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Abstract: The complex bis(acetonitrile)bis(triphenyl-
phosphine)ruthenium(II) sulfate [Ru ACHTUNGTRENNUNG(PPh3)2ACHTUNGTRENNUNG(NCCH3)2ACHTUNGTRENNUNG(SO4)], fully characterized spectroscopical-
ly and by a single crystal X-ray study, catalyzes at
110 8C the direct transformation of primary alcohols
to the corresponding acetals with liberation of mo-
lecular hydrogen. The formation of acetals proceeds
via direct substitution of the hydroxy group of the

hemiacetal intermediate by an alcohol molecule. The
closely related bis(triphenylphosphine)ruthenium(II)
acetate [Ru ACHTUNGTRENNUNG(PPh3)2ACHTUNGTRENNUNG(OAc)2] catalyzes the conversion
of primary alcohols to the corresponding esters
rather than acetals.
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Introduction

The atom-efficient and environmentally benign cata-
lytic oxidation of alcohols to various carbonyl com-
pounds is of much industrial interest.[1–4] Particularly
desirable is the homogeneous selective alcohol dehy-
drogenation with evolution of molecular hydro-
gen.[5–12]

Acetals are usually prepared by condensation of al-
dehydes with alcohols, catalyzed by various catalysts,
including protic[13] or Lewis[14] acids. The direct con-
version of alcohols to the corresponding acetals is an
attractive reaction, due to its high atom economy and
circumventing the need for aldehydes or aldehyde de-
rivatives.

To the best of our knowledge, there are only three
reported homogeneous catalysts for the direct trans-
formation of primary alcohols to acetals and molecu-
lar hydrogen.[11,12,15] In 1987, Murahashi et al.[12] re-
ported the RuACHTUNGTRENNUNG(PPh3)3Cl2-catalyzed conversion of 1-
hexanol to 1,1-bis ACHTUNGTRENNUNG(hexyloxy)hexane in 8 turnovers at
180 8C after 4 h under Ar, together with the formation
of hexyl hexanoate. In 2000, Thorp et al.[15] reported
the conversion of ethanol to the acetal +acetaldehyde
(total of 30 turnovers) catalyzed by Re(4-
NC6H4Cl)Cl3ACHTUNGTRENNUNG(PPh3)2 +8 dppe, after 48 h reflux in 95%
ethanol under Ar. An acridine-based pincer catalyst
(Scheme 1) was reported by our group in 2009.[11]

Heating 0.1 mol% catalyst solution in either neat 1-
hexanol (157 8C, oil bath temperature) or 1-pentanol

(bp 138 8C, reflux) under Ar for 72 h yielded 81.5%
and 92% of the corresponding acetals, respectively.

In this paper, we describe a ruthenium complex
based on simple commercially available ligands,
which efficiently and selectively catalyzes dehydro-
genation of primary alcohols to acetals and H2 in high
turnover numbers and good selectivity under mild
conditions. The simple catalyst structure and its easy
synthesis, along with its efficiency, make it particularly
attractive.

Results and Discussion

The new Ru ACHTUNGTRENNUNG(PPh3)2 ACHTUNGTRENNUNG(NCCH3)2ACHTUNGTRENNUNG(SO4) (1) was prepared
by reaction of Ru ACHTUNGTRENNUNG(PPh3)3Cl2 with Ag2SO4 in a solution
of acetonitrile and methanol (Scheme 2). The
31P{1H} NMR spectrum of 1 exhibits a singlet at
52.47 ppm. The methyl groups of acetonitrile give rise

Scheme 1. Conversion of primary alcohols to acetals and H2

catalyzed by an acridine-based pincer catalyst.

Adv. Synth. Catal. 2012, 354, 497 – 504 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 497

FULL PAPERS



to singlets at 1.94 and 4.20 ppm in the 1H and
13C{1H} NMR spectra, respectively. A single crystal X-
ray study of 1 reveals a distorted octahedral structure
with two acetonitrile molecules coordinated trans to
each other (Figure 1). The deviation from an idealized
octahedral geometry is due to the small bite angle of
the SO4 ligand.

Complex 1 catalyzes dehydrogenation of primary
alcohols to acetals (Table 1). In reactions at elevated
temperatures poor selectivity was observed, and the
product acetal was accompanied by formation of the
corresponding dialkyl ether when either 1-hexanol
(bp 157 8C) or 1-pentanol (bp 138 8C) was refluxed in
the presence of 0.1 mol% of 1. However, 1 exhibited

excellent selectivity at 118 8C (Table 1, entry 1) giving
a 47% yield of 1,1-bis ACHTUNGTRENNUNG(butyloxy)butane acetal upon
refluxing with 1-butanol for 48 h. Longer reaction
times did not result in further increases of the acetal
yield (Table 1, entry 2). Instead, the formation of di-
butyl ether was observed, probably due to catalyst de-
composition.

Addition of toluene as a solvent (Table 1, entry 3)
improved alcohol conversion and the yield of the cor-
responding acetal, but led to lower reaction selectivi-
ty. Namely, 48 h reflux of a toluene solution of 1-hex-
anol in the presence of 0.1 mol% of 1 led to 75% con-
version of 1-hexanol primarily to 1,1-bis-ACHTUNGTRENNUNG(hexyloxy)hexane (61%). Formation of the acetal was
accompanied by the appearance of multiple minor
products. Longer reaction times did not result in fur-
ther alcohol conversion, likely indicating catalyst de-
composition (Table 1, entry 4).

Higher catalyst/alcohol ratios resulted in more than
90% conversion, mostly to the corresponding acetals
(Table 1, entries 5 and 6). It is noteworthy that the re-
ported acridine-based pincer catalyst (Scheme 1) was
inactive at 118 8C or lower temperatures.[11]

It is likely that 1 mediates the dehydrogenation of
alcohols to give the corresponding aldehydes and H2

(Scheme 3). Formation of hydrogen gas was detected
by gas chromatography. Once formed, the aldehyde
reacts with excess of alcohol to give a hemiacetal.
Then acetal formation may be involved either via for-
mation of a vinyl ether intermediate (Scheme 3, route
A)[11] or via direct substitution of the hydroxy group
of the hemiacetal by an alcohol molecule (Scheme 3,
route B). In the later route the catalyst may act as a
Lewis acid. Lewis acids were reported as catalysts for
the condensation of aldehydes with alcohols to pro-
duce acetals.[14]

Utilization of a substrate lacking b-hydrogens,
which is not capable of formation of a vinyl ether, can
differentiate between these two pathways.

For this purpose benzyl alcohol was refluxed at
110 8C in the presence of 1 (0.286 mol%), leading to
formation of benzaldehyde (4%), benzaldehyde di-
benzyl acetal (59%) and dibenzyl ether (15%)
(Table 1, entry 7). Formation of benzaldehyde diben-
zyl acetal indicates that the direct substitution of the
hydroxy group of the hemiacetal by an alcohol mole-
cule is operative, at least in this case (Scheme 3, route
B). Dibenzyl ether formation can be explained by the
same mechanism of direct substitution of the hydroxy
group of benzyl alcohol by an alcohol molecule. The
benzyl cation is much more stable than a primary
alkyl cation, therefore the formation of dialkyl ether
was insignificant with aliphatic alcohols under identi-
cal conditions.

It is noteworthy that unlike the current reaction,
the acridine-based pincer-type catalyst reported by
our group[11] (Scheme 1) catalyzed the conversion of

Scheme 2. Synthesis of complex 1.

Figure 1. Molecular structure of complex 1 at 50% probabil-
ity level. Selected bond lengths (�) and angles (8): Ru1�P2
2.2944(5), Ru1�P3 2.3022(4), Ru1�O6 2.1496(12), Ru1�O7
2.1631(12), Ru1�N45 2.0106(14), Ru1�N48 2.0094(15); O6�
Ru1�O7 66.27(4), P2�Ru1�P3 98.546(16), N45�Ru1�N48
172.75(6), P2�Ru1�O7 165.14(3), P3�Ru1�O6 161.35(4)8.
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Table 1. Direct transformation of primary alcohols to acetals and esters catalyzed by Ru ACHTUNGTRENNUNG(PPh3)2ACHTUNGTRENNUNG(NCCH3)2ACHTUNGTRENNUNG(SO4) (1) and
RuACHTUNGTRENNUNG(PPh3)2ACHTUNGTRENNUNG(OAc)2 (2).[a]

Entry Catalyst Amine,
equiv./Ru

Alcohol Equiv./cata-
lyst

Temperature
[8C]

Time
[h]

Conversion
[%]

Yield [%][b]

Aldehyde Ester Acetal

1 1 – 1-butanol 1000 118 48 55[c] 4 0 47
2 1 – 1-butanol 1000 118 73 74[d] 3 <1 44
3 1 – 1-hexanol 1000 110[e] 48 75 <1 0 61
4 1 – 1-hexanol 1000 110[e] 72 77 <1 0 63
5 1 – 1-hexanol 350 110[f] 48 96 1 0 73
6 1 – 1-pentanol 350 110[f] 48 94 1 0 72
7 1 – benzyl alco-

hol
350 110[f] 48 80[g,h] 4[g] 0 59[i]

8 2 – 1-butanol 1000 118 48 19 10 7 0
9 2 – 1-pentanol 1000 138 48 20 9 10 <1
10 2 – 1-hexanol 1000 157 48 46 3 39 3
11 2 N ACHTUNGTRENNUNG(n-Bu)3,

10
1-hexanol 1000 157 48 48 3 44 0

12 2 TEEDA, 5 1-hexanol 1000 157 48 56 6 49 0
13 2 TEEDA,

20
1-hexanol 1000 157 48 70 1 69 0

14 1 N ACHTUNGTRENNUNG(n-Bu)3,
2

1-hexanol 1000 157 48 56 5 12 37

15 1 TEEDA,
10

1-hexanol 1000 157 48 21 <1 19 0

[a] 0.01 mmol of catalyst and the marked equivalents of alcohol were refluxed under Ar flow.
[b] Yields and conversions (average of 2–4 runs) were determined by GC unless stated otherwise. When the sum of the

values is less than 100%, other products were observed in small amounts.
[c] 1–2% of dibutyl ether was formed.
[d] Ca. 12% of dibutyl ether was formed together with multiple minor products.
[e] Toluene (2 mL) was added, and the solution was refluxed.
[f] Toluene (1 mL) was added, and the solution was refluxed.
[g] Determined by HPLC.
[h] Ca. 15% were converted to dibenzyl ether, determined by 1H NMR.
[i] Determined by 1H NMR.

Scheme 3. Proposed pathways for acetalization.
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primary alcohols to acetals by the vinyl ether pathway
(Scheme 3, route A), which consequently led to for-
mation of benzyl benzoate from benzyl alcohol,
rather than the corresponding acetal.

We have next examined the closely related complex
Ru ACHTUNGTRENNUNG(PPh3)2 ACHTUNGTRENNUNG(OAc)2 (2) as a catalyst for the dehydrogen-
ation of primary alcohols. Although 2 has been
known for decades,[16a] to the best of our knowledge,
its ability to catalyze the dehydrogenation of primary
alcohols has not been explored.[17] Here we present an
alternative procedure for the preparation of 2. For
this purpose, [Ru ACHTUNGTRENNUNG(p-cymene)Cl2]2 was reacted with
four equivalents of AgOAc to give Ru ACHTUNGTRENNUNG(p-cymene)-ACHTUNGTRENNUNG(OAc)2

[18] (Scheme 4). Red prismatic crystals of RuACHTUNGTRENNUNG(p-
cymene) ACHTUNGTRENNUNG(OAc)2 were obtained from Et2O/hexane (v/v
1/1) solution. A single crystal X-ray study of RuACHTUNGTRENNUNG(p-
cymene) ACHTUNGTRENNUNG(OAc)2 (Figure 2) revealed a mononuclear
complex with a h6-p-cymene ligand and two acetate
moieties, one h1-OAc and another h2-OAc, coordinat-
ed to ruthenium. The distance between the ruthenium
atom and the aromatic ring was calculated to be
1.627(9) �.

RuACHTUNGTRENNUNG(p-cymene)ACHTUNGTRENNUNG(OAc)2 was reacted with two equiva-
lents of PPh3 to give complex 2 (Scheme 4). The

structure of 2 was recently reported by Lynam
et al.[16b]

Refluxing of 1-butanol (bp 118 8C) for 48 h in the
presence of 0.1 mol% of 2 led to 19% conversion to
butyl butyrate (7%) and butyraldehyde (10%)
(Table 1, entry 8). Similar results (20% conversion)
were obtained when 1-pentanol (bp 138 8C) was re-
fluxed for 48 h in the presence of 0.1 mol% of 2
(Table 1, entry 9). The catalytic activity of 2 increased
with increasing the temperature to 157 8C. Thus, re-
fluxing 1-hexanol (bp 157 8C) for 48 h in the presence
of 0.1 mol% of 2 gave 46% conversion, primarily to
hexyl hexanoate, 39% (Table 1, entry 10).

The addition of amines had a positive effect on the
reactivity and selectivity of catalyst 2 towards ester
formation. No acetal was formed in the presence of
amines (Table 1, entries 11–13). Slightly greater con-
version (56%) was achieved in the presence of the
chelating amine tetraethylethylenediamine (TEEDA),
than in the presence of the monodentate amine
(48%), although the same N/Ru ratio was kept
(Table 1, entries 12 and 11, respectively). Catalyst effi-
ciency was further improved by increasing the
amount of TEEDA. Namely, 70% of 1-hexanol was
selectively converted to hexyl hexanoate (69%) in the
presence of 20 equivalents of TEEDA.

So far, the most efficient homogeneous catalyst for
the direct conversion of primary alcohols to esters and
molecular hydrogen was developed by our group.[8a]

The ruthenium complex bearing a t-Bu-PNN pincer
ligand achieved 92% conversion of 1-hexanol to hexyl
hexanoate after 2.5 h under the same conditions as
used for the catalytic reaction described in the
Table 1, entry 10. Although catalyst 2 is much less
active than the t-Bu-PNN pincer catalyst, it still may
be useful owing to its selectivity in the presence of
amines (Table 1, entries 11–13) and its structural sim-
plicity.

Addition of amines had a significant effect on the
reactivity of 1 as well. As mentioned above, catalyst 1
showed poor selectivity at 157 8C, and formation of
bis-hexyloxyhexane was accompanied by formation of
a significant amount of dihexyl ether together with
multiple minor products. Addition of two equivalents
of N ACHTUNGTRENNUNG(n-Bu)3 to the reaction mixture suppressed the
formation of dihexyl ether (Table 1, entry 14). Inter-
estingly, addition of a greater amount of amine
(10 equivalents of TEEDA) resulted in a reactivity

Scheme 4. Synthesis of 2.

Figure 2. Molecular structure of [Ru ACHTUNGTRENNUNG(p-cymene)ACHTUNGTRENNUNG(OAc)2] at
50% probability level. Ru1�O1 2.193(6), Ru1�O2 2.111(7),
Ru1�O3 2.047(10), O1�C1 1.211(10), O2�C1 1.270(10),
O3�C4 1.184(17), O4�C4 1.373(16) �; O1�C1�O2 120.5(7),
O3�Ru1�O2 77.5(4), O3�Ru1�O1 87.7(3), O2�Ru1�O1
60.0(2)8.

500 asc.wiley-vch.de � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Synth. Catal. 2012, 354, 497 – 504

FULL PAPERS Elizaveta Kossoy et al.

http://asc.wiley-vch.de


�switch� to hexyl hexanoate as the major product
(Table 1, entry 15).

Although both catalysts Ru ACHTUNGTRENNUNG(PPh3)2ACHTUNGTRENNUNG(NCCH3)2ACHTUNGTRENNUNG(SO4)
(1) and RuACHTUNGTRENNUNG(PPh3)2ACHTUNGTRENNUNG(OAc)2 (2) are based on the
Ru(II) ACHTUNGTRENNUNG(PPh3)2 moiety, there are two major differences
between them. First, the sulfate counter-anion is ex-
pected to make 1 a stronger Lewis acid. Secondly,
acetonitrile is more prone to dissociate than the h2-
acetate, thus providing a potential vacant coordina-
tion site.

The formation of ester and not acetal by 2 may be
a result of lack of an accessible coordination site,
which is required for coordination of the hemiacetal
to the Lewis-acidic complex (Scheme 3, route B). In
the case of compound 1, the vacant site can be easily
provided by acetonitrile dissociation. Suppression of
acetal formation by addition of amines to the reaction
mixture (Table 1, entry 15) is in accord with the above
explanation of the dependence of acetal formation on
the availability of a vacant coordination site.

Conclusions

Ru ACHTUNGTRENNUNG(PPh3)2 ACHTUNGTRENNUNG(NCCH3)2ACHTUNGTRENNUNG(SO4) (1) efficiently catalyzes the
direct conversion of alcohols to acetals, H2 and water.
It is likely that acetal formation involves direct substi-
tution of the hydroxy group of a hemiacetal inter-
mediate by an alcohol molecule. This step in the cata-
lytic cycle seems to be dependent on the availability
of a coordination site on the ruthenium center, which
acts as a Lewis acid. Such an explanation is supported
by two observations. First, 1 catalyzed the conversion
of 1-hexanol to hexyl hexanoate in the presence of
10 equivalents of TEEDA. Next, Ru ACHTUNGTRENNUNG(PPh3)2ACHTUNGTRENNUNG(OAc)2

(2) catalyzed the conversion of primary alcohols to
the corresponding esters as a result of the strong h2-
coordination of acetate.

This work presents an efficient and selective cata-
lyst for the direct conversion of primary alcohols to
acetals and molecular hydrogen. Catalyst 1 is efficient
at much lower temperatures (110 8C) than the acri-
dine-based pincer catalyst reported earlier.[11] More-
over, 1 is based on simple and commercially available
ligands, making it especially attractive.

Experimental Section

General Procedures

Metal complexes were prepared and the catalytic reactions
were set under an atmosphere of purified nitrogen in a
Vacuum Atmospheres glove box equipped with an MO 40–2
inert gas purifier or using standard Schlenk techniques. All
solvents were reagent grade or better. Dichloromethane
(HPLC grade) was used as received. All alcohols were re-
fluxed over sodium and distilled under an argon atmos-

phere. All non-deuterated solvents were refluxed over
sodium/benzophenone ketyl and distilled under an argon at-
mosphere. Deuterated solvents were used as received. All
the solvents were degassed with argon and kept in the glove
box over 4 � molecular sieves. Commercially available re-
agents were used as received. RuCl2ACHTUNGTRENNUNG(PPh3)3 was prepared
according to a literature procedure.[19]

1H, 13C, 31P and 19F NMR spectra were recorded at 400,
100, 162, and 376 MHz, respectively, using a Bruker AMX-
400 NMR spectrometer. All spectra were recorded at 292 K,
unless otherwise noted. 1H NMR and 13C{1H} NMR chemi-
cal shifts are reported in ppm downfield from tetramethylsi-
lane and referenced to the residual signals of an appropriate
deuterated solvent. 31P NMR chemical shifts are reported in
ppm downfield from H3PO4 and referenced to an external
85% solution of phosphoric acid in D2O. The IR spectra
were measured on a Nicolet Proteg� 460 FTIR; the sample
solution was placed on NaCl disk, and the solvent was al-
lowed to evaporate to form a film.

Elemental analyses (C, H, N) were performed on a CHN
elemental analyzer (FlashEA 1112, Eager 300 Software).
GC measurements were performed using a Carboxen 1000
column on an HP 690 series GC system. The eluent gas was
helium. GC/MS measurements were performed using an in-
strument consisting of an HP 5973 mass-selective detector
and an HP 6890 GC. A 5% phenylmethylsilicone 0.32 mm
i.d., 0.25 mm coating, 30-m length column (Restek 5MS).
The eluent gas was helium. HPLC measurements were per-
formed using a reverse-phase LiChrospher 100 RP-18
column (5 mm) 250–4 on a Hitachi system (pump L-7100,
UV detector L-7400). Electrospray ionization (ESI) mass
spectrometry was performed using a Micromass Platform in-
strument.

Single crystal X-ray analyses data were collected with
Bruker APEX-II KappaCCD diffractometer at 100(2) K,
MoKa (l=0.71073 �), graphite monochromator. The data
were processed with APEX-II package programs. Structures
were solved by direct methods with AUTOSOLVE module
and refined with full matrix least-squares refinement based
on F2 by SHELXL-97. CCDC 840256 and CCDC 840257
contain the supplementary crystallographic data for com-
pounds 1 and [RuACHTUNGTRENNUNG(p-cymene)ACHTUNGTRENNUNG(OAc)2], respectively. These
data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

Ru ACHTUNGTRENNUNG(PPh3)2ACHTUNGTRENNUNG(NCCH3)2ACHTUNGTRENNUNG(h2-SO4) (1)

A yellow solution of RuACHTUNGTRENNUNG(PPh3)3Cl2 (200 mg, 0.208 mmol) in
methanol (5 mL) and acetonitrile (5 mL) was poured on
Ag2SO4 (65 mg, 0.208 mmol). Ag2SO4 has limited solubility
under the reaction conditions;[20] therefore, the reaction mix-
ture was well-stirred at ambient temperature for 28 h. The
resulting suspension was filtered through celite and the sol-
vent was evaporated. The resulting yellow solid was washed
with THF (2 � 2 mL), then dissolved in CH2Cl2 (10 mL) and
filtered through a cotton pad. The solution was concentrated
to 2 mL under vacuum followed by addition of 2 mL of di-
ethyl ether. The solution was left overnight at ambient tem-
perature, resulting in precipitation of a crystalline yellow
solid. The mother liquor was decanted and the precipitate
was dried under vacuum to give the product as a yellow
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crystalline material; yield: 137 mg (82%). 31P{1H} NMR
(CD2Cl2): d=52.47 (s, PPh3); 1H NMR (CD2Cl2): d= 7.38
(m, Ph, para to P, 6 H), 7.23 (m, Ph, 12 H), 7.17 (m, Ph,
12 H), 1.94 (s, NCCH3, 6 H); 13C{1H} NMR (CD2Cl2): d=
134.50 (d, 1JP,C =20.8 Hz, PPh3), 134.31 (d, 1JP,C = 20.8 Hz,
PPh3), 134.17 (vt, 2JP,C = 4.94 Hz, PPh3), 130.15 (s, PPh3),
128.31 (vt, 3JP,C = 4.86 Hz, PPh3), 122.97 (s, NCCH3), 4.20 (s,
NCCH3); confirmed by DEPT; elemental analysis (%)
found (calcd.): C 59.36 (59.77), H 4.52 (4.51), N 3.49 (3.49);
IR (film): n=1229 (nS=O), 1136 (nS=O), 1093 (nS�O), 919ACHTUNGTRENNUNG(nS�O) cm�1.

X-Ray Analysis of Ru ACHTUNGTRENNUNG(PPh3)2ACHTUNGTRENNUNG(NCCH3)2ACHTUNGTRENNUNG(h2-SO4) (1)

Light yellow prismatic crystals suitable for a single crystal
X-ray analysis were obtained by recrystallization of 60 mg
of 1 from CH2Cl2/Et2O (2 mL/2 mL) solution. Crystal data:
[C40H36N2O4P2Ru1S1 + C1H2Cl2], 0.40 � 0.13 � 0.08 mm3, mon-
oclinic, P21/c, a =14.6022(4), b=11.6721(3), c=
24.1771(7) �, b=106.280(2)8, from 60894 reflections, T=
100(2) K, V= 3955.5(2) �3, Z=4, Fw= 888.70 g mol�1,
1calcd. = 1.492 Mg m�3, m= 0.709 mm�1. Data collection and
processing: �22�h�22, �18�k �16, �36� l�36, frame
scan width= 0.58, scan speed 1.08 per 60 sec, typical peak
mosaicity 0.728,60890 reflections collected, 15638 independ-
ent reflections (R-int =0.0471). Solution and refinement:
480 parameters with no restraints, final R1 =0.0361 (based
on F2) for data with I>2s(I) and, R1 =0.0587 on 15010 re-
flections, goodness-of-fit on F2 =1.008, largest electron den-
sity peak=1.056 e ��3, deepest hole=�0.957 e ��3.

Ru ACHTUNGTRENNUNG(p-cymene) ACHTUNGTRENNUNG(OAc)2

RuACHTUNGTRENNUNG(p-cymene)ACHTUNGTRENNUNG(OAc)2 was prepared using the procedure de-
scribed by Stephenson and Bennett.[18] To a solution of
[Ru ACHTUNGTRENNUNG(p-cymene)Cl2]2 (35 mg, 0.0572 mmol) in benzene
(6 mL) was added AgOAc (40.1 mg, 0.240 mmol). The reac-
tion mixture was left stirring for 24 h at ambient tempera-
ture, with exclusion of light. The resulting suspension was
filtered through celite to give a clear orange solution and
the solvent was evaporated to give an orange solid. The
product was recrystallized from a solution of Et2O/hexane
(1.7 mL/1.7 mL) within 2 days. The mother liquor was deca-
nted and the resulting orange crystalline material was dried
under vacuum to give the product, Ru ACHTUNGTRENNUNG(p-cymene)ACHTUNGTRENNUNG(OAc)2;
yield: 32.3 mg (80%). 1H NMR (CD2Cl2): d=5.74 (d, 3JH,H =
4.8 Hz, p-cymene, Ar, 2 H), 5.52 (d, 3JH,H =4.8 Hz, p-cymene,
Ar, 2 H), 2.81 [sept, 3JH,H =6.9 Hz, p-cymene, i-Pr, CH-ACHTUNGTRENNUNG(CH3)2, 1 H], 2.20 (s, p-cymene, Me, CH3, 3 H), 1.84 (s, ace-
tate, CH3, 6 H), 1.33 [d, 3JH,H =6.9 Hz, p-cymene, i-Pr, CH-ACHTUNGTRENNUNG(CH3)2, 6 H]; 13C{1H} NMR (CD2Cl2): d=184.05 [s, acetate,
-C(O)O-], 98.03 (s, p-cymene, Ar), 93.04 (s, p-cymene, Ar),
79.28 (s, p-cymene, Ar, CH), 77.84 (s, p-cymene, Ar, CH),
31.81 [s, p-cymene, i-Pr, -CH ACHTUNGTRENNUNG(CH3)2], 23.84 [s, acetate,
-C(O)O-CH3], 22.56 [s, p-cymene, i-Pr, -CHACHTUNGTRENNUNG(CH3)2], 18.68
(s, p-cymene, Me, CH3), confirmed by DEPT, HSQC; ele-
mental analysis (%) found (calcd.): C 48.06 (47.58), H 5.77
(5.70).

X-Ray Structural Analysis of Ru ACHTUNGTRENNUNG(p-cymene)ACHTUNGTRENNUNG(OAc)2

RuACHTUNGTRENNUNG(p-cymene)ACHTUNGTRENNUNG(OAc)2 (5 mg) was dissolved in Et2O
(0.8 mL), then hexane (0.8 mL) was added. Red tetragonal

crystals appeared in a few days. Crystal data: C14H20O4Ru1,
0.2 � 0.2 � 0.3 mm3, tetragonal, P43212, a=10.6310(2), c=
25.2855(12) �, from 20 degrees of data, T=100(2) K, V=
2857.72(16) �3, Z=8, Fw =353.37 g mol�1, 1calcd. =
1.643 Mg m�3, m= 1.104 mm�1. Data collection and process-
ing: �13�h�12, �13�k�13, �31� l�31, frame scan
width= 0.58, scan speed 1.08 per 40 sec, typical peak mosaic-
ity 0.6458, 57713 reflections collected, 4569 independent re-
flections (R-int=0.0733). Solution and refinement: 250 pa-
rameters with 48 restraint, final R1 =0.0516 (based on F2)
for data with I>2s(I) and, R1 =0.0553 on 2923 reflections,
goodness-of-fit on F2 = 1.181, largest electron density peak=
0.619 e ��3, deepest hole=�0.673 e ��3.

Ru ACHTUNGTRENNUNG(PPh3)2ACHTUNGTRENNUNG(OAc)2 (2)

This compound was reported.[16] Here we present an alterna-
tive preparation. A solution of [RuACHTUNGTRENNUNG(p-cymene)Cl2]2 (30 mg,
0.0490 mmol) and AgOAc (32.7 mg, 0.196 mmol) in a mix-
ture of CH2Cl2 (3 mL) and acetonitrile (3 mL) was stirred at
ambient temperature for 25 h. The resulting suspension was
filtered through celite and the solvent was evaporated. The
resulting orange solid was dissolved in THF (5 mL), fol-
lowed by addition of PPh3 (54 mg, 0.206 mmol) and stirring
at ambient temperature for 11 h, upon which the orange
colour became deeper. The THF was evaporated and the re-
sulting orange solid was dissolved in CH2Cl2 (10 mL) and fil-
tered through a cotton pad. The solution was concentrated
to 2 mL under vacuum, and then 2 mL of diethyl ether were
added. The solution was left overnight at ambient tempera-
ture, resulting in precipitation of red crystals. The mother
liquor was decanted, and the crystals were washed with di-
ethyl ether (1 mL) and dried under vacuum to give the
product as a red crystalline material; yield: 59 mg (73%, for
2·CH2Cl2). Elemental analysis for 2·CH2Cl2 (%) found
(calcd): C 59.51 (59.43), H 4.62 (4.62).

Typica1 Procedures for Catalytic Dehydrogenation of
Primary Alcohols

Reactions of 1 and 2 with primary alcohols under various
conditions are summarized in Table 1. The reactions were
performed under an argon flow. Exposure to oxygen result-
ed in reduced catalyst reactivity.

Table 1, entries 1, 2 and 8–15: The catalyst (0.01 mmol), al-
cohol (10 mmol) and the specified amount of the amine
were placed in a Schlenk flask equipped with a condenser.
The reaction mixture was refluxed in an open system under
an argon flow for the specified time.

Table 1, entries 3 and 4: Catalyst 1 (8.0 mg, 0.01 mmol), 1-
hexanol (1.255 mL, 10 mmol) and toluene (2 mL) were
placed in a Schlenk flask equipped with a condenser. The
reaction mixture was refluxed in an open system under an
argon flow for the specified time.

Table 1, entries 5–7: Catalyst 1 (8.0 mg, 0.01 mmol), the al-
cohol (3.5 mmol) and toluene (1 mL) were placed in a
Schlenk flask equipped with a condenser. The reaction mix-
ture was refluxed in an open system under an argon flow for
48 h.

After cooling to room temperature, the alcohols (1-hex-ACHTUNGTRENNUNGanol, 1-pentanol and 1-butanol) and the corresponding alde-
hydes, ethers, esters and acetals were quantitatively deter-
mined by GC using toluene, m-xylene or mesitylene as inter-
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nal standards. Signal identity was confirmed by GC/MS. For-
mation of acetals was further confirmed by 1H NMR and
ESI-MS. The amounts of benzyl alcohol and benzaldehyde
were determined by HPLC. HPLC conditions were: flow
rate=1 mL min�1, injection volume= 20 mL, detector wave-
length= 254 nm. Mobile phase was 70:30 acetonitrile:H2O.
Samples were prepared as follows: the reaction mixture was
cooled down, treated with hexane (10 mL) and left at
�20 8C for several days to precipitate the catalyst. The
hexane solution was extracted with 50 mL of acetonitrile
(sample A). Sample B was prepared by two-fold dilution of
the sample A. Retention times: benzyl alcohol, 2.6 min;
benzaldehyde, 3.2 min; dibenzyl ether, 6.6 min; benzalde-
hyde dibenzyl acetal, 11.9 min. After conducting HPLC
measurements, samples A and B were unified, volatiles
were evaporated and the yields of dibenzyl ether and ben-
zaldehyde dibenzyl acetal were determined by 1H NMR
with mesitylene as the internal standard.

Acknowledgements

This research was supported by the European Research
Council under the FP7 framework (ERC No. 246837), by the
Israel Science Foundation, by the MINERVA foundation and
by the Kimmel Center for Molecular Design. D.M. is the
Israel Matz Professorial Chair of Organic Chemistry.

References

[1] For homogeneous green catalysis, see reviews: a) R. A.
Sheldon, I. W. C. E. Arends, G.-J. ten Brink, A. Dijks-
man, Acc. Chem. Res. 2002, 35, 774–781; b) D. Milstein
Top. Catal. 2010, 53, 915–923; c) G. E. Dobereiner,
R. H. Crabtree, Chem. Rev. 2010, 110, 681–703; d) A.
Friedrich, S. Schneider, ChemCatChem 2009, 1, 72–73;
e) T. C. Johnson, D. J. Morris, M. Wills, Chem. Soc.
Rev. 2010, 39, 81–88; f) C. Gunanathan, D. Milstein, in:
Topics in Organometallic Chemistry, Springer Verlag,
Berlin, Vol. 37, pp 55–84, 2011; g) C. Gunanathan, D.
Milstein, Acc. Chem. Res. 2011, 44, 588–602.

[2] For heterogeneous green catalysis: a) T. Matsumoto,
M. Ueno, N. Wang, S. Kobayashi, Chem. Asian J. 2008,
3, 196–214; b) A. Corma, H. Garcia, Chem. Soc. Rev.
2008, 37, 2096–2126; c) T. Mallat, A. Baiker, Chem.
Rev. 2004, 104, 3037–3058; d) J. H. Choi, N. Kim, Y. J.
Shin, J. H. Park, J. Park, Tetrahedron Lett. 2004, 45,
4607–4610.

[3] For bio-inspired green catalysis, see review: I. W. C. E.
Arends, P. Gamez, R. A. Sheldon, Adv. Inorg. Chem.
2006, 58, 235–279.

[4] Photocatalysis: A. J. Esswein, D. G. Nocera, Chem.
Rev. 2007, 107, 4022–4047.

[5] Secondary alcohols to ketones: a) A. Dobson, S. D.
Robinson, Inorg. Chem. 1977, 16, 137–142; C. W. Jung,
P. E. Garrou, Organometallics 1982, 1, 658–666;
b) G. B. W. L. Ligthart, R. H. Meijer, M. P. J Donners,
J. Meuldijk, J. A. J. M. Ekemans, L. A. Hulshof, Tetra-
hedron Lett. 2003, 44, 1507–1509; c) J. van Buijtenen, J.
Meuldijk, J. A. J. M. Vekemans, L. A. Hulshof, H.

Kooijman, A. L. Spek, Organometallics 2006, 25, 873–
881; d) Y. Lin, D. Ma, X. Lu, Tetrahedron Lett. 1987,
28, 3115–3118; e) J. Zhang, M. Gandelman, L. J. W.
Shimon, H. Rozenberg, D. Milstein, Organometallics
2004, 23, 4026–4033; f) G. R. A. Adair, J. M. J. Wil-
liams, Tetrahedron Lett. 2005, 46, 8233–8235; g) K.-I.
Fujita, N. Tanino, R. Yamaguchi, Org. Lett. 2007, 9,
109–111; h) W. Baratta, G. Bossi, E. Putignano, P. Rigo,
Chem. Eur. J. 2011, 17, 3474–3481.

[6] Isopropyl alcohol to acetone: a) H. B. Charman, J.
Chem. Soc. B 1970, 4, 584–587; b) S. Shinoda, T.
Kojima, Y. Saito, J. Mol. Catal. 1983, 18, 99–104; c) T.
Matsubara, Y. Saito, J. Mol. Catal. 1994, 92, 1–8.

[7] Glycerol to dihydroxyacetone: C. Crotti, J. Kaspar, E.
Farnetti, Green Chem. 2010, 12, 1295–1300.

[8] Primary alcohols to esters: a) J. Zhang, G. Leitus, Y.
Ben-David, D. Milstein, J. Am. Chem. Soc. 2005, 127,
10840–10841; b) M. Bertoli, A. Choualeb, A. J. Lough,
B. Moore, D. Spasyuk, D. G. Gusev, Organometallics
2011, 30, 3479–3482.

[9] Primary alcohols to esters and secondary alcohols to
ketones: a) Y. Blum, Y. Shvo, J. Organomet. Chem.
1985, 282, C7-C10 (yields and reaction times were not
reported); b) J. Zhang, M. Gandelman, L. J. W.
Shimon, D. Milstein, Dalton Trans. 2007, 1, 107–113;
c) S. Musa, I. Shaposhnikov, S. Cohen, D. Gelman,
Angew. Chem. 2011, 123, 3595–3599; Angew. Chem.
Int. Ed. 2011, 50, 3533–3537.

[10] Diols to lactones: a) Y. Lin, X. Zhu, Y. Zhou, J. Orga-
nomet. Chem. 1992, 429, 269–274; b) J. Zhao, J. F. Hart-
wig, Organometallics 2005, 24, 2441–2446.

[11] Primary alcohols to acetals: C. Gunanathan, L. J. W.
Shimon, D. Milstein, J. Am. Chem. Soc. 2009, 131,
3146–3147.

[12] Primary alcohols to esters and acetals, diols to lactones:
S.-I. Murahashi, T. Naota, K. Ito, Y. Maeda, H. Taki, J.
Org. Chem. 1987, 52, 4319–4327. Acetals: 8 equivalents
of 1,1-bis ACHTUNGTRENNUNG(hexyloxy)hexane produced from 1-hexanol
per one equivalent of ruthenium at 180 8C after 4 h
under Ar.

[13] a) J. March, in: Advanced Organic Chemistry, 3rd edn.,
Wiley, New York, 1985 ; b) A. Corma, M. J. Climent, H.
Carcia, J. Primo, Appl. Catal. 1990, 59, 333–340;
c) M. V. Joshi, C. S. Narasimhan, J. Catal. 1989, 120,
282–286.

[14] a) H. Firouzabadi, N. Iranpoor, B. Karimi, Synlett 2199,
321–323; b) J.-I. Tateiwa, H. Horiuchi, S. Uemura, J.
Org. Chem. 1995, 60, 4039–4043; c) J. L. Luche, A. L.
Gemal, J. Chem. Soc. Chem. Commun. 1978, 976–977;
d) J.-Y. Qi, J.-X. Ji, C.-H. Yueng, H.-L. Kwong, A. S. C.
Chan, Tetrahedron Lett. 2004, 45, 7719–7721; e) Y. Ka-
mitori, M. Hojo, R. Masuda, T. Yoshida, Tetrahedron
Lett. 1985, 26, 4767–4770.

[15] A. L. Suing, C. R. Dewan, P. S. White, H. H. Thorp,
Inorg. Chem. 2000, 39, 6080–6085. The authors report-
ed formation of 30 molar equivalents of oxidation
products, i.e., (mol of acetal+ mol of acetaldehyde)/
mol of rhenium, after 48 h reflux in 95% ethanol under
Ar.

[16] a) First prepared: J. D. Gilbert, G. Wilkinson, J. Chem.
Soc. A 1969, 12, 1749–1753; R. W. Mitchell, A. Spencer,
G. Wilkinson, J. Chem. Soc. Dalton Trans. 1973, 846–

Adv. Synth. Catal. 2012, 354, 497 – 504 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim asc.wiley-vch.de 503

Selective Acceptorless Conversion of Primary Alcohols to Acetals and Dihydrogen

http://asc.wiley-vch.de


854; b) X-ray study: J. M. Lynam, C. E. Welby, A. C.
Whitwood, Organometallics 2009, 28, 1320–1328.

[17] RuACHTUNGTRENNUNG(PPh3)2ACHTUNGTRENNUNG(h2-OAc)2 in catalysis: a) hydrogenation of
olefins: R. W. Mitchell, A. Spencer, G. Wilkinson, J.
Chem. Soc. Dalton Trans.: Inorg. Chem. 1973, 846–854;
A. Spencer, J. Organomet. Chem. 1975, 93, 389–395;
b) hydroformylation: R. A. Sanchez-Delgado, J. S.
Bradley, G. Wilkinson, J. Chem. Soc. Dalton Trans.:
Inorg. Chem. 1976, 399–404; c) rearrangements of azo-
benzenes: A. Spencer, J. Organomet. Chem. 1985, 294,
357–366; d) cycloaddition of alkynes and organic
azides: L. Zhang, X. Chen, P. Xue, H. H. Y. Sun, I. D.
Williams, K. B. Sharpless, V. V. Fokin, G. Jia, J. Am.
Chem. Soc. 2005, 127, 15998–15999; B. C. Boren, S.
Narayan, L. K. Rasmussen, L. Zhang, H. Zhao, Z. Lin,

G. Jia, V. V. Fokin, J. Am. Chem. Soc. 2008, 130, 8923–
8930; e) addition of carboxylic acids to propargylic al-
cohols to affording b-oxopropyl esters: N. P. Hiett,
J. M. Lynam, C. E. Welby, A. C. Whitwood, J. Organo-
met. Chem. 2011, 696, 378–387.

[18] D. A. Tocher, R. O. Gould, T. A. Stephenson, M. A.
Bennett, J. P. Ennett, T. W. Matheson, L. Sawyer, V. K.
Shah, J. Chem. Soc. Dalton Trans.: Inorg. Chem. 1983,
1571–1581 [the spectra of IR in nujol and 1H NMR
(CDCl3) are given].

[19] P. S. Hallman, T. A. Stephenson, G. Wilkinson, Inorg.
Synth. 1970, 12, 237–240.

[20] S. Subramanian, G. Sasikumar, C. Kalidas, J. Chem.
Eng. Data 1983, 28, 8–10.

504 asc.wiley-vch.de � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Synth. Catal. 2012, 354, 497 – 504

FULL PAPERS Elizaveta Kossoy et al.

http://asc.wiley-vch.de

