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Abstract: When the reaction of aromatic ketones with arylboronates (arylboronic acid esters) using RuH,-
(CO)(PPh3); (3) as a catalyst was conducted in toluene, the corresponding arylation product was obtained
in moderate yields. In this case, a nearly equivalent amount of a benzyl alcohol derived from a reduction
of an aromatic ketone was also formed. The use of aliphatic ketones, such as pinacolone and acetone, as
an additive or a solvent dramatically suppressed the reduction of the aromatic ketones and, as a result,
ortho-arylation products were obtained in high yield based on the aromatic ketones. In these reactions, the
aliphatic ketone functioned as a scavenger of ortho-hydrogens of the aromatic ketones and the B(OR),
moiety of the arylboron compound (HB species). A variety of aromatic ketones, such as acetophenones,
acetonaphthones, tetralones, and benzosuberone, could also be used in this coupling reaction. Several
arylboronates containing electron-donating (NMe,, OMe, and Me) and -withdrawing (CF; and F) groups
were also applicable to this coupling reaction. Intermolecular competitive reaction using pivalophenone-do
and -ds and intramolecular competitive reaction using pivalophenone-d; were carried out using 3 as a
catalyst. The ku/kp value for the intermolecular competitive reaction was substantially different, compared
with intramolecular competitive reaction. This strongly suggests the production of an intermediate where
the ketone carbonyl is coordinated to the ruthenium involved in this catalytic reaction. *H and B NMR
studies using 2'-methylacetophenone, phenylboronate (2), and pinacolone (6) indicate that 6 functions
effectively as a scavenger of the HB species.

Introduction to C—C multiple bonds. In the case of the arylation of-8

The development of highly efficient, selective catalytic PONds, this approach is not applicable. Such a reaction usually
reactions involving &H bond cleavage has been a subject of "€Quires the coupling of €H bonds with AF-X bonds. To date,
considerable interest in organic and organometallic chemistry. S€veral examples of the arylation of-€l bonds in arenes using
During the past decade, a variety of reactions that invok¢ic a1yl halides or aryl pseudo-halides have been repcfted.

bond transformations have been developgdmong these, the The first example of this type of reaction was reported by
catalytic conversion of €H bonds to G-C bonds is one of Chiusoli in 1983° and involved the reaction of bromobenzene

the most useful transformations, because of the importance ofWith norbornene using Pd(Pghas a catalyst to give 1,2,3,4,-
C—C bond formation in organic synthesis. To date, several 4&12b-hexahydro-1,4-methanotriphenylene (eq 1). de Meijere
different types of transition-metal-catalyzed-C bond forma-

tion have been reported, involving alkylation with oleffs,

alkenylation with acetylen€s’ carbonylation with olefins and Ab + Q_Br M, b.O )

carbon monoxid&, and the hydroacylation of olefins and O
acetylene$.These reactions involve the addition of-€ bonds
lg;%ks'a%”“’ersny- subsequently reported a similar biarylation reaction in which
(1) (a) Crabtree, R. HChem. Re. 1985 85, 245-245. (b) Guari, Y.; Sabo- aryl halides were reacted with norbornene using a palladium
Etienne, S.; Chaudret, EEur. J. Inorg. Chem1999 1047-1055. (c) R. catalyst!! Since these pioneering studies, several studies with

H. CrabtreeDalton Trans.2001, 2437-2450. (d) Ritleng, V.; Sirlin, C.; . .
Pfeffer, M. Chem. Re. 2002 102 1731-1770. (e) Labinger, J. A; Bercaw, ~ fespect to catalytic arylations of -84 bonds have been

J. E.Nature 2002 417, 507-514. (f) Miura, M.; Nomura, M. InCross- reportedt2-18 |n 1997, Miura achieved an important advance
Coupling ReactionsSpringer: Berlin, Germany, 2002; p 23241. . . o2 . K

(2) () Kakiuchi, F.; Murai, S. Iifopics in Organometallic Chemistrivlurai, in this area? When the reactions of aromatic carbonyl
S., Ed.; Springer-Verlag: Berlin, 1999; Vol. 3, pp479. (b) Kakiuchi, compounds such as ketori'é%amidesl,zeand aldehydéédwith

F.; Murai, S.Acc. Chem. Re2002 35, 826-834. (c) Kakiuchi, F.; Chatani, . X . i .
N. Adv. Synth. Catal2003 345 1077-1101. (d) Kakiuchi, F.; Chatani, aryl halides were carried out with the aid of a palladium complex

S. In Topics in Organometallic Chemistrruneau, C., Dixneuf, P. H., ;
Eds.; Springer-Verlag: Berlin, 2004; Vol. 11, pp-4%9. (e) Kakiuchi, F. as the catalyst, €C bond formatlor_] took place between the .
J. Synth. Org. Chem., Jp2004 62, 14—26. carbon of the carbonyl functionality and the ortho carbon in

5936 = J. AM. CHEM. SOC. 2005, 127, 5936—5945 10.1021/ja043334n CCC: $30.25 © 2005 American Chemical Society



Arylation of Aromatic Ketones with Arylboronates

ARTICLES

the benzene ring toward the carbonyl group. In this case, theanols!?f Dyker reported that the palladium-catalyzed arylation

coordination of the carbonyl group to palladium was important
for the success of this regioselective arylation. They also re-
ported the arylation of phenotd2 ¢ naphtholsi2b and arylmeth-

(3) Selected our results: (a) Murai, S.; Kakiuchi, F.; Sekine, S.; Tanaka, Y.;
Kamatani, A.; Sonoda, M.; Chatani, Nlature 1993 366, 529-531. (b)
Murai, S.; Kakiuchi, F.; Sekine, S.; Tanaka, Y.; Kamatani, A.; Sonoda,
M.; Chatani, N.Pure Appl. Chem1994 66, 1527-1534. (c) Kakiuchi, F.;
Sekine, S.; Tanaka, Y.; Kamatani, A.; Sonoda, M.; Chatani, N.; Murai, S.
Bull. Chem. Soc. Jpril995 68, 62—83. (d) Sonoda, M.; Kakiuchi, F.;
Kamatani, A.; Chatani, N.; Murai, SChem. Lett.1996 109-110. (e)
Kakiuchi, F.; Yamauchi, M.; Chatani, N.; Murai, Shem. Lett1996 111—
112. (f) Sonoda, M.; Kakiuchi, F.; Chatani, N.; Murai,Bull. Chem. Soc.
Jpn 1997, 70, 3117-3128. (g) Fuijii, N.; Kakiuchi, F.; Yamada, A.; Chatani,
N.; Murai, S.Bull. Chem. Soc. Jpri998 71, 285-298. (g) Kakiuchi, F.;
Sonoda, M.; Tsujimoto, T.; Chatani, N.; Murai,Ghem. Lett1999 1083—
1084. (h) Kakiuchi, F.; Sato, T.; Igi, K.; Chatani, N.; Murai, Shem.
Lett. 2001, 386/ 387. (i) Kakiuchi, F.; Ohtaki, H.; Sonoda, M.; Chatani,
N.; Murai, S.Chem. Lett2001, 918-919. (j) Chatani, N.; Asaumi, T.;
Yorimitsu, S.; Ikeda, T.; Kakiuchi, F.; Murai, 8. Am. Chem. So2001,
123 10935-10941. (k) Kakiuchi, F.; Murai, S0rg. Synth2003 80, 104~
110.

(4) (a) Jordan, R. F.; Taylor, D. B. Am. Chem. Sod.989 111, 778-779.

(b) Trost, B. M.; Imi, K.; Davies, I. W.J. Am. Chem. Sod995 117,

5371-5372. (c) Lim, Y.-G.; Kim, Y. H.; Kang, J.-BJ. Chem. Soc., Chem.

Commun.1994 2267-2268. (d) Grigg, R.; Savic, VTetrahedron Lett

1997, 38, 5737-5740. (e) Guari, Y.; Sabo-Etienne, S.; Chaudret].BAm.

Chem. Soc1998 120, 4228-4229. (f) Lenges, C. P.; Brookhart, M.

Am. Chem. S0d.999 121, 6616-6623. (g) Busch, S.; Leitner, WChem.

Commun.1999 2305-2306. (h) Aufdenblatten, R.; Diezi, S.; Togni, A.

Monatsh. Chem200Q 131, 1345-1350. (i) Harris, P. W. R.; Rickard, C.

E. F.; Woodgate, P. Ol. Organomet. Chen200Q 601, 172-190. (j) Lee,

K.-H.; Koo, B. T.; Kang, J.-B.Tetrahedron Lett2001 42, 7609-7612.

(k) Lim, Y.-G.; Jun, C.-H.; Chung, K.-Y.; Hong, J.-B)rg. Lett.2001, 3,

785-787. (I) Jazzar, R. F. R.; Mahon, M. F.; Whittlesey, M. K.

Organometallics2001, 20, 3745-3751. (m) Gupta, S. K.; Weber, W. P.

Macromolecule2002 35, 3369-3373. (n) Drouin, S. D.; Amoroso, D.;

Yap, G. P. A.; Fogg, D. EOrganometallics2002 21, 1042-1049. (o)

Thalji, R. K.; Ellman, J. A.; Bergman, R. G. Am. Chem. So2004 126,

7192-7193.

For example, see: (a) Matsumoto, T.; Taube, D. J.; Periana, R. A.; Taube,

H.; Yoshida, HJ. Am. Chem. So200Q 122, 7414-7415. (b) Jensen, K.

B.; Thorhauge, J.; Hazell, R. G.; Jgrgensen, KAAgew. Chem., Int. Ed.

2001, 40, 160-163. (c) Matsumoto, T.; Periana, R. A.; Taube, D. J;

Yoshida, H.J. Mol. Catal. A: ChemicaR002 180, 1-18 and references

sited therein.

(6) (a) Hong, P.; Cho, B.-R.; Yamazaki, i@hem. Lett1979 339-342. (b)
Hong, P.; Cho, B.-R.; Yamazaki, l&hem. Lett198Q 507-510. (c) Dur,
U.; Kisch, H. Synlett1997 1335-1341. (d) Halbritter, G.; Knoch, F.;
Wolski, A.; Kisch, H.Angew. Chem., Int. Ed. Endl994 33, 1603-1605.
(e) Kakiuchi, F.; Yamamoto, Y.; Chatani, N.; Murai, Shem Lett1995
681-682. (f) Harris, P. W. R.; Rickard, C. E. F.; Woodgate, P.D.
Organomet. Chen1.999 589 168-179. (g) Lim, Y.-G.; Lee, K.-H.; Koo,
B. T.; Kang, J.-BTetrahedron Lett2001, 42, 7609-7612. (h) Kakiuchi,
K.; Uetsuhara, T.; Tanaka, Y.; Chatani, N.; Murai, 5.Mol. Catal. A
2002 182—-183 511-514.

(7) (a) Satoh, T.; Nishinaka, Y.; Miura, M.; Nomura, Mhem. Lett.1999
615-616. (b) Sakaguchi, S.; Kubo, T.; Ishii, Angew. Chem., Int. Ed.
2001, 40, 2534-2536. (c) Jia, C.; Kitamura, T.; Fujiwara, Yscc. Chem.
Res.2001, 34, 633-639.

(8) (a) Hong, P.; Yamazaki, HChem. Lett1979 1335-1336. (b) Hong, P.;
Yamazaki, HJ. Mol. Catal.1984 26, 297—311. (c) Moore, E. J.; Pretzer,
W. R.; O’'Connell, T. J.; Harris, J.; LaBounty, L.; Chou, L.;. Grimmer, S.
S J. Am. Chem. S0d.992 114, 5888-5890. (d) Chatani, N.; Fukuyama,
T.; Kakiuchi, F.; Murai, SJ. Am. Chem. Sod 996 118 493-494. (e)
Chatani, N. le, Y.; Kakiuchi, F.; Murai, . Org. Chem1997, 62, 2604~
2610. (f) Chatani, N.; Ishii, Y.; le, Y.; Kakiuchi, F.; Murai, S. Org.
Chem 1998 63, 5129-5136. (g) Chatani, N.; Asaumi, T.; Ikeda, T.;
Yorimitsu, S.; Ishii, Y.; Kakiuchi, F.; Murai, SJ. Am. Chem. So200Q
122 12882/12883. (h) J. W. Szewczyk, R. L. Zuckerman, R. G. Bergman,
J. A. Ellman,Angew. Chem., Int. E@001, 40, 216-219. (i) Chatani, N.;
Yorimitsu, S.; Asaumi, T.; Kakiuchi, F.; Murai, S. Org. Chem2002
67, 7557-7560. (j) Asaumi, T.; Chatani, N.; Matsuo, T.; Kakiuchi, F.;
Murai, S.J. Org. Chem2003 68, 7538-7540. (k) Asaumi, T.; Matsuo,
T.; Fukuyama, T.; le, Y.; Kakiuchi, F.; Chatani, N. Org. Chem2004
69, 4433-4440.

(9) (a) Lochow, C. F.; Miller, R. GJ. Am. Chem. Sod976 98, 1281-1283.
(b) Bosnich, BAcc. Chem. Red4998 31, 667-674. (c) Jun, C.-H.; Hong,
J.-B.; Lee, D.-Y.Synlett1999 1-12, (d) Jun, C.-H.; Lee, H.; Moon, C.
W.; Hong, H.-S.J. Am. Chem. So@001, 123 8600-8601. (e) Ko, S;
Na, Y.; Chang, SJ. Am. Chem. SoQ002 124, 750-751. (f) Ko, S.;
Han, H.; Chang, SOrg. Lett.2003 5, 2687-2690. (g) Jun, C.-H.; Lee, J.
H. Pure Appl. Chem2004 76, 577—587.

(10) (a) Catellani, M.; Chiusoli, G. Rl. Organomet. Chen1.985 286, C13—
C16. (b) Catellani, M.; Chiusoli, G. P.; Castagnoli,JCOrganomet. Chem.
1991, 407, C30-C33.

(11) (a) Reiser, O.; Weber, M.; de Meijere, Angew. Chem., Int. Ed. Engl.
1989 28, 1037-1038. (b) Albrecht, K.; Reiser, O.; Weber, M.; Knieriem,
B.; de Meijer, A.Tetrahedron1994 50, 383-401.

G

~

of sp C—H bonds proceeded via a similar reaction pathway.
In their studies, the palladium-catalyzed reaction der-
butyl-2-iodobenzene gave the cyclization product, i.e., 7,7-di-
methylbicyclo[4.2.0]octa-1,3,5-triedé Sames recently reported
on the phenylation of alkane segments usingSRWH)Me with

the aid of Pd(OAgYCu(OAc)/benzoquinoné? In this case, the
palladium(ll) species functioned as a catalyst. Oi reported that,
in the case of the arylation of 2-arylpyridines and arylimines
with aryl halides, RuG(PPh); exhibited good catalytic activ-
ity.1> They proposed that a Ru(lV) species derived from an
oxidative addition of an aryl halide to the Ru(ll) species served
as the catalytically active species. In 2003, Bedford reported
that the RhCI(PP4)s-catalyzed arylation of phenols with aryl
halides can be achieved using phosphinite ;(PRr)) as a
cocatalyst® The important points of this reaction are the
exchange of phenols with the arylated phenoxy moiety on the
phosphinite and the generation of electrophilic Rh(lll) species
via the oxidative addition of aryl halides to the Rh(I) complex.
Sharp reported that the arylation of 3-carbethoxyfuran and
3-carbomethoxythiophene with an aryl bromide proceeded at
the 2-positiort” The arylation of thiazole with an aryl iodide
using PdCJ(PPh),/Cul as a catalyst was reported by Mé&fi.

In all of these reactions mentioned above; K bond cleavage
took place via an electrophilic substitution pathway. Thus,
Ar—M—X species which were formed by the oxidative addition
of aryl halides or pseudo-halides to the corresponding low-valent
transition-metal complex functioned as an electrophile. The
hydrogens of the ortho €H bonds should be removed as
protons.

Another type of catalytic arylation of €H bonds has recently
been reported by ® and by us® Oi found that the rhodium-
catalyzed reaction of arylpyridines with tetraaryltins gave the
ortho arylation product. In this case, the use of a halogenated
solvent such as 1,1,2,2-tetrachloroethane is important for this
reaction to proceed effectively. While the reaction pathway has
not been elucidated, they proposed that the initial step in this
reaction appeared to involve the oxidation of the rhodium(l)

(12) (a) Satoh, T.; Kawamura, Y.; Miura, M.; Nomura, Mngew. Chem., Int.
Ed. Engl.1997, 36, 1740-1742. (b) Satoh, T.; Inoh, J.-I.; Kawamura, Y.;
Kawamura, Y.; Miura, M.; Nomura, MBull. Chem. Soc. Jpril998 71,
2239-2246. (c) Kawamura, Y.; Satoh, T.; Miura, M.; Nomura, ®hem.
Lett. 1999 961-962. (d) Terao, Y.; Kametani, Y.; Wakui, H.; Satoh, T.;
Miura, M.; Nomura, M.Tetrahedror2001, 57, 5967-5974. (e) Okazawa,
T.; Satoh, T.; Miura, M.; Nomura, Ml. Am. Chem. So2002 124, 5286—
5287. (f) Terao, Y.; Wakui, H.; Nemoto, M.; Satoh, T.; Miura, M.; Nomura,
M. J. Org. Chem2003 68, 5236-5243.

(13) (a) Dyker, G.Angew. Chem., Int. Ed. Engl992 31, 1023-1025. (b)
Dyker, G.Angew. Chem., Int. Ed. Endl994 33, 103-105. (c) Dyker, G.
Angew. Chem., Int. EA.999 38, 1698-1712.

(14) (a) Dangel, B. D.; Godula, K.; Youn, S. W.; Sezen, B.; Sameg, Bm.
Chem. Soc2002 124, 11856-11857. (b) Sezen, B.; Franz, R.; Sames, D.
J. Am. Chem. So@002 124, 13372-13373. (c) Sezen, B.; Sames, D.
Am. Chem. So003 125 5274-5275. (d) Sezen, B.; Sames, Drg.
Lett. 2003 5, 3607-3610. (e) Sezen, B.; Sames, . Am. Chem. Soc.
2003 125 10580-10585. (f) Lane, B. S.; Sames, Drg. Lett.2004 6,
2897-2900. (g) Sezen, B.; Sames, DAm. Chem. So2004 126, 13244~
13246.

(15) (a) Oi, S.; Fukita, S.; Hirata, N.; Watanuki, N.; Miyano, S.; InoueQyg.
Lett.2001, 3, 2579-2581. (b) Oi, S.; Ogino, Y.; Fukita, S.; Inoue, ®rg.
Lett. 2002 4, 1783-1785.

(16) (a) Bedford, R. B.; Coles, S. J.; Hursthouse, M. B.; Limmert, MAgew.
Chem., Int. EJ2003 42, 112-114. (b) Bedford, R. B.; Limmert, M. El.
Org. Chem.2003 68, 8669-8682.

(17) Glover, B.; Harvey, B.; Liu, B.; Sharp, M. J.; Tymoschenko, MCFg.
Lett. 2003 5, 301—-304.

(18) Mori, A.; Sekiguchi, A.; Masui, K.; Shimada, T.; Horie, M.; Osakada, K.;
Kawamoto, M.; Ikeda, TJ. Am. Chem. SoQ003 125, 1700-1701.

(19) Oi, S.; Fukita, S.; Inoue, YChem. Commurl998 2439-2440.

(20) Kakiuchi, F.; Kan, S.; Igi, K.; Chatani, N.; Murai, 3. Am. Chem. Soc.
2003 125 1698-1699.
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species to the corresponding rhodium(lll) species by the
halogenated solvent. Thus, the-8 bond cleavage step would
proceed via an electrophilic substitution reacttérThis is
unique in the arylation of €H bonds, but its applicability is
restricted. Recently, we reported on the ruthenium-catalyzed
arylation of ortho G-H bonds in aromatic ketones with
arylboronates (arylboronic acid esters), in which ortho arylation
products were obtained in good yields (e this arylation

©)k _RUH,(CO)(PPha);
Ar—g, ><
(IK <a @f -2 (IK

Ph)\

reaction, a nearly equivalent amount of alcohol derived from

o]

@*
A

r

the reduction of the starting ketone was obtained as a byproduct.

This suggests that the hydrogen of the ortheHCbond is

to the arylation product, this coupling reaction gave the benzyl
alcohol, formed by the addition of the HB species to the car-
bonyl group of the aromatic ketone. To suppress this undesired
reduction of aromatic ketones, the reaction was carried out in
the presence of an aliphatic ketone, which was employed as a
scavenger of the HB species. Among the aliphatic ketones
examined, pinacolone (3,3-dimethyl-2-butanone) showed the
highest activity for the €H/ArB(OR), coupling in many cases.

In some cases, acetone could also be used as a scavenger of
the HB species. This arylation reaction using arylborons can
be applied to a variety of combinations of aromatic ketones and
arylboronates. In many cases, the corresponding ortho-arylation
products were obtained in high to excellent yields based on the
aromatic ketones. The importance of the coordination of ketone
carbonyl to the ruthenium center was revealed by means of inter-
and intramolecular competitive reactions using deuterium-
labeled pivalophenones. The formation ‘&u(Me)CH(OB-
(ORY),) by addition of the HB species to pinacolone was verified
by H and'B NMR and GC/MS spectroscopy.

Reactions of 2-Methylacetophenone with Phenylboron
Compounds: Optimization of Reaction Conditions. The
reaction of 2-methylacetophenonel) with 5,5-dimethyl-2-
phenyl[1,3,2]dioxaborinane2] was carried out in refluxing
toluene using RuK{CO)(PPh); (3) as a catalyst (run 1 in eq

removed as a hydride and is then transferred to the ketones). When 1 equiv of ketone was used, the corresponding ortho-

carbonyl. From this observation, we proposed that theHC
bond was cleaved via an oxidative addition to a ruthenium(0)
species to give an arylRu—H species. Thus, the mechanism
of the C-H bond cleavage step in our coupling reaction appears
to be different from the other precedent examples.

In our arylation reaction, one of the most important steps is
the generation of a rutheniunalkoxy (Ru—OR) species, a key
intermediate in the transmetalation which appeared to be formed
by the addition of a RuH species to a carbonyl group in
aromatic ketones. For each molecule of arylation product

formed, one molecule of the aromatic ketones should be reduced

to a benzyl alcohol derivative. Therefore, the reduction of one
molecule of the ketone to the corresponding alcohol is an
inevitable side reaction. This reduction is the most serious, open
issue of our arylation protocol, and a variety of efforts have

RuH,(CO)(PPh3)3 (3)
0.02 mmol

toluene 1 mL, reflux, 1 h

At

run 1 1 mmol
run2 2 mmol

1 mmol
1 mmol

(0] OH
Ph
4 5

40% (0.40 mmol)
71% (0.71 mmol)

47% (0.47 mmol)
82% (0.82 mmol)

been made to suppress this side reaction. We found that soméphenylation product was obtained in 47% yield (0.47 mmol)
aliphatic ketones, such as pinacolone and acetone, could(run 1in eq 3). In this case, a nearly equivalent amount (40%

effectively function as an acceptor of the hydrogen of the ortho
C—H bond in aromatic ketones and the B(QRjoiety of
arylboronates ArB(ORY), (hereafter abbreviated as HB species),
thus suppressing the reduction of the aromatic ketones.

In this paper, we report that the ruthenium-catalyzed arylation
of aromatic ketones with arylboronates in the presence of an
aliphatic ketone as an acceptor of HB species gives an ortho-
arylated aromatic ketone in high yield, based on the aromatic
ketone. A plausible reaction pathway for this arylation reaction
is proposed.

Results and Discussion

When the reaction of aromatic ketones with arylboronates

(Ar—B(OR),) was conducted in refluxing toluene with the aid

of RuH;(CO)(PPh)3 as a catalyst, the ortho-arylation of the
aromatic ketone occurred via-& bond cleavage. In addition

(21) Oi, S.; Sakai, K,;
Organometallic Chemistry, Japan, Tokyo, Japan; Kinki Chemical Society,
Japan: Osaka, 2004; Abstract B202.

Inoue, YAbstract of Papers51st Symposium on

5938 J. AM. CHEM. SOC. = VOL. 127, NO. 16, 2005

yield, 0.4 mmol)) of (2-methylphenyl)ethyl alcohob)( a
reduction product ofl, which was formed by a hydrolysis of
5,5-dimethyl-2-(1e-tolylethoxy)[1,3,2]dioxaborinane during the
workup, was obtained as a byproduct. When a 2-fold excess of
ketonel was used4 was obtained in 82% yield, based on
phenylboronate (run 2 in eq 3).

The catalytic activities of some ruthenium and rhodium
complexes were investigated under the same reaction conditions
as used in run 2 in eq 3. When the reactionlofith 2 was
conducted in refluxing toluene for 20 h using a ruthenium
complex such as Ru(CefPPh)s, Ru(CO}(PPh),, RuHCI-
(CO)(PPh)3, and RuHCI(CO)(PP#s/CsF, coupling product
4 was obtained in 33%, 19%, 0%, and 29% yields, respec-
tively. For the present phenylation reactiom>-CsMes)Rh-
(C,H3SiMes),, which showed catalytic activity for the alkylation
of aromatic ketones with olefirféwas ineffective as a catalyst.
Among the complexes screened, R(ED)(PPR)s (3) exhibited
the highest activity. Therefore8 was used in the coupling
reaction described below.
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Scheme 1. Hypotheses for Conversion of a Ru—H Bond to a
Ru—OR Bond

hypothesis 1

o o o
Z“?_’ Z“ N M \H{J\ Ao
L \[H<R 0 5 o)
T A O

H CF
2 .y CH;COOH  CF3COOH
Ru Ru OH FsC
| | COOH
" RO-H OR @/OH @
hypothesis 3
B OMe
j\ " A0
Tu / Ru Fllu
H O._OMe
H Z OR SO/R OR P A \(r)r

In this phenylation, the formation of benzyl alcot®ls an
inevitable side reaction under the reaction conditions shown in
eq 3. This suggests that the addition of the-Rubond to the
carbonyl group in the aromatic ketone is a key step in this
coupling reaction. Thus, the generation of a ruthentakoxide

Table 1. Screening of Aliphatic Ketone as a Scavenger

% yield®
un aliphatic ketone pKe? value 4¢ 8d
1 pinacolone ) 8.76 67 72
2 acetone 8.33 65 61
3 2-heptanorfe 7.51 17 10
4 3-pentanone 7.43 7 37
5 3-methyl-2-butanone 7.33 29 15
6 cyclohexanone 6.38 13 NR
7 6 8.76 64 667
gn 6 8.76 88 769
] 6 8.76 8% -

aFrom ref 25.P GC yield. ¢ Reaction conditions: '2methylacetophenone
1 (12 mmol), phenylboronat2 (1 mmol), toluene (1 mL), aliphatic ketone
(2 mmol), Rub(CO)(PPh);z (3) (0.02 mmol), reflux or 110C (sealed tube),
20 h.dReaction conditions: pivalophenor (1 mmol), 2 (1 mmol),
pinacolone6 (0.5 mL, 4 mmol),3 (0.02 mmol), reflux or 110C (sealed
tube), 20 h& The value of the e for 2-butanone is used, neglecting the
effect of the alkyl chain lengtH.6 (0.5 mL).9Isolated yield" 6 (1 mL).
6 (2 mL).

good acceptors of RtH species. Though the ability of the HB
species to serve as a scavenger was not certainly consistent with
the order of the Ke values, the higher contribution of the keto
form appeared to be suitable for the addition of the-Riuspe-

cies to the carbonyl group to give the ROR species. The
activity of aliphatic ketones as a scavenger was also examined
using 2,2-dimethylpropiophenone (pivalophenond) (Vhen

the reaction was conducted in pinacolone or acetone, the coup-
ling product8 was obtained in high yields as well as the reaction
of 1. On the basis of hypothesis 2, we examined the protonation

(Ru—OR) species is essential in the transmetalation step. Weof the Ru-H bond with an alcohol or a carboxylic aéfdsuch

propose that, in place of the reduction of aromatic ketones with
the Ru-H species, the following three protocols appeared to
be effective for the conversion of the R#l to the Ru-OR
species: (i) the addition of the RuH to a carbonyl group in
aliphatic ketones (hypothesis 1 in Schemé21(ji) protonation

of the Ru-H species with alcohols or carboxylic acids
(hypothesis 2 in Scheme 33and (i) a-alkoxy eliminatiorf*
from theg-alkoxy(ethyl)ruthenium intermediate formed by the
hydroruthenation to a vinyl ether or allyl carbonate (hypothesis
3 in Scheme 1).

We verified the possibility of hypothesis 1 using several

astert-butyl alcohol, hexafluoro-2-propanol, phenol, acetic acid,
trifluoroacetic acid, and benzoic acid. Unfortunately, no reaction
or a substantial decrease in yield was observed. We also inves-
tigated the possibility off-alkoxy elimination (hypothesis 3 in
Scheme 1). When the arylation was conducted in the presence
of vinyl alcohols or allyl methyl carbonate, no improvement in
activity was observed. On the basis of these results, we
employed pinacoloné as the scavenger of the HB species.
Screening of Phenylboron Compoundsin transition-metal-
catalyzed coupling reactions using organoboron compounds such
as the SuzukiMiyaura coupling, the substituent on the boron

aliphatic ketones, such as 3,3-dimethyl-2-butanone (pinacolone)atom influences the reactivity and stability of the boron
(6), acetone, 2-heptanone, 3-pentanone, 3-methyl-2-butanoneompounds? To determine the optimal substituent on the boron
and cyclohexanone (Table 1). The findings show that pinacolone atom, the coupling reaction of with several phenylboron

6 exhibited the highest activity for the coupling reaction.

compounds was examined (Table 2). When the reactioh of

Acetone could also be used as a scavenger of the HB specieswith 2 was carried out in refluxing pinacolonéwas obtained

but its efficiency and generality were slightly lower than those
of 6. These ketones have larg&gvalues (pinacolone,x =
8.76; acetone, K = 8.33), indicating a large contribution by
the keto forn?® Thus, these ketones can potentially function as

(22) (a) Noyori, R Asymmetric Catalysis in Organic Synthesishn Wiley &
Sons: New York, 1994; Chapter 2. (b) Takaya, H.; Ohta, T.; Noyori, R.
In Catalytic Asymmetric SynthesSjima, I., Ed.; VCH: Weinheim, 1993;
Chapter 1. (c) Brunner, H.; Zettimeier, Wlandbook of Enantioselect
Catalysis VCH: Weinheim, 1993. (d) Noyori, R.; Takaya, cc. Chem.
Res.199Q 23, 345.

(23) (a) Field, L. D.; Hambley, T. W.; Yau, B. C. Knorg. Chem.1994 33,
2009-2017. (b) Osakada, K.; Ohshiro, K.; Yamamoto,@rganometallics
19971 10, 404-410.

(24) (a) Ito, H.; Nakamura, T.; Taguchi, T.; Hanazawa,Tétrahedron1995
51, 4507-4518. (b) Bedjeguelal, K.; Bolitt, V.; Sinou, CBynlett1999
762. (c) Hara, R.; Ura, Y.; Huo, S.; Kasai, K.; Suzuki, N.; Takahasahi, T.
Inorg. Chim. Acta200Q 300—302 741-748.

(25) Keeffe, J. R.; Kresge, A. J.; Schepp, N.JPAm. Chem. S0d.99Q 112
4862-4868.

in 85% isolated yield (run 1). In the case of the reaction with
phenylboronic acid, a trace amountéfvas obtained (run 2).
When the reaction was conducted in the presence of potassium
fluoride 2’ the yield was improved to 26% (run 3), but ketone

1 was recovered only in 34% yield. This suggests that ketone
1 also functioned as a scavenger of the HB species. Reactions
using 2-phenyl[1,3,2]dioxaborolan@ (run 4), 4,4,5,5-tetra-
methyl-2-phenyl[1,3,2]dioxaborolant) (run 5), and 2-phen-
yl[1,3,2]dioxaborinanell (run 6), gave4 in 60%, 46%, and
62% vyields, respectively. Phenylboronalehad the highest
phenylating ability among the phenylboron compounds screened.

(26) (a) Miyaura, N.; Suzuki, AChem. Re. 1995 95, 2457-2483. (b) Suzuki,
A. J. Organomet. Chen1999 576, 147-168. (c) Kotha, S.; Lahiri, K.;
Kashinath, D Tetrahedron2002 58, 9633-9695.

(27) Wright, S. W.; Hangeman, D. L.; McClure, L. D. Org. Chem1994 59,
6095-6097.
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Table 2. Screening of Phenylboronates® ortho position inhibited the second-® bond cleavage. The
run Ph—B(OR), yieldof4  recovery of 1 reactipn of 2—a,a,a-t_rifluorom_ethylacetophenon&!ﬁ) gave the
coupling productl6in 61% yield (run 5). In this casd,5 and
] Pi>< 0 16 were reduced to some extent. Our proposed explanation for
Ph—B 85% trace L. . . .
o this is that the electron-withdrawing €Igroup increases the
2 electrophilicity of the carbonyl group in the starting material

15 and in the coupling product6. The methoxy and fluoro
groups at the 4position in the aromatic ring remained intact
in the coupling products (runs 6 and 7). These results suggest
that the electronic nature of the substituent on the aromatic ring
j does not exert a large affect on the reactivity of these ketones.
4 Ph—B j 60% 6% Naphthalene derivatives can also be used in this reaction. The
© reaction of 1-acetonaphthone wltyave the expected 2-phenyl-
1-acetonaphthone in 78% vyield (run 8). In the case of the

2 Ph—B(OH), trace >95%

3 Ph—B(OH),” 26% 34%

5 Ph_B/OE 46% 25% reaction of 2-acetonaphthonkrj using 1.1 equiv o2, 1-phenyl-
0 (18), 3-phenyl- 19), and 1,3-diphenylacetonaphthon2§)(were
10 obtained in 5% (0.05 mmol), 46% (0.46 mmol), and 16% (0.16
0 mmol) yields, respectively (run 9). When 2 equivdivas used
6 ph—Bi :> 62% 7% for this coupling reaction, the reaction afforded a mixture of
" o 19and20in 12% and 55% yields, respectively (run 10). It is
. — ; noteworthy that €&C bond formation also took place at the
onatze(af.gorr%&%Tf"g?r?aséomié?(y('f%em?,eQﬂn@((clonf(?gg’)f?ﬁn(%zr p-position, although in the alkylation df7 with triethoxyvi-
mmol), reflux, 1 h.? KF (1 mmol) was added. nylsilane, C-C bond formation occurs only at thee position.

To determine the relative reactivity of these twe-B bonds,
After further optimization of the reaction conditions, we 2-pivalonaphthone21) was used in this coupling reaction
adopted 2 mol % Rup{CO)(PPh); (3), aromatic ketone (1  because the pivaloyl group suppressed the second Gond
mmol), and arylboronates (1.1 equiv) in refluxing pinacolone cleavage or €C bond formation. Thus, in this case, the mono

(6) (1 mL) as the standard reaction conditions (eq 4). coupling product was obtained exclusively. In this caseand
pB-phenylation product2Q and23, respectively) were obtained
RuH,(CO)(PPhg)s (3) 0o in 17% and 64% yields, respectively (run 11). We attribute this
O)L 0.02 mmol pZ . regioselectivity to steric repulsion between the ruthenium center
R+ArB:>< [ R@ R o
pinacolone 6 1 mL % and the hydrogen at the peri-position (the 8-position) or among
reflux R Ar the phenyl group and the ruthenium atom and the hydrogen at
1 mmol 1.1 equiv the 8-position, which would disturb -€C bond formation at
the 1-position (Figure 1). Fused aromatic ketones, d.¢etra-
Phenylation Reactions of Various Aromatic KetonesThe lone 24, 1-benzosuberon@6, and 2,2-dimethyk-tetralone,

applicability of aromatic ketones for use in this arylation reaction exhibited a high reactivity. The reaction of keto?4gave the
was examined using phenylboronatéTable 3). In the case of ~ phenylation produc5 in 92% yield. In this case24 was

the reaction of acetophenod using equimolar amount & recovered in 6% yield. Among the aromatic ketones examined,
in refluxing pinacolone, a mixture of mono- and diphenylation 1-benzosuberon&§) showed the highest reactivity. The reac-
products was obtained in 17%3 0.17 mmol) and 39%14, tion of 26 with 2 gave the phenylation produ2? in 98% yield.
0.39 mmol) yields based a2, respectively (run 1). When an  The reaction of 2,2-dimethyld-tetralone also gave the coupling
excess amount (2.2 mmol) &fwas used in the coupling reaction  product in 91% yield, but a prolonged reaction period (20 h)
of 12, diphenylation product4 was formed in 89% yield along  was required to attain this high yield. This suggests that steric
with a 3% vyield of13 (run 2). In the reaction of 2-methyl-1-  congestion around the carbonyl group retarded the reactivity
phenylpropan-1-one, the 1:2 coupling product was also formed of the ketone substantially.

as the major product (run 3). A similar product selectivity was  Reaction of 1-Benzosuberone 26 with ArylboronatesThe
observed in the ruthenium-catalyzed reactions of aromatic applicability of arylboronates was examined using ketgfie
ketones?@ ¢ esters’ and nitrile§9 with olefins. It has been  which exhibited the highest reactivity. Some selected results
proposed that these alkylation reactions proceed without the are listed in Table 4. The reaction with arylboronates containing
dissociation of the 1:1 coupling product from the ruthenium an electron-donating group such as methoxy Middimethy-
center. These observations provide for a scenario in which thelamino groups gave the corresponding arylation products in 88%
second G-C bond formation takes place without the dissociation and 84% yields, respectively (runs 1 and 2 in Table 4). Reactions
of the 1:1 coupling product from the ruthenium. When an with p-fluoro- andp-trifluoromethylphenylboronates also pro-
aromatic ketone with a sterically hinderestt-butyl group on vided arylation products in good yields (75% and 84% yields,
the carbonyl group was used, product selectivity was dramati- respectively). These results indicate that the electronic nature
cally changed. In the case of pivalophenong the correspond- of the substituent on the aromatic ring does not greatly affect
ing mono phenylation produ@was obtained in 76% yield as  reactivity. In the case of reactions with sterically hindered aryl-
the sole product (run 4). The large steric repulsion between theboronates, it would appear that the reactivity of the boronates
tert-butyl group and the ortho phenyl group introduced at the is low. Interestingly, however, coupling reactions using 2-tolyl-
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Table 3. Aromatic Ketone Generality?

run ketone time product yield® run ketone time product yield®
0 e} Ph O
1¢ 2h 17% 9 20h 5%
(0.17 mmol) (0.05 mmol)
12 17 18
0O
46%
39% (0.46 mmol)
(0.39 mmol) 19 Ph
Ph O
d 16%
2 12 1h 14 89% OO R
20
0]
3¢ @)H/ 1h @\)K( 70% 10f 17 1h 19 12%
Ph 20 55%
0 o 0 Ph o
4 Q)* 1h @fj\ﬁ 76% 11 2h 17%°
Ph
7 8 21 22
CFs CF3 0 Q
5 2h 61% 64% °

N

w
o
>

Ph

o]

4 h 92%

a8

25

Ph O

1h 98%

15

o
MeO 24
0 , ol

13 4h
78%

26

o o
o

8 3h Ph 78% 14 ©©<

aReaction conditions: aromatic ketone (1 mmol), phenylboror@tg¢1(1 mmol), RuH(CO)(PPh)s (3) (0.02 mmol), pinacolone (1.0 mL, 8 mmol),
reflux.  Isolated yield ¢ 2 (1 mmol). 42 (2.2 mmol).® 2 (2 mmol), pinacolone (0.5 mL}).2 (2 mmol).9 Products22 and 23 were isolated in 81% yield as
a mixture with a ratio of 21:79, respectively2 (1.5 mmol), pinacolone (0.5 mL}).2 (1.2 mmol), pinacolone (0.5 mL).

3

27

Ph O

24 h 91%

t

J\Prh\ Elucidation of Precoordination of the Ketone Carbonyl

Ru—0 to the Ruthenium Center: Competitive Reactions Using
Deuterium-Labeled PivalophenonesIn our previous study

OO concerning the alkylation of €H bonds in aromatic ketones

and esters with olefins (€H/olefin coupling), we proposed
that the carbonyl group coordinates to the ruthenium based
on deuterium-labeling experiments using acetopherdgne-
(run 5) and 1-naphthylboronates (run 6) afforded the corre- (12-ds)*® and methyl benzoatés (29-ds).* These deuterium-
sponding arylation product in 96% and 92% yields, respectively. labeling experiments indicated that the H/D exchange oc-
The reason for the high yields of these reactions is not clear atcurred between the ortho positions 1i*-ds and 29-ds and at
present, but steric congestion around the biaryl framework in the vinylic positions of triethoxyvinylsilane. The regioselectivity
the coupling products appears to prevent the-Rispecies from of the H/D exchange was consistent with the regioselectivity
attacking at the carbonyl group. Thus, the reduction of the of the C-C bond formation in the products. From these
coupling product was effectively suppressed by the bulky biaryl observations, in the case of the R(E0)(PPh)s-catalyzed
framework. Unfortunately, however, the highly hindered 2,4,6- C—H/olefin coupling, the precoordination of the carbonyl! group
trimethylphenylboronate was inactive under these reaction would be predicted to be involved prior to the-& bond
conditions. cleavage.

Figure 1. Steric repulsion between the peri-hydrogen and the ruthenium
complex.
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Table 4. Reaction of 1-Benzosuberone 26 with Arylboronates?

Scheme 2. Jones’ Protocol for Competitive Deuterium-Labeling
Experiments

run boronate yield®
[intermolecular competition]
[0)
1 MeO—@—B’ >< 88% H S H
bo) H H (m>-CsMes)Rh(H)(PMe3) ky H Rh‘H
28
hv
H H H H
o . A l A 1.05
2 meN— )-8 X eew (n®CsMes)Rh(PMiey)
0 + +
o)
: FOB: :>< 7o% i © b_L
e} D D D Rh\D
e} D D D D
4 F3COB\ >< 84% b oo
(0]
kn/kp = 1.05
Me H/KD
C O
o (intramolecular competition)
0 D
Q g :>< (n5-CsMeg)Rh(H),(PMes) ky  H Rh-,,
6 o] 92% —
o [ bed
D i 1.4
H (n>-CsMes)Rh(PMes)
aReaction conditions: 1-benzosubero®@ (1 mmol), boronate (1.2 +
mmol), Rub(CO)(PPHh);3 (3) (0.02 mmol), pinacolone (0.5 mL, 4 mmol), D D
reflux, 1 h.?Isolated yield. iy H
kp D Rh‘D
On the contrary, Brookhart found that, in the case of
(7°-CsMes)Rh(GH3SiMes),-catalyzed reaction of2-ds with H i H 1
trimethylvinylsilane, the H/D exchange occurred at the para- Rh = (n°-CsMes)Rh(PMe3) =14
H/kp = 1.

and the meta-positions but not at the ortho-position and that
C—C bond formation took place at the ortho-positfé@n the ~ for ku/ko in both the inter- and intramolecular competitive
basis of these results, they proposed thaHJor C—D) bond reactions should be nearly the same. On the other hand, if the
cleavage proceeded without the coordination of the carbonyl present reaction involves the coordination of the ketone carbonyl
and that the coordination of the ketone carbonyl to the rhodium to the ruthenium prior to €H bond cleavage, thiei/kp values
participated in the €C bond formation step, i.e., in the in these labeling experiments should be different.

reductive elimination step and not in the-@ bond cleavage On the basis of our hypothesis, we examined both inter-
step. (Scheme 3) and intramolecular (Scheme 4) competitive reac-

The results of our and Brookhart's deuterium-labeling experi- tions. The reactions of-do and 7-ds with p-methoxyphenyl-
ments described above indicate that the regioselectivity-aEC ~ Poronate 28) were conducted under the reaction conditions
bond formation in the product does not always provide accurate Shown in Scheme 3. The reactions were stopped at 40% and
information with respect to the role of the directing group in 47% conversions (runs 1 and 2, respectively). In the case of
the catalytic cycle. To reveal the role of the ketone carbonyl in "un 1, the coupling produc0-dy and30-d, were obtained in
the present arylation reaction, we applied the Jones’ protocol 40% total yield based o@8. The *H NMR and the GC/MS
of deuterium-labeling experimeRtsto our reaction. The out-  SPectra of the products indicated that the arylation products
line of Jones’ protocol is illustrated in Scheme 2 along with 30-do and 30-ds were obtained in almost the same ratio
their experimentally derivel/ko values. Jones postulated the ~(30-do/30-ds = 1.06). This ratio indicates a ratio &f/kp, i.e.,
n?-arene complex as the intermediate prior te-i& bond a kinetic isotope effect (KIE}¥ 1.06. In the case of run 2, a
cleavage on the basis of these deuterium-labeling competi-Similar value ofkq/ ko, i.e., KIE = 1.09, was observed. The
tive reactions on the basis of the observation of substantially intramolecular competitive reactions were examined using
different ku/ko values in intermolecular competitive reactions 2 -deuteriopivalophenoné&’{ds) (runs 3 and 4 in Scheme 4). In
of CeHg and GDg with (75-CsMes)Rh(PMe), compared with the case of run 3, the reaction 8fd; with 28 gave30-d; and
the intramolecular competitive reaction of 1,3,55GH3 with 30-do in 50% total yield based o@8. The ratio of30-d; and
(7°-CsMes)Rh(PMe). 30-do, indicative of the KIE ku/kp), was found to be 1.41. When

We modified these inter- and intramolecular competitive the reaction was stopped at 74% conversion (rgn 4), the KIE
reactions using deuterium-labeled pivalophenones. Our hypoth-Value kilko = 1.49) was almost the same as tha_t in run 3. Thus,
esis is as follows. If, in the present coupling reaction of aromatic N€Seki/ko values were different between the inter- (Scheme
ketones with arylboronates, -4 bond cleavage proceeds 3) and intramolecular (Scheme 4) competitive reactions. These

without coordination of the ketone carbonyl group, the values opservatpns indicate th‘?t an intermediate such as Il in
Figure 2 is produced prior to €H bond cleavage. On the

basis of the basicity of the ketone carbonyl oxygen compared
with thez-electrons of the benzene ring and the regioselectivity

(28) (a) Jones, W. D.; Feher, F.J.Am. Chem. S0d.986 108 4814-4819.
(b) Jones, W. D.; Feher, F. Acc. Chem. Red.989 22, 91—-100.
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Scheme 3. Intermolecular Competitive Reaction
o O
RuH(CO)(PPhs); (3) 0.02 mmol ‘
° (J
7-dy 0.5 mmol MeO—@—Bb:>< 0.5 mmol OMe
28 30-dp
+ +
D O toluene 1 mL, reflux b o
D D
run conversion  30-dy/30-dy = kylkp O
> TP 1 40% 1.06 D O
47% 1.09 D OMe
7'd5 0.5 mmol 3o_d4
Scheme 4. Intramolecular Competitive Reaction

OMe

RuH,(CO)(PPh3)3 (3) 0.02 mmol O o
O
0.5 mmol
o e O
28 D
+ 30-dq
D toluene 1 mL, reflux
H O

7-d4
1 mmol run conversion  30-d4/30-dp = k/kp O
3 50% 1.41 O
4 74% 149 OMe

30-dp

of C—C bond formation, the coordination of the carbonyl group
(intermediate He-"2%is more plausible compared with thé-
arene complex (intermediatk).%°

0
=
@O S 4—Ru
H Ru H

plausible less plausible

Figure 2.

Plausible Pathway for the Reduction of Pinacoloneln the
present arylation reaction, pinacolo@@ppeared to be key for
suppressing the reduction of aromatic ketones. Thsgrved
as an effective scavenger of the HB species. To confirm@hat

1in 18% yield, and trialkoxyboran81 was formed in 82%

yield. No formation of32 derived from the reduction df by

1) RuH,(CO)(PPh3); (3)
0.01 mmol, 115 °C, 1 h

2) CgDg 0.6 mL

O
O o
+ Ph—B :>< +
b tBu)J\
1 2 6

0.1 mmol 0.1 mmol 0.1 mL
(0.8mmol)
QﬁL
o <
‘PﬁL o®o
O’B\O
+ + (5)
4 3 32

82% 82% not detected

in fact, functioned as a scavenger of the HB species, we carriedthe HB species was observed. THB NMR spectrum of the

out the reaction ot (0.1 mmol) with2 (0.1 mmol) in pinacolone
6 (0.1 mL, 0.8 mmol) using cataly& (0.01 mmol) at 115C
in an NMR tube (eq 5). After 1 h, 0.6 mL of benzedgwas
added to the reaction mixture, afd and'B NMR spectra of
the reaction mixture were then collected. TheNMR spectrum
indicated that phenylation produétwas formed in 82% yield,

(29) (a) McGuiggan, M. F.; Pignolet, L. Hnorg. Chem.1982 21, 2523~
2526. (b) Munshi, P.; Samanta, R.; Kumar, L. &.0rganomet. Chem.
1999 586, 176-183. (b) Chandra, M.; Sahay, A. N.: Pandey, D. S.; Puerta,
M. C.; Valerga, PJ. Organomet. Chen2002 648 39-48.

(30) (a) Sweet, J. R.; Graham, W. A. Grganometallics1983 2, 135-140.

(b) Hackett, M.; Ibers, J. A.; Whitesides, G. M. Am. Chem. S0d.988
110 1436-1448. (c) Cordon, R.; Taube, H. Am. Chem. S0d987, 109,
8101-8102.

reaction mixture indicated that the signal rat 0 26.5 had
completely disappeared and a new signal appear@dl1at5,
which is close to a chemical shift of B(OMgfo 18.2). This
11B NMR spectrum indicated that a trialkoxyborane species was
formed during this reaction. The GC/MS spectrum showed a
base peaknyz = 199) consistent with M — Me (Cy1H23B03
— CHg). These observations indicate that pinacoldhef-
fectively functioned as an acceptor of the H and B(QC{€Hs),-
CH,0) moieties (the HB species).

To contradict the possibility that reduction prod&d was
formed by the transfer hydroboration fro82 to pinacolone
(Scheme 5), i.e., MeerweirPonndorf-Verley-type reduction,
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/jL O O
9 o
o _B.
0o Ru-catalyst o0 4 O @* (0]
+ Ph—B :>< EE—— + Ru
o H Ph A
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u

Scheme 5

o Meerwein-Ponndorf-Verley
‘BUJ\ type reduction

/R
o/jL "l e
O |
e QﬁL B
* i 0 oB~
t
Bu H tBu)\
we examined the following control experiment. When the

O
31
o
reaction ofl with 2 was carried out in refluxing toluene for 1.5 @—Bb>< o 0
& Ru
/

h, a mixture of phenylation produdtand reduction produ&2 )
u

was obtained (eq 6). Then, to the reaction mixture was added / H
L—=<
RuH,(CO)(PPhs); (3) § pinacolone 6 Bu o)
0.02 mmol D
1. 2 2 mmol 4 ® lBu)J\
toluene 1 mL ph  reflux, 16 h 6

Tmmol 1mmol oq,15h 4

43% GC yield 44% GC yield

Figure 3. A proposed reaction pathway.

ketones (e.g., acetophenones, acetonaphthones, and fused-
aromatic ketones) and arylboronates. Fused aromatic ketones
such aso-tetralones and 1-benzosuberone showed a high
reactivity for this arylation reaction. The electronic nature of
the substituent on the benzene ring in the arylboronates did not
greatly affect the reactivity. The kinetic isotope effects for the
intermolecular competitive reactionky(kp = 1.06 and 1.09)

was different from that for the intramolecular ok@/kp = 1.41

and 1.49). These results indicate that the ketone carbonyl group
coordinates to the ruthenium prior to-& bond cleavage!H

pinacolones at the same temperature, and the resulting reaction
mixture was further refluxed for 16 h. The GC analysis of the
reaction mixture indicated that conversion3# to 31 did not
occur. This observation suggests tigdt is formed by the
reduction of6 with the HB species directly.

A Plausible Reaction Pathway.On the basis of the
deuterium-labeling results and the NMR studies of the RuH
(CO)(PPh)s-catalyzed arylation of aromatic ketones with aryl-
boron compounds, we propose the reaction pathway illustrated
in Figure 3. The reac_tlon star_ts with the coprdlnatlon of the 14118 NMR studies usingd. and2 indicated that pinacolone
ketong carbonyl to mtelrmedlatB, as confirmed by the g effectively functioned as an acceptor of H and B(QCKCH).-
deuterium-labeling experiments (Schemes 3 and 4), followed ¢y 5y mojety (HB species). The catalytic arylation of aromatic
by cleavage of €H bonds to give the ortho-metalated |otones via ©H bond cleavage using arylboron compounds
ruthenacycleC. The addition of the RetH in C to the carbonyl  jeqcribed here provides new opportunities for preparing a variety
group in pinacolon® leads to alkoxy-ruthenium intermediate ¢ biaryl compounds. We anticipate that this type of coupling

D. Transmetalation between alkoxyuthenium intermediat® reaction using organometalloid and organometallic reagents and
and 2 affords the .dlaryl ruthenium |ntermedi?t'e and trial- involving C—H bond cleavage will become a powerful new
koxyborane31, which was detected biH and B NMR and synthetic protocol in organic synthesis.

GC/MS spectroscopy (eq 5). A reductive elimination, forming
a C-C bond from E provides the coupling product and Experimental Section

regenerates the active speciks General Information. *H NMR and*3C NMR were recorded on a
JEOL JNM-EX270 spectrometer operating at 270 and 67.5 MHz,
respectively!'B NMR was recorded on a JEOL ECP-400 spectrometer
The reaction of aromatic ketones with arylboronates was operating at 128 MHZH and*3C NMR signals are quoted relative to

conducted in refluxing pinacolor@with the aid of RuH(CO)- internal CHC} (6 = 7.26 and 77.0) or tetramethylsilanéB NMR
(PPh)s (3) as a catalyst to give the ortho arylation products in signals are quoted relative to BF'H NMR data are reported as
good to excellent yields. This arylation of aromatic ketones follows: chemical shift in ppmd), multiplicity (s = singlet, d=
exclusively occurred at the position ortho to the carbonyl group. doublet, t= triplet, = quartet, hept= heptet, m= multiplet, br=
The use of aliphatic ketones, especially pinacolone, as theProad). coupling constant (Hz), relative intensifC NMR data are
acceptor of the HB species is quite effective for suppressing 'POrted as follows: chemical shift in ppmo)( IR spectra were

the undesired reduction of aromatic ketones. The substituentmeasured on a Hitachi 270-50 infrared spectrometer. GC/MS analyses
. o —were performed on a Shimadzu GCMS QP-5000 gas chromatography
on the boron atom in phenylboron compounds influences its

g : ENCeS IS mass spectrometer.
reactivity. Phenylboronat derived from phenylboronic acid GC Analysis. Conditions for the GC analysis were as follows:

and 2,2-dimethyl-1,3-propanediol showed the highest reactivity shimadzu GC-14A (equipped with CBP-10 255m0.2 mm); initial
among the phenylboron compounds screened. The presentemperature, 70 or 12C; final temperature, 256C; rate, 10°C/min;
arylation can be applied to various combinations of aromatic injection temperature, 250C; detector temperature, 23C.

Conclusion
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Solvents and Materials.Toluene was distilled under nitrogen over  equipped with a reflux condenser connected to a nitrogen line, a rubber
Cahb. Aliphatic and aromatic ketones were distilled under nitrogen over septum, and a magnetic stirring bar. The flask was flame dried under
CaSQ. RuH,(CO)(PPh); was prepared by previously described a stream of nitrogen. The ruthenium complex (0.02 mmol), 1 mL of
method® toluene, pivalophenonér (1 mmol), ando-methoxyphenylboronat28

General Procedure.The apparatus used in the reactions consisted (0.5 mmol) were then placed in the flask. The resulting mixture was
of a 10-mL two-necked flask equipped with a reflux condenser refluxed under a nitrogen atmosphere for 15 min. The reaction mixture
connected to a nitrogen line, a rubber septum, and a magnetic stirringwas analyzed by GC and GC/MS, and the ratio of3Bel, and30-d;
bar. The flask was flame-dried under a stream of nitrogen. The in the reaction mixture was determined by GCA¥1&nd'H NMR
ruthenium complex (0.02 mmol), 1 mL of pinacolone, aromatic ketone Spectrometry. The products and the starting materials were isolated and
(1 mmol), and arylboronic acid ester{1.5 mmol) were then placed  purified by alumina and silica gel column chromatography.
in the flask. The resulting mixture was refluxed under a nitrogen Confirmation of the Direct Reduction of Pinacolone with HB
atmosphere. The progress of the reaction was monitored by GC analysisSpeciesThe apparatus consisted of 10-mL two-necked flask equipped
and the product was isolated and purified by alumina and/or silica gel with a reflux condenser connected to a nitrogen line, a rubber septum,
column chromatography. and a magnetic stirring bar. The flask was flame-dried under a stream

Intermolecular Deuterium-Labeling Experiment Using Piv- of nitrogen. The ruthenium complex (0.02 mmol), 1 mL of toluene,
alophenoned, (7) and Pivalophenoneds (7-ds). The apparatus 2'-methylacetophenond)((1 mmol), and phenylborona(1 mmol)
consisted of a 10-mL two-necked flask equipped with a reflux condenser were then placed in the flask. The resulting mixture was refluxed under
connected to a nitrogen line, a rubber septum, and a magnetic stirringa nitrogen atmosphere for 1.5 h. The reaction mixture was analyzed
bar. The flask was flame-dried under a stream of nitrogen. The by GC. To the reaction mixture, pinacolone (2 mmol) was carefully
ruthenium complex (0.02 mmol), 1 mL of toluene, pivalophendfe (  added at the same temperature using a syringe. The resulting reaction
(0.5 mmol), pivalophenonds (7-ds) (0.5 mmol), andp-methoxyphe- mixture was refluxed for 16 h further, and the reaction mixture was
nylboronate28 (0.5 mmol) were then placed in the flask. The resulting analyzed by GC.
mixture was refluxed under a nitrogen atmosphere for 15 min. The
reaction mixture was analyzed by GC and GC/MS, and the ratio of the ~ Acknowledgment. This work was supported, in part, by
30-dy and 30-d, in the reaction mixture was determined by GCM1S  PRESTO, JST. This work was supported, in part, by the Kurata
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were isolated and purified by alumina and silica gel column chroma- to F. K.
tography.

Intramolecular Deuterium-Labeling Experiment using Pivalophe- Supporting Information Available: Physical data for all new
none<d (7-di). The apparatus consisted of 10-mL two-necked flask compounds. This material is available free of charge via the
Internet at http://pubs.acs.org.
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