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Ru(CH),/Al,04 efficiently catalyzes the heterogeneous aerobic oxygenation or oxidative dehydrogenation of alkylarenes to give the corresponding
oxygenated or dehydrogenated products. Catalyst/product separation is very easy, and the recovered catalyst is reusable with retention of the
high catalytic performance.

The oxidation of alkylarenes has received much attention. using nitrous oxidé, sulfoxide® and molecular oxygen in
For example, it has been reported that the polyacenecombination with reducing agenrtsr radical initiatorg have
derivatives can be applied to organic semiconductors andbeen reported, there are only a few examples of such liquid-
transistors and that dehydrogenation of the corresponding phase oxidation with molecular oxygen as the sole oxiélant.
alkylarenes is one of the most reliable candidates for the In addition, the use of solid or supported catalysts is more
synthesis of polyacene derivatives among various syntheticdesirable because of their easy isolation from the products
procedured.Since dehydrogenation of alkylarenes typically and recycling?® In these contexts, it is desirable to develop
requires stoichiometric oxidation reagents and/or relatively the heterogeneously catalyzed aerobic oxidation of alkyl-
forced reaction conditiorsalternative efficient procedures, —arenes with high turnover numbers under mild reaction
i.e., catalytic aerobic oxidation systems, have been desired. conditions. We report in this paper the efficient heteroge-
The development of the catalytic oxygenation of alkylarenes Neous aerobic oxygenation and oxidative dehydrogenation
with molecular oxygen is also technologically and environ- Of alkylarenes catalyzed by Ru(O¥#I2Os.

mentally important. Although numerous catalytic systems
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Table 1. Oxidation of Xanthene and 9,10-Dihydroanthracene with Molecular Oxygen by Various Catalysts

xanthene 9,10-dihydroanthracene
conversion selectivity? conversion selectivity®
entry catalyst (%) (%) (%) (%)
1 Ru(OH)x/Al,O3 >99 >99 >99 93
2 Ru(OH)3z:nH>0 <1 37 92
3 RuO; <1 9 99
4 RUClz(PPh3)3 <1 <1
5 RuClx(DMSO),4 <1 58 90
6 RuCl;(bpy)2 <1 <1
7 RuClsz-nH,0 <1 4 98
8 [RuszO(OAC)s(H20)3](OAC) <1 <1
9 K2RuClg <1 15 96
10 nPrsNRuO4 38 >99 9 82
11d Al,O3 <1 <1
12d Al,O3 treated with NaOH <1 <1
13¢ Ru(OH)3°:nH20 + Al>,O3 6 >99 6 54
14¢ RuCl3:nH,0 + Al,O3 3 >99 <1
15f Pd(OH)x/AlLO3 2 >99 5 84
16f Rh(OH)x/AlLO3 2 >99 6 19
17 Pt(OH),/Al>O3 1 >99 21 79
18f V(OH),/Al,03 <1 11 97
19f Fe(OH),/Al>O3 <1 <1
20f Cu(OH),/Al,03 2 >99 2 19

aReaction conditions for xanthene: xanthene (1 mmol), catalyst (Ru: 2 mol %),sRB@#L), 373 K, 2 h, under 1 atm of molecular oxygen. Reaction
conditions for 9,10-dihydroanthracene: 9,10-Dihydroanthracene (1 mmol), catalyst (Ru: 2 nmpk$tgne (6 mL), 403 K, 4 h, under 1 atm of molecular
oxygen. Conversion and selectivity were determined by GC with an internal stah@&ale.ctivity for xanthen-9-oné.Selectivity for anthracene. Anthraquinone
and anthrone were formed as byproducts in some c888smg.¢ Mixture of Ru catalyst (2 mol %) and AD; (80 mg) was used.Catalyst (metal: 2 mol
%).

First, the catalytic activity for the oxidation of xanthene could be easily separated from the reaction mixture by simple
and 9,10-dihydroanthracene with 1 atm of molecular oxygen filtration. It was confirmed by inductively coupled plasma
as the sole oxidant was compared with those of various combined with atomic emission spectroscopy (detection limit
catalysts (Table 13 No oxidation proceeded in the presence of 7 ppb) that no ruthenium was present in the filtrate after
of Al,Os or Al,O; treated with NaOH. The catalytic activity the separation of the catalyst. Then, the filtrate was evapo-
of Ru(OH)/AI,O3; was higher than those of other hetero- rated in vacuo, and the crude product was purified by
geneous ruthenium catalysts such as Ru@t,O, RuQ, recrystallization to give analytically pure white crystals of
and zerovalent Ru clusters and homogeneous rutheniumxanthen-9-one (92% isolated yield). Interestingly, the oxida-
complexes. Under the same conditions, other supportedtion of xanthene was completely stopped by the removal of
transition metal hydroxide catalysts of Pd, Rh, Pt, V, Fe, Ru(OH)/Al,O; from the reaction solution (Figure S1,
and Cu were much less active. The catalytic activities of Supporting Information). A first-order dependence of the
Ru(OH)-nH,O and AbO; or RuCk-nH,O and AbO; were initial rate on the amount of RU(OKAI,O3 (0.5—2.0 mol
lower than that obtained with Ru(OAl,0s. The oxidation %, Figure S3, Supporting Information) was observed. These
of xanthene in nonpolgp-xylene, trifluorotoluene, chloro-  results indicate that any ruthenium species that leached into
benzene, and toluene for 1 h gave xanthen-9-one yields ofthe reaction solution was not an active homogeneous catalyst
80, 78, 77, and 72%, respectively, under the conditions in and that the observed catalysis was truly heterogeneous in
Table 1. The polar 1,4-dioxan&,N-dimethylformamide, naturet? Further, recovered Ru(O A ,O; after the oxida-
acetonitrile, and acetic acid were poor solvents. tion was recyclable, and both the reaction rate and selectivity

When the oxidation of xanthene was carried out at 373 K toward oxygenation and dehydrogenation were retained
in trifluorotoluene, a quantitative yield of xanthen-9-one was (entries 2 and 13 in Table 2).
obtained after 2 h. After the oxidation, the Ru(Qt4) .05 The scope of the present Ru(QH) .03 catalyst system
toward various kinds of alkylarene derivatives was examined.
siV(elll) ng;gall?s(rgﬁi?rg f?zr 23}%}"“}23)' T;?]tﬁegnlzsa \é;?rll c\)llv?genzugﬁgs':- The results are summarized in Table 2. In the present system,
6 m{)[.)The reaction miituare was st?rred at 373 K under 1 atm of molecular monoactivated substrates such as toluene and xylene could
oxygen. The products were confirmed by GC analysis in combination with not be oxidized. In the case of substrates with only one

mass andH and*3C NMR spectroscopy, and the conversion and product i

selectivity were periodically determined by GC analysis during the oxidation. benzyllc methylene group such as xanthene and fluorene,
After the reaction was finished, the spent catalyst was separated by filtration,
washed with a large amount of acetone, and dried in vacuo prior to being  (12) Sheldon, R. A.; Wallau, M.; Arends, I. W. C. E.; Schuchardt, U.
recycled. Acc. Chem. Red.998,31, 485.
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s to the corresponding anthracenes together with small amounts

Table 2. Oxidation of Various Alkylarene Derivatives with of the ketones (entries-57). Not only benzylic C-H bonds

Molecular Oxygen Catalyzed by Ru(O¥AI,042 but also allylic C-H bonds were also efficiently dehydro-
entry substrate conditions time(h) conv.(%) product select.(%) gena:ted to afford the correspondmg aromatized products
° (entries 9 and 10). Heterocyclic amines, 1,2,3,4-tetrahydro-
1 A 2 >99(92) >99 quinoline, and indoline gave the corresponding dehydroge-
2 A 2 97 >99 nated products (entries 11 and 12). Remarkably, the N-pro-
tected indoline oN-benzylindoline was dehydrogenated to
3 (7 B 4 93(92 99 ) . .
O O ©2 g N-benzylindole with protection of benzyl group (entry 14).
O . .
The rates of alcohol oxidations were much faster than those
4 B ° %8 88 of the oxidation of alkylarenes to the ketones. For example,
the oxidation rate of fluoren-9-ol to fluoren-9-one at 403 K
5 c 4 >99(88) 93 was 8.23 mM min! and was 20 times faster than that of
fluorene to fluoren-9-one. When the reaction of 9-hydroxy-
e U1 8 15 serny ) o2° 9,10-dihydroanthracene was carried out under reaction
conditions C in Table 2, 9-hydroxy-9,10-dihydroanthracene
7 o 7 85 82' was quantitatively conv_erted within 10 min, a_nd anthracene,
OO OO anthrone, and anthraquinone were obtained in 91, 7, and 2%
yields, respectively? Al,Os could also efficiently catalyze
8 O.O B 4 82(79) OQO >99 the dehydration of 9-hydroxy-9,10-dihydroanthracene to give
99% vyield of anthracene as the sole product under the same
8 c 8 89(81) >89 reaction condition&? suggesting that the dehydration may
mainly be promoted by the AD; support. Further, it was
0 (1 A 4 99 e confirmed that Ru(OHJAI,O; did not catalyze the oxidation
of anthracene to anthrone and anthraquinone. These facts
11 @\/j A 7 95(91) m 99 suggest that alcohols are formed as intermediate products
N N that are rapidly dehydrogenated or dehydrated to the corre-
sponding oxygenated or dehydrogenated products, respec-
%b CQ ﬁ % i88<9°) @Q iSS tively, in the present alkylarene oxidation.
§ \H The reaction rates and selectivities for the oxidation of
14 m A 5 97(88) @;} 98 xanthene and 9,10-dihydroanthracene were not affected by
Bn Bn the addition of radical scavenger 2,64dit-butyl-4-meth-
aReaction conditions A: substrate (1 mmol), Ru(@®).0z (2 mol ylphenol (2 mol % with respect to the substrate). In addition,

%), PhCE (6 mL), 373 K, under 1 atm of molecular oxygen. Reaction i i2ati i
conditions B substrate (1 mmol). RU(QHI:0s (5 mol %), o-dichlo- the skeletal isomerization of cyclopropyl ar_u_j cyclobutyl rings
robenzene (6 mL), 443 K, under 1 atm of molecular oxygen. Reaction did not take place under the present conditighiEhese facts

COSdESSSKC: Sdubsltratte (1fmm|0|), IRU(OJvP)Izos ((:2 mol %),p-xsgene; (Gt, " show that free radical intermediates are not involved in the
mL), , under 1 atm of molecular oxygen. Conversion and selectivity S " L

were determined by GC with an internal standard. Carbon balance for eachPr€S€nt oxidation. The competitive oxidation of alkY_lareneS
reaction was greater than 95%. Values in parentheses are isoleted yieldsof xanthene, 9,10-dihydroanthracene, fluorene, triphenyl-

b These experiments used a recycled catalyst. The reaction conditions weréathane. and diphenylmethane was carried out. When the
the same as those for the first runs with a fresh catalyst. The initial rates ! )

for the recycled runs were the same as that for the first run with a fresh relative rates were plotted against the heterolytieHCbond
catalyst.° 5SH-Dibenzop.dcyclohepten-5-one was formed (12% selectivity). - energy, the homolytic C—H bond energy, ionization poten-
d Anthraquinone (5% selectivity) and anthrone (2% selectivity) were formed. . | (,j . d Ei 2 ' . f
e 10-Methylanthrone was formed (8% selectivity’L0-Phenylanthrone was t!a! an P& (Figure 1 an . Figure S2, Supporting In orma-
formed (18% selectivity). tion), a fairly good correlation was observed between relative
rates versus the heterolytic-®1 bond energy, suggesting
) ) N ] that the formation of carbocation-type transition state via the
oxygenation at the benzylic position proceeded selectively 1y qride abstraction is involved in the present oxidation.
to give the corresponding diaryl ket.onels in excellent yields Here, we propose the possible mechanism for the RufOH)
(entries 1 and :'3)- Largeroscale oxidation of xanthene (20 |,0.-catalyzed oxidation of alkylarenes in Scheme 1. This
mmol scale, Rul. 0.1 mol %) showed a turnover frequency caalytic oxidation can be divided into three steps: Initially,
(TOF) of 218 h, a turnover number (TON) of 921, and @ he reaction of ruthenium hydroxide specieswith an
yield of 92%. These values are the highest among thoseg|yylarene proceeds to form ruthenium hydride spedies
reported for oxygenatpn of alkylarenes usmgll atm of a4 the intermediate alcohol (step 1). The hydride species
molecular oxygenaso far: #fVoM0190u0 (TOF 3.2 1T, TON then reacts with molecular oxygen (step 2). The reoxidation
58 for xanthenej? N-hydroxyphthalimide (TOF 0.5H, of the hydride species likely proceeds through the insertion
TON 10 for xanthenej,BuuNHSQ/NaOH (TOF 8.5 ht,
bpPy _ ; (13) Under anaerobic conditions, the dehydration of 9-hydroxy-9,10-
TON 5 for Xamhenea’ Ru—Co—Al CQ_ hydrotalcne (TOF dihydroanthracene to anthracene proceeded with the same rate as that in
4.5 h_l, TON 9 for xanthene?? Co Shiff base complex/2- the presence of molecular oxygen.
methylpropanal (TOF 0.5 #, TON 10 for fluoreney. (14) (a) Yamaguchi, K.; Mizuno, NAngew. Chem., Int. E®002,41,

. - 4538. (b) Yamaguchi, K.; Mizuno, NAngew. Chem., Int. EQ003,42,
9,10-Dihydroanthracene derivatives were smoothly converted {450’ ((C)) Yamaguchi, K. Mizuno, ,\Chegm_ Eur. J2003,41, 4353
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5 Scheme 1. Possible Reaction Mechanism
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Figure 1. Relative rates for the competitive oxidations of alky- _ i
larenes, xantheneX], 9,10-dihydroanthracendddA), triphenyl- OH R”(OZ’;X:;“’ZW

methane (T), diphenylmethand®PM), and fluorene E) as a O‘O _orfSs OOO + H,0
function of heterolytic bond energy-AGnaiadR") is the free L ]

energy of R—H heterolytic bond disassociation: R—HR™" +
H-

rate-limiting step. A kinetic isotope effecky{/kp) of 5.3 +
0.2 for the oxidation of fluorene and fluoremugy at 403 K
supports that the above C—H bond cleavage (step 1) is a
rate-limiting step (Supporting Information, Figure S63.

of molecular oxygen into the hydride specié$n the case

of alkylarenes with one methylene group such as xanthene,
the oxidation of the intermediate alcohols proceeds to afford .
the corresponding ketones by Ru(QIA),0s (step 3). For In conclusion, the present Ru(O#Al,O; catalyst can act

other substrates such as 9,10-dihydroanthracene, the deh;f-ilsk a}n efﬂmgnt_ het'Ferogen_eous cla tabllSt for the OX'dt?qtlon (I)f
dration of the intermediate alcohols takes place, giving the alkylaréne derivatives using molecular oxygen as the sole

corresponding dehydrogenated products (step 3). It Was’oxidant. The oxidation of various alkylarenes can be per-

confirmed that the amounts of molecular oxygen consumed formeddwlth high corsvgrs%n gn(? select;w(;y, g'g'n% thCe ctoT- N
was equivalent to that of the xanthen-9-one produced for responaing oxygenated or dehydrogenated products. tatalys

the oxidation of xanthene and that half that of anthracene product separation is very easy, and the recovered catalyst

produced for the oxidation of 9,10-dihydroanthracene. The is reusable with retention of the high catalytic performance.

formation of water for the oxidation of xanthene and 9,10- .
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