditions.
The supported ruthenium catalyst used in this study could
3°  4-AcC¢H, CgHs  cate 80(12) 1 98 be easily removed by a simple filtration of the reaction mixture
through a pad of Celite and silica gel after basic workup, and
4 4AcCH,s 4-CICH, H 80(@8) 1 8 the coupled products were isolated88% purity without any

further purification process such as silica gel column chroma-

3 4AcGH, 4-MeOGeH, H 60(12) 5 93 tography. No significant residual ruthenium contertd (ppm)

6 4-AcCeH, (E)-PhCH=CH H 90 (12) 1 91 were detected from the filtrate by an ICP analysis. The Suzuki
reaction can be readily scaled up to a few grams without any

7 CeHs CeHs H 60(12) 5 96 practical problems. For example, reaction dfigdobenzyl
alcohol (2.3 g, 10.0 mmol) with phenylboronic acid (1.8 g, 15.0

8 CeHs 4-CICH, H 90(12) 1 88 mmol) gave the desired coupled product in 88% yield with the

use of Ru/AbO; (202 mg, 1.0 mol %) under the standard

9 Gdls  4-McOCH, H 90(12) 1 83 conditions. Also noteworthy is that this represents, to the best

10 4-MeCgH;  CeHs H 90(24) 1 76 of our knowledge, thg first example of_ ruthenium-catalyzed
heterogeneous Suzuki-type cross coupfthg.
11 4-MeOCgH, C¢Hs H 9024) 5 93 It should be mentioned that the Suzuki coupling was much
4 less effective when a homogeneous ruthenium precursor was
127 4-O,NCeHy CeHs  (CHp), 90 (24) 1 96 used as a cataly$t. For example, 4iodoacetophenone was
coupled with phenylboronic acid only in low yield (18%) when
13 CoHs H 9@ 5 66 [RuCl(p-cymene)} was used as a catalyst (5 mol %) under
I | otherwise identical conditions (6@, 12 h, compare this with
14 ﬁ CoHls H 9036) 1 92 entry 1 of Table 3). This result may be attributed to the relatively
c N low reaction temperatures, at which generation of ruthenium
15  4-HCOCGH, C¢Hs H 90(12) 5 87 colloids of zero oxidation state_is difficult from the used_
homogeneous precursor. Indeed, it was observed that ruthenium
16 4-HOCH,C¢H, C¢Hs H 90(12) 5 97 nanoparticles are generated from the precursor only at temper-

atures above 130C upon addition of certain bases. No
2 |odoarene (1.0 mmol), boron compound (1.5 mmol), and base (2 equiv) ruthenium colloids were found to form in situ from the

intf]OlV_ent (1th}L)-tBasel\g?S| N<I':1Ct)|'(|j exclgpdtfn;ries 2,3, agd’ 1'25bed homogeneous precursor under the Suzuki conditions-$60
LUK;{‘&TV;@ S 1 oL ISORIEaYIIE s Quwasusedasabase. o0y This observation led us once again to affirm that the

ruthenium-catalyzed Heck and Suzuki reaction proceed by

1) turned out to be the most suitable, other cosolvent systemsuthenium colloids’®
were less effective under otherwise same conditions. For .

- . - . ... Conclusions
example, reactions of iodobenzene with phenylboronic acid in
DMF/water (5% conversion) and toluene/water (12%) resulted  “Is it homogeneous or heterogeneous?” is not a trivial
in poor yields. Meanwhile, coupling in various monophasic question that can be answered by simple investigations in metal-
organic solvents was almost ineffective (e.g., in DME or DMF, catalyzed reactions. Studies on certain reactions with homoge-
<5% conversion). Boronate esters were also coupled with aryl neous catalyst precursors reveal that the true catalytic species
iodides to afford high yields of products (entries 2 and 3). In are heterogeneous nanoparticles or insoluble metal clusters
these cases, certain weak inorganic bases suchGB30r Kz instead of the supposed homogeneity. On the other hand, it
PO, turned out to be more effective than NaOH. While various turns out that long time believed heterogeneous systems with
boronic esters could be readily employed, 2-phenyl-1,3-diox-
aborolane was more readily coupled with iodobenzene under(44) A full description on this Ru-catalyzed Suzuki reaction will be submitted
milder conditions than catechol-derived boronate (compare (45, No caidiytic actiiy was 6bserved for the SuzLit coupling reaston with
entries 2 and 3). Alkenylboronic acid was also smoothly reacted stoichiometric alumina in the absence of ruthenium under otherwise identical
with iodoarene to afford olefinic product in high yield with  (46) ‘I::%rr]dslglglz:?éd recent examples of using Pd nanoparticles for Suzuki reactions,
complete retention of double-bond geometry (eniry ©). In 566, () Res M, T espuener, & A ngerIeRLetion L2t
general, introduction of electron-donating groups in iodoarenes Org. Lett 200Q 2, 2385. (c) Kim, S.-W.; Kim, M.; Lee, W. Y.; Hyeon, T.
slowed the reaction, and higher loadings of catalyst upto 5 mol ~ J; Am. Chem. So@002 124, 7642. (d) Thathagar, M. B.; Beckers, J.;

X . R Rothenberg, GJ. Am. Chem. So@002 124, 11858. (e) Strimbu, L.; Liu,
% were necessary to obtain satisfactory yields at elevated J.; Kaifer, A. E.Langmuir2003 19, 483.
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supported catalysts serve simply as a reservoir for homogeneous Screening of Various Ruthenium Catalysts for the Heck-Type
catalytic species in some cases. Herein, we have shown thatReaction of lodobenzene with StyreneTo a solution of iodobenzene
olefination of aryl and alkenyl (pseudo) halides can be efficiently (50 mg, 0.25 mmol) in DMF (0.2 mL) was added styrene (78 mg, 0.75
and selectively carried out with ruthenium catalyst systems with Mmol) and KOAc (49 mg, 0.50 mmol), followed by a chosen ruthenium
the use of both a homogeneous precatalyst and heterogeneou%atalySt (5 mol %). The reaction mixture was stirred at 16Gor 8 h
. . . In a screw-capped vial. Conversion and crude yields were calculated

supported catalyst. Detailed investigations on the nature of the, 7 . :

. . . ! by *H NMR based on an internal standard (anisole).
reaction led us to assume that catalytically active species are

heni lloi ith L h Base Screening in the Olefination of lodobenzene with Styrene.
ruthenium colloids with zero oxidation state even when a To a solution of iodobenzene (50 mg, 0.25 mmol) in DMF (0.2 mL)

homogeneous complex precursor such as [Ripclymene)} was added styrene (78 mg, 0.75 mmol) and [R(&tymene)] (7.7
is employed. Induction periods were observed from the reaction mg, 5 mol %), followed by a chosen base (0.50 mmol). The reaction
with homogeneous precursor, and ruthenium colloids were mixture was stirred at 150C for 8 h in a screw-capped vial.
generated quantitatively under the reaction conditions, which Conversions were calculated By NMR based on an internal standard
were followed by’H NMR spectroscopy, XPS, and TEM as (anisole).
well as color change of the reaction mixture. Isolated ruthenium  Representative Heck-Type Olefination Reaction Using [RuGt
colloids from the reaction mixture displayed measurable catalytic (P-cymene)} as a Catalyst.To a solution of iodobenzene (102 mg,
activity in the olefination albeit with lower turnovers compared 0-5 mmol) in DMF (0.5 mL) was added ethyl acrylate (150 mg, 1.5
to the employed homogeneous precatalyst presumably due to 470 @nd NaOAc (82 mg, 1.0 mmol), followed by [Ru@@cymene)}
P . 15.3 mg, 5 mol %). The reaction mixture was stirred at 15or 12
surface contamination of the rather naked particles. Indepen-

dentl d rutheni icles havi . bil h either in a screw-capped vial or in a round-bottom flask. In the case
ently prepared ruthenium nanoparticles having amine stabilizers ¢ using a flask, the reaction was carried out underaimosphere.

exhibited excellent catalytic activity and reusability in the Heck  the crude product was extracted with ethyl acetate, washed with water,
reaction. Mercury poisoning experiments showed that the and dried (MgS@. After removal of organic solvent under reduced
olefination was completely inhibited by the addition of mercury pressure, the residue was purified by column chromatography on silica
regardless of ruthenium sources employed, which would be agel (10% ethyl acetate/hexane) to afford etinghs-cinnamate (84 mg,
vital evidence for the heterogeneity. These results led us to 95%) as a colorless liquid.

develop a highly efficient, user-friendly, reusable, axternal (E)-Ethyl 3-(3,4,5,6-tetrahydro-2-pyridinyl)-2-propenoate.'H NMR
ligand-freeheterogeneous ruthenium catalyst, Rud4| for both (CDCls, 300 MHz): 6 6.94 (td, 1H,J = 15.7, 6.5 Hz), 5.85 (d, 1H]

the olefination and Suzuki-type coupling reactions. Further = 15.7 Hz), 4.15 (m, 4H), 2.50 (m, 2H), 1.27 (m, 7HJC NMR
studies on the detailed mechanistic cycles and synthetic ap-(CDCk 75MH2): 0 172.2, 166.3,146.4, 122.3, 60.4, 60.1, 32.5, 27.2,

. 14.1, 14.0. IR (neat): 2963, 1713, 1638, 1202 trniRMS (EI): calcd
plication of the pre_sently _explored catalyst system would be for CrohieNO,, 181.1103 (M): found, 181.1097.
expected to follow immediately.

Experiments for in Situ Preparation of Ruthenium Colloids.
Experimental Section Method A. A mixture of [RuCh(p-cymene)} (30.6 mg, 0.050 mmol)
General. NMR spectra were obtained on Bruker AVANCE 300 and and NaOAc (164 mg, 2.0 mmol) in DMF (1.0 mL) was stirred for 2 h
AVANCE 400 spectrometersH at 300 MHz, 400 MHz and®C at 75 at 135°C, and the sample was directly deposited on carbon film coated
MHz, 100 MHz, respectively). Chemical shifts are reported in ppm, With TEM grids by dip-coating without workup, so that the process
using TMS as an internal standard and CP& a solvent3C NMR can be reviewed as an “in situ” TEM analysis. The rest of the sample
spectra are reported in ppm relative to the center line of a triplet at was diluted with EtOH (40 mL), and formed ruthenium colloids were
77.0 ppm of CDG. IR spectra were recorded with a FT-IR (EQUINOX  separated by centrifugation and dried in a vacuum. To a solution of
55) spectrometer. GC data and mass spectra were obtained on a v@odobenzene (71 mg, 0.35 mmol) in DMF (0.35 mL) was added ethyl
AUTOSPEC Ultma GC/MS system using direct insertion probe (DIP) acrylate (105 mg, 1.05 mmol) and NaOAc (57 mg, 0.70 mmol),
and electron impact (El) (70 eV) method. Column chromatography was followed by the in situ generated ruthenium colloids (7 mg) which were
carried out using silica gel 60 (23@00 mesh, ASTM, Merck). obtained by previous procedure. The reaction mixture was stirred at
Ruthenium catalysts including [Rugb-cymene)} and Ru on alumina 135°C for 12 h in a screw-capped vial. The crude product was extracted
(5 wt %), haloarenes, olefins, boronic acids, boronate esters, basesWwith ethyl acetate, washed with water, and dried (MgS@fter
and solvents were purchased from Aldrich or TCI and used as such removal of organic solvent under reduced pressure, the residue was
without further purification. CDGl was obtained from Cambridge  purified by column chromatography on silica gel (10% ethyl acetate/
Isotope Laboratories, Inc. TEM data were obtained with a Hitachi hexane) to afford ethyfrans-cinnamate (15 mg, 24%) as a colorless
H9000-NAR high-resolution TEM operating at 300 kV. X-ray photo-  liquid.
electron spectra were recorded on a VG Sci. ESCA Lab200R with dual  Method B. To a solution of iodobenzene (204 mg, 1.00 mmol) in
anode (MG and Al) apparatus using Mgxkanode. The pressure in -~ DMF (1.0 mL) was added ethyl acrylate (300 mg, 3.0 mmol) and
the spectrometer was about 10 Torr. For energy calibration, the NaOAc (164 mg, 2.0 mmol), followed by [Rugp-cymene)} (30.6
alumina 1s photoelectron line was used, and the alumina 1s binding mg, 0.050 mmol). The reaction mixture was stirred 3oh at 135°C

energy was taken to be 74.0 eV. in a screw-capped vial. The samples were directly deposited on a carbon
Activation Experiment of lodobenzene with [RuClL(benzene)j. film coated with TEM grids by dip-coating without workup, so that

A mixture of [RuChk(benzene)] (12 mg, 0.024 mmol) and NaOAc (79  the process can be reviewed as an “in situ” TEM analysis. The rest of

mg, 0.96 mmol) in DMFd; (0.5 mL) was stirred at 138C for 2 h, the sample was diluted with EtOH (40 mL), and formed ruthenium

followed by the addition of iodobenzene (7 mg, 0.04 mmol). Ha& colloids were separated by centrifugation and dried in a vacuum.

NMR spectrum of the reaction mixture immediately showed a set of Samples for X-ray photoelectronic spectra were prepargdAlsOs;
signals in the aromatic region &t= 126.0, 128.9, 129.6, which are  pellets.

attributed to arise from an activated ruthenium aryl species in analogy = Preparation of Amine-Stabilized Ru Nanoparticles.A solution
with the Pd cases (ref 19), and they are distinctly different from those of tetraoctylammonium bromide (472 mg, 0.72 mmol) in toluene (20
of iodobenzened = 94.9, 128.4, 130.4, 138.1 ppm). But a quaternary mL) was added to a stirred solution of RyGH,O (100 mg, 0.48
carbon center bound to Ru was not detected by #@ NMR mmol) in water (20 mL). After stirring the mixture for 12 h at room
spectroscopy. temperature, a solution of dodecylamine (266.9 mg, 1.44 mmol) in
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toluene (20 mL) was added, and the reaction mixture was stirred for and analyzing them byH NMR spectroscopy from the olefination
additiona 1 h atroom temperature. To the above mixture was added reaction of styrene with iodobenzene at P&in DMF using [RuC}-

a solution of NaBH (163 mg, 4.3 mmol) in water (20 mL), and the  (p-cymene)} catalyst under the standard conditions.

resulting mixture was stirred at room temperature Zoh and then Mercury Poisoning Experiment. To a solution of iodobenzene (102
stirred for an additionla2 h at 100°C. A homogeneous dark brown  mg, 0.50 mmol) in DMF (0.5 mL) was added styrene (156 mg, 1.5
solution was evaporated under reduced pressure to about 5 mL, andmmol), KOAc (98 mg, 1.0 mmol), [Ru@lp-cymene)} (15.3 mg, 5
the residue was diluted with EtOH (30 mL) The nanoparticles were mpol %)1 and mercury (15 mg, 0.075 mm0|) The reaction mixture was
separated by centrifugation and dried in a vacuum to afford 46 mg, stirred at 150°C for 8 h in ascrew-capped vial. Conversion of the

which was microanalyzed to be Ru: 48%, N: 52%. _ reaction was checked usiflg NMR with an internal standard (anisole).
Heck-Type Reaction of lodobenzene with Ethyl Acrylate with In another experiment, mercury was addedrafté instead of adding
Stabilized Ru Nanoparticles as a Catalyst.To a solution of from the start, and conversion of the reaction was checked using the

iodobenzene (102 mg, 0.5 mmol) in DMF (0.5 mL) was added ethyl same method.
acrylate (150 mg, 1.5 mmol) and NaOAc (82 mg, 1.0 mmol), followed

by Ru nanoparticles (48 wt %, 10 mg, 10 mol %). The reaction mixture solution of 4-iodoacetophenone (246.1 mg, 1.0 mmol) in 1,2-

was stirred at 115C for 12 h either in a screw-cappe_d vial orin a dimethoxyethane/water (v, 1:1, 1.0 mL) was added phenylboronic acid
round-bottom flask. The crude product was extracted with ethyl acetate, (182.9 mg, 1.5 mmol), NaOH (80.0 mg, 2.0 mmol), and RuBAI(5

washed with water, and dried (MgS)OA_fter removal _o_f organic wt %, 20.2 mg, 0.01 mmol). The reaction mixture was stirred at 60
solvent under reduct_eq pressure, the residue was purified by cqumnoC’ and the progress of the reaction was monitored by TLC uhtil 4
chromatography on silica gel (10% ethyl acetate/hexane) to afford ethyl 4,4 cetophenone disappeared completely. After 12 h, the reaction
trans-cinnamate (83 mg, 94%) as a colorless I'q_u'd' . mixture was diluted with EtOAc (10 mL), followed by water (10 mL).
Recovery and Reuse of Ruthenium Nanoparticles in the Heck- o oqanic layer was separated, washed with aqueous NaB@D
Type Olefination Reaction. To a solution of iodobenzene (204 Mg, 304 solution (5%) several times, and then dried over anhydrous
1.0 n|1mol()j in DMF (1.0 mL) was addledf elfhyl zctr)ylate (300 mg, ?'0 MgSOQ,. The organic layer was filtered through a pad of silica gel. After
mmol) and NaOAc (165 mg, 2.0 mmol), followed by Ru nanoparticles o5y of organic solvent under reduced pressure, the residue was

(48 wt %, 21 mg, 10 mol %). The rea_ction mixture was ;tirred at115 purified by flash column chromatography (ethyl acetate/hexane, 1:20)
°C for 12 h in a screw-capped vial. After completion, the Ru to give 4-phenylacetophenone (184 mg, 99%)

nanocatalyst was separated by centrifugation. The filtrate was evapo- ' '

rated in a vacuum, aqq the crude product was purified by column Acknowledgment. This work is dedicated to the memory of
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%). The reaction mixture was stirred at 116 (135°C with styrene)

for 12 h either in a screw-capped vial or in a round-bottom flask. The ~ Supporting Information Available: Copies of spectral data
crude product was extracted with ethyl acetate, washed with water, in the ruthenium-mediated activation of iodobenzene, new
and dried (MgS@). After removal of organic solvent under reduced compounds obtained in this study, TEM images of aggregated
pressure, the residue was purified by column chromatography on silicaruthenium nanopatrticles after recycles in olefination, as well
gel (10% ethyl acetate/hexane) to afford etiighscinnamate (83 mg,  as experimental procedure of the control test in mercury
94%) as a liquid. poisoning experiments (PDF). This material is available free

Determinatiop of Conversipn versus Time in the Reaction of of charge via the Internet at http://pubs.acs.org.
lodobenzene with Styrene Using [RuCip-cymene)} as a Catalyst.

The course of the reaction was monitored by taking samples periodically JA038742Q
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