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Abstract: A facile and efficient method for the quan-
titative synthesis of [CpRu(IV)(p-C3H5)(2-quinoli-
necarboxylato)]PF6 from [CpRu(CH3CN)3]PF6, 2-
quinolinecarboxylic acid, and 2-propen-1-ol has
been established. The cationic Ru(IV) complex is
air- and moisture-stable, and can be stored in a vial
for at least six months. This complex realizes a sim-
ple and easy operation for both the deallylation of
allyl ethers in methanol and the dehydrative allyla-
tion of alcohols. Furthermore, with removal of the
volatile allyl methyl ether co-product from the reac-
tion system, the robust catalyst can attain a turnover
of 10000 cycles of allyl ether cleavage.
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Allyl ethers 1, which are structurally simple and stable in
both acidic and basic conditions, have a high potential
for affording the best protection of hydroxy groups.[1]

Their removal, however, requires a two-step process,
which is typically Rh- or Ir-catalyzed isomerization, fol-
lowed by acidic or oxidative cleavage of the intermedi-
ary alkenyl ethers, to yield the corresponding alcohols
2.[2] The single-step deprotection of allyl ethers can
also be attained by using an Ni, Pd, or Os complex, but
in the presence of excess acid, base, reducing agent, or
oxidizing agent.[3] These indispensable prerequisites of-
tendecrease thepracticality of the complexes in terms of
chemoselectivity, reactivity, operational simplicity, and
product isolation, among others. The disadvantages
have been recently overcome to a great extent by the de-
velopment of a new catalyst system consisting of
[CpRu(CH3CN)3]PF6 (3) and 2-quinolinecarboxylic
acid (4).[4,5] This catalyst functions as a highly reactive

cleaver of allyl ether in alcoholic solvents under very
mild and additive-free conditions. Furthermore, by us-
ing non-alcoholic solvents or no solvent, the highly effi-
cient catalytic dehydrative allylation of alcohols with 2-
propen-1-ol can be achieved.[6,7] A novel CpRu(II) cata-
lyst would certainly increase the utility of allyl ethers in
protecting group chemistry but, from a practical view-
point, the instability of Ru(II) catalysts is a drawback.[8]

Herein we report on a solution to this problem to update
the original method.[4,6]

The CpRu(II)-4-catalyzed reactions are thought to
proceed via an intermediate catalyst– substrate com-
plex, which is generated via olefin-mediated coordina-
tion of 2-propan-1-ol onto a CpRu(II)/2-quinolinecar-
boxylic acid species 5. Here, a hydrogen bond is formed
between the COOH moiety of the catalyst part and the
OH group of 2-propen-1-ol, and the s-donative sp2-N
atom of the quinoline moiety and the monoanionic h5-
Cp ligand strongly coordinate to theRu ion.[4,6] These si-
multaneous events synergistically enhance the electro-
philicity of C(3) and the nucleophilicity of Ru,[9] thereby
accelerating the generation of the cationicCpRu(IV)(p-
C3H5) carboxylate species 6.[10] The p-allyl complex 6
was successfully isolated as a single crystal, and its mo-
lecular structure was determined by X-ray diffraction
analysis.[6] We have established the reliable, practical,
and quantitative preparation of 6 by taking advantage
of the higher stability of Ru(IV). The robustness as
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well as the catalytic reactivity in the title reactions have
also been investigated.
When [CpRu(CH3CN)3]PF6 and 2-quinolinecarbox-

ylic acid were mixed in a 1.0 :1.0 ratio in acetone at
room temperature, ligand exchange between CH3CN
and 4 occurred immediately to form the CpRu(II)-4
complex 5. This complex was then treated with an ace-
tone solution containing a 1.0 mol amount of 2-prop-
en-1-ol at room temperature for 15 min. Concentration
of the solution to about a tenth of the total volume, fol-
lowed by filtration, afforded the Ru(IV)-p-allyl com-
plex 6 as a pale yellow solid in a quantitative yield (see
Experimental Section). This procedure is operationally
simple because the only co-product is water, and its re-
producibility is high in a range of 1–10 g.Thus prepared,
thep-allyl complex 6 could be stored in a standard vial at
room temperature for at least six months without any
decomposition.

Complex 6 exhibited the same reactivity and chemo-
selectivity as the original CpRu(II)-4 combined system,
not only in the removal of the allyl group from allyl
ethers but also in the formation of allyl ethers from alco-
hols and 2-propen-1-ol. Representative results are
shown in Table 1. 2-Phenylethyl allyl ether (1a) was
smoothly deallylated in methanol at 30 8C with the con-
centrations of [1a]¼500 mM and [6]¼1 mM to give, af-
ter 3 h, 2-phenylethanol (2a) in a quantitative yield (en-

try 1). A complex that had been kept in air for over six
months showed identical reactivity (entry 2). When
the reaction was carried out with occasional removal
of themethanol solvent and the co-product, allyl methyl
ether, followed by addition of the removed amount of
methanol, the turnover number (TON) approached
10000. Even when a 0.1 mmol amount of 6 was used,
all of the substrate 1a was quantitatively converted to
2a after 35 h (entry 3). The turnover frequency (TOF)
was calculated to be 500 h�1. The allyl groups of secon-
dary and tertiary alkanols, aswell as those of an aromatic
alcohol such as 1b, 1c, or 1d, were also quantitatively re-
moved (entries 4–6). In a similar way, 2a was allylated
with a 1.0 mol amount of 2-propen-1-ol either without
solvent or in dichloromethane to give 1a in >90% yield
(entries 7 and 8).[9]

In conclusion, the cationic CpRu(IV)(p-C3H5)-2-qui-
nolinecarboxylato complex 6 has been shown to be a ro-
bust and highly active catalyst for the cleavage and for-
mationof allyl ethers.The complex canbequantitatively
prepared via an easy and simple one-pot synthesis and
can be kept for a long time without protection from air
andmoisturewith no loss of catalytic activity. In compar-
ison to the original Ru(II)-based method,[4,6] the advan-
tages afforded by the new complex 6 should further en-
hance the practical value of allyl ethers for hydroxy pro-
tection in organic synthesis.

Experimental Section

Catalyst Preparation

Acetone was distilled over 4 J molecular sieves under argon
into a Schlenk tube, and used after being degassed by three
freeze– thaw cycles. [CpRu(CH3CN)3]PF6

[12] and 2-quinoline-
carboxylic acid were purchased from Strem and Aldrich, re-
spectively, and used without purification. [CpRu(CH3CN)3]-
PF6 (3.28 g, 7.56 mmol) was placed in a dry and argon-filled
500-mLSchlenk tube containing aTeflon-coatedmagnetic stir-

Table 1. Catalytic deallylation of allyl ethers and allylation of alcohols by [CpRu(IV)(p-C3H5)(2-quinolinecarboxylato)]PF6

(6).

Entry Substrate (mM) Product Solvent S/C Temp [8C] Time [h] Yield [%][a]

1 1a (500) 2a CH3OH 500 30 3 >99
2[b] 1a (500) 2a CH3OH 500 30 3 >99
3[c] 1a (2000) 2a CH3OH 10000 30 35 >99
4 1b (500) 2b CH3OH 500 30 3 99
5 1c (500) 2c CH3OH 500 30 3 >99
6 1d (100) 2d CH3OH 100 30 3 >99
7 2a (–) 1a – 2000 70 6 92
8 2a (500) 1a CH2Cl2 500 reflux 3 93

[a] The yield was determined by GC analysis with a DB-WAX column.[11]
[b] The catalyst was used after being stored in air for over six months.
[c] The reaction was carried out with occasional removal of volatiles under reduced pressure followed by addition of methanol

to keep the initial concentration.
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ring bar. Thewhole systemwas evacuated and filledwith argon
gas, and then acetone (150 mL) was introduced, resulting in a
pale yellow solution. To this, a solution of 2-quinolinecarboxyl-
ic acid (1.30 g, 7.56 mmol) in acetone (50 mL), prepared in a
similar way, was introduced through a cannula with a slightly
positive argon pressure. After stirring for 30 min at 27 8C, a sol-
ution of 2-propen-1-ol (520 mL, 7.56 mmol) in acetone (25 mL)
was introduced to the resulting dark reddish solution through a
cannula, and themixturewas stirred for 15 min at 27 8C.During
this period, the color faded to yellow. The whole mixture was
concentrated to ca. 30 mL, leading to precipitation of a pale
yellow solid. The supernatant was removed through a cannula,
one end of which was capped by filter paper. The pale yellow
solid remaining in the Schlenk was washed three times with
cold acetone (total 20 mL, 0 8C) in the same way. Drying at
0.005 mmHg for 12 h gave the [CpRu(IV)(p-C3H5)(2-quino-
linecarboxylato)]PF6 complex; yield: 3.93 g (7.50 mmol),
99%); anal. calcd. for C18H16F6NO2PRu: C 41.23, H 3.08, N
2.67; found: C 41.48, H 2.95, N 2.73. The 1H- and 13C-NMR,
HR-mass, and IR spectra were consistent with those reported
in the previous paper.[6]

The complex (100 mg) was kept in a screw-capped vial at
27 8C for six months. The catalytic activity of the stored com-
plex in the deallylation of 1awas identical to that of freshly pre-
pared 6 (Table 1, entries 1 and 2).

Deallylation

[CpRu(p-C3H5)(2-quinolinecarboxylato)]PF6 (6; 1.9 mg,
3.7 mmol) was placed in a 20-mL Schlenk tube under an argon
stream.To thiswas added amixture of allyl 2-phenylethyl ether
(1a; 0.300 g, 1.85 mmol) and methanol (3.4 mL) which was de-
gassed three times by the freeze-thaw method via a cannula.
The yellow solutionwas stirred for 3 h at 30 8C.GCanalysis de-
termined the yield of 2-phenylethanol (2a) to be >99%.[11] The
reaction mixture was concentrated under reduced pressure to
give a crude product, which was separated by chromatography
on silica gel (AP300, 15 g; eluent, 7 : 3 hexane–ethyl acetate) to
give pure 2a; yield: 0.225 g (99%). 1HNMR (600 MHz, CDCl3):
d¼2.88 (t, 2H, J¼6.42 Hz, C6H5CH2), 3.87 (t, 2H, J¼6.42 Hz,
CH2CH2OH), 7.23–7.34 (m, 5H, aromatic).

Allylation

Nosolvent system: 2-Phenylethan-1-ol (2a; 0.782 g, 6.40 mmol)
and 2-propen-1-ol (0.372 g, 6.40 mmol) were placed in a 20-mL
Schlenk tube equipped with a YoungNs tap, and the whole mix-
ture was degassed three times by the freeze-thaw method.
[CpRu(p-C3H5)(2-quinolinecarboxylato)]PF6 (1.7 mg, 3.2 mmol)
was placed in another 20-mL Schlenk tube equipped with a
YoungNs tap under an argon stream. To this was added the 2a
and 2-propen-1-ol mixture through a cannula under an argon
stream. The yellow homogeneous mixture was stirred at
70 8C for 6 h. GC analysis determined the yield of allyl 2-phe-
nylethyl ether (1a) to be 92%.[11]

CH2Cl2 system: 2-Phenylethan-1-ol (2a; 0.268 g,
2.19 mmol), 2-propen-1-ol (0.127 g, 2.19 mmol), and dichloro-
methane (4.0 mL) were placed in a 20-mL Schlenk tube equip-
ped with a YoungNs tap, and the whole mixture was degassed
three times by the freeze-thawmethod. [CpRu(p-C3H5)(2-qui-

nolinecarboxylato)]PF6 (6; 2.3 mg, 4.4 mmol) was placed in an-
other 20-mL Schlenk tube equipped with a YoungNs tap under
an argon stream. To this was added the 2a and 2-propen-1-ol
solution through a cannula under an argon stream. The yellow
homogeneous solution was stirred for 3 h in a 70 8C oil bath.
GC analysis determined the yield of allyl 2-phenylethyl ether
(1a) to be 93%.[11]
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