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[RuCl2(PPh3)3-(2-PyCH2PTA)]Br
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KOH, H2O, reflux, 48 h

No Acceptor
Aqueous Medium
Highly Selective

14 Examples
Yield: 36–94%

R1 = alkyl, aryl
R2 = H, alkyl, aryl
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Abstract The synthesis of a ruthenium complex bearing a PN-chelat-
ing ligand is described. The complex, in the presence of KOH, enabled
the synthesis of ketones from secondary alcohols in the absence of a hy-
drogen acceptor in aqueous medium. This synthetic protocol, which
uses water as the medium, is green and has a high atom economy as it
avoids the use of an acceptor and produces hydrogen as the sole
byproduct. Mechanistic investigations revealed that the catalytic cycle
involves a phosphine dissociative pathway.

Key words alcohols, ketones, ruthenium catalysis, ligands, dehydro-
genation

Oxidation of secondary alcohols to the corresponding
ketones is an important fundamental reaction in organic
chemistry, and the conventional methods used for this oxi-
dative process involve the use of stoichiometric amounts of
oxidants.1 To avoid the use of excess oxidizing agents, sever-
al transition-metal complexes of Ru, Rh, Ir, Au, and other
metals have been employed as catalysts for this process.2,3

Transition-metal-catalyzed oxidation of alcohols is often
carried out in the presence of a sacrificial amount of a
hydrogen acceptor and/or an oxidant.2,3 Pioneering research
by Murahashi and co-workers has led to the use of the metal-
catalyzed acceptorless alcohol dehydrogenation (AAD)
method for oxidation of alcohols, accompanied by the re-
lease of hydrogen.4 The excellent catalytic activities of tran-
sition-metal complexes in the AAD method, combined with
the advent of green organometallic chemistry, have led to a
great demand for the synthesis of water-soluble metal com-
plexes.5,6 Although several catalyst systems are known to
catalyze acceptorless oxidation in an organic medium, re-
ports on catalyst systems that make use of water as a sol-
vent are scarce. Some examples of transition-metal catalyst
systems that show excellent activities for the acceptorless
dehydrogenation of alcohols to ketones or aldehydes in
aqueous medium include Cp*Ir-systems5a–c and a bimetallic

Rh catalyst.5d Following a seminal report by Milstein and
co-workers, several other groups have employed ruthenium
complexes for the conversion of primary alcohols into the
corresponding carboxylic acids in aqueous media under
basic conditions.6 Recently, our group reported the first
example of a ruthenium-mediated conversion of alcohols
into the corresponding carbonyl compounds by using a
Ru–PNP pincer complex in aqueous medium.7

Water-soluble phosphines have been used to impart
water solubility to transition-metal catalysts.8 Apart from
several ionic water-soluble phosphines, a few nonionic water-
soluble cage-like phosphines are also known to induce
water solubility in metal complexes. Examples of these
cage-like phosphines include Verkade-type phosphines,
adamantane-like 1,3,5-triaza-7-phosphaadamantane (PTA),
and others.8 Our group has focused its attention on explor-
ing the reactivity of PTA ligands, because they have the
advantages of being nonionic, having a low cone angle, hav-
ing a high resistance to oxidation compared with other
water-soluble phosphines, being soluble in a range of
organic solvents and water, and having wide coordination
possibilities.8,9 Moreover, PTA-coordinated transition-metal
complexes are well known in the field of aqueous cataly-
sis.10 Some notable examples of catalysis promoted by
Ru–PTA complexes include the isomerization of linear allylic
alcohols, as reported by Romerosa and co-workers;11 the
hydration of nitriles to form amides by using arene–ruthe-
nium–PTA complexes, reported independently by Gimeno,
Frost, and Majoral and their respective co-workers;12

aqueous-phase carbon dioxide and bicarbonate hydrogena-
tion, as reported by Laurenczy and co-workers13a and the
synthesis of amines by using a hydrogen-borrowing
method, as reported by Taddei and co-workers.13b

Here, we report the synthesis of a ruthenium catalyst 2
containing a chelating bidentate PTA–pyridine ligand and
its catalytic activity towards the acceptorless dehydrogena-
tion of alcohols in aqueous medium (Figure 1).
© Georg Thieme Verlag  Stuttgart · New York — Synlett 2018, 29, A–E
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Figure 1  Acceptorless dehydrogenation in aqueous medium

In a seminal work, Krogstad and co-workers reported
the synthesis of the bidentate ligand (Py-CH2-PTA)Br (1)
that contained both pyridine and PTA moieties.14 In a
typical reaction, ligand 1 and RuCl2(PPh3)3 in refluxing
toluene for 12 hours gave the complex [RuCl2(PPh3)2(2-
PyCH2PTA)]·Br (2) in 90% yield (Scheme 1).15

Scheme 1  Synthesis of ruthenium complex 2

The compound 2 was characterized by means of 1H,
13C{1H}, and 31P{1H} NMR spectroscopy and mass analyses.
The 31P{1H} NMR spectrum of compound 2 showed two
peaks, a triplet at δ = –26.68 ppm (JP–P = 36 Hz) for the coor-
dinated PTA and a doublet at δ = 29.22 ppm (JP–P = 36 Hz) for
the two PPh3 units. Both peaks were considerably shifted
downfield compared with the signals for the noncoordinat-
ed ligands (δ = –82.8 ppm and –5.80 ppm for ligand 1 and
PPh3, respectively).14 In the 1H NMR spectrum, the geminal
protons of the N+CH2N group appeared as two singlet peaks
at δ = 5.09 and 5.24 ppm; these were shifted downfield in
comparison with the peaks for the free ligand 1 at δ = 5.05
and 5.18 ppm, respectively. A similar downfield shift was
observed for the PyCH2N+ protons, where a singlet
appeared at δ = 4.31 ppm compared with δ = 4.24 ppm for
the free ligand 1. However, upfield shifts were observed for
the NCH2N and PCH2N protons.

After successfully synthesizing compound 2, we were
then interested in exploring its catalytic activity. Our earlier
results obtained with a PTA-coordinated PNN–Ru complex
prompted us to investigate the activity of complex 2 for the
oxidation of alcohols in aqueous medium.7 The catalytic de-
hydrogenation of 1-phenylethanol (3a) to give aceto-
phenone (4a) in aqueous medium was taken as the model
reaction for the optimization of the reaction conditions
(Table 1). Initially, 5 mol% of the catalyst was tested for the
oxidation of 3a in the absence of base with water as the sol-
vent under reflux conditions, and it was observed that the
catalyst system was inefficient under these conditions for
24 or 48 hours (Table 1, entry 1). Under identical reaction
condition, the use of Na2CO3 as base did not result in any
marked change in the yield of product (entry 2). Interest-
ingly, in the presence of 15 mol% of a base such as NaOH or
KOH, the catalyst was found to be active, and a moderate

yield of the product was obtained (entries 3 and 4). There-
fore, the base plays a vital role in generating the active cata-
lyst from complex 2, which is in good agreement with the
reports for similar catalyst systems.7,17e Interestingly, the
reported ruthenium systems use NaOH as base for the con-
version of primary alcohols into the corresponding carbox-
ylic acids.6 Having identified KOH as a suitable base for the
model reaction, we increased the reaction time from 24 to
36 or 48 hours (entries 5 and 6), and we found that the
product 4a was formed in good yield after 48 hours. A de-
crease in the temperature resulted in little of the product
being formed after 24 hours (entry 7). Reducing the
amounts of catalyst and base resulted in a decreased yield
of 4a (entry 8). The ratio of the catalyst and base was opti-
mized, and a ratio of 1:3 was found to be ideal for the oxida-
tion of 3a to 4a (entries 9 and 10). The optimized condi-
tions suggest that the activity of complex 2 is similar to that
of our recently reported ruthenium system with a pincer li-
gand containing PTA and pyridine moieties.7

Table 1  Optimization of the Reaction Conditions for the Catalytic 
Dehydrogenation of 1-Phenylethanol (3a)a

After optimizing the reaction conditions, we then ex-
panded the substrate scope of the catalytic system to vari-
ous substituted alcohol substrates (Table 2).16 Initially, we
tested the oxidation of several substituted 1-phenylethanol
derivatives. The presence of electron-donating groups in
the para-position resulted in good yields of the oxidized
product (entries 2 and 3). The presence of halo or nitro
substituents in the para-position resulted in a slight de-

R1 R2

OH

R1 R2

O
[Ru]

[RuH2]
H2

Organic Medium
Aqueous Medium

No Acceptor

N
N

N

P

N
Br–

+ RuCl2(PPh3)3

1 2

toluene

reflux, 12 h
[RuCl2(PPh3)2(2-PyCH2PTA)]Br

Entry Base Temp (°C) Time (h) Yieldb (%) of 4a

 1 – 100 24 or 48 trace

 2 Na2CO3 100 24 trace

 3 NaOH 100 24 45

 4 KOH 100 24 56

 5 KOH 100 36 74

 6 KOH 100 48 93

 7 KOH  50 24 trace

 8 KOHc 100 48 68

 9 KOHd 100 48 73

10 KOHe 100 48 34
a Reaction conditions: 3a (0.5 mmol), [Ru] (5 mol%), base (15 mol%), H2O 
(0.6 mL), reflux.
b Yield by GC with dodecane as internal standard (average of at least two 
runs).
c [Ru] (2.5 mol%), base (7.5 mol%),
d [Ru] (5 mol%), base (10 mol%),
e [Ru] (5 mol%), base (5 mol%),

OH

2

H2O
3a

O

4a
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crease in the product yields; however, both the halo and ni-
tro substituents were retained in the final products (entries
4–6). A methoxy substituent in the ortho-position resulted
in a decrease in the yield of the product compared with the
p-substituted one, suggesting that steric factors play an im-
portant role in deciding the yield of the product (entries 3
and 7). Aliphatic cyclic and acyclic secondary alcohols gave
moderate to good yields of the corresponding ketones
(entries 9–11). A double bond present in a secondary alco-
hol was retained in the product, suggesting that neither a
competing hydrogenation reaction with the evolved hydro-
gen nor an isomerization reaction occur with our catalyst
system. Interestingly, aldehydes were obtained as products
when primary alcohols were tested, but the yields were
poor and large amounts of starting material remained unre-
acted (entries 13 and 14). Although the reactivity of present
catalyst system resembles that of our reported ruthenium
system in the oxidation of primary alcohols to aldehydes, it
is quite different from that of other reported ruthenium
catalyst systems, where carboxylic acids were obtained as
the main product from primary alcohols in aqueous medi-
um.6

Table 2  Complex 2-Catalyzed Dehydrogenation of Alcoholsa

Entry Substrate Product Yieldb (%)

 1 R = H (3a) 4a 88

 2 R = Me (3b) 4b 86

 3 R = OMe (3c) 4c 87

 4 R = Cl (3d) 4d 82

 5 R = Br (3e) 4e 78

 6 R = NO2 (3f) 4f 79

 7 78

 8 76

 9 70

HO

R

O

R

OH

OCH3

3g

O

OCH3

4g

OH

OCH3

3hBr

O

Br 4h

OH

3i

O

4i
© Georg Thieme Verlag  Stuttgart 
Table 2 (continued)

Next, to gain an insight into the mechanism of the reac-
tion, we carried out a kinetic study. Several groups, includ-
ing our group, have studied the mechanism of oxidation of
alcohols with PPh3-containing ruthenium complexes and
have found that it involves PPh3-dissociative pathways.17 To
examine the possibility of a phosphine dissociative path-
way in the current reaction, a series of experiments were
carried under identical conditions, but in the presence of
various amounts of added PPh3 (0, 5, 10, or 15 mol% with
respect to the catalyst). When the concentration of the add-
ed phosphine (in mol%) was plotted against the inverse of
the rate constant, a linear plot was obtained, suggesting
that the mechanism involves a PPh3 dissociative pathway
(Figure 2).

10 56

11 43

12 94

13 36

14 38

a Reaction conditions: alcohol (4 mmol), [Ru] (5 mol%), KOH (15 mol%), 
H2O (1.0 mL), reflux, 48 h.
b Isolated yield.

Entry Substrate Product Yieldb (%)

3j

OH

4j

O

OH

3k

O

4k

OH

3l

O

4l

3m

OH O

4m

CH3O

OH

3n
CH3O

O

4n

Figure 2  Change in the rate of the reaction in the presence of various 
amounts of added triphenylphosphine
· New York — Synlett 2018, 29, A–E
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To prove that phosphine dissociation occurs, we carried
out 31P{1H}-NMR studies at various temperatures (Figure 3).
At room temperature, the 31P{1H}-NMR spectrum of a
solution of compound 2 in DMSO-d6 showed one triplet at
δ = –26.68 ppm (JP–P = 36 Hz) and a doublet at
δ = 29.22 ppm (JP–P = 36 Hz). The solution was then heated
to 100 °C for one hour, resulting in the appearance of a set
of three peaks: two doublet peaks at δ = –26.38 ppm (JP–P =
32 Hz) and δ = 29.12 ppm (JP–P = 32 Hz), corresponding to
coordinated PTA and PPh3 phosphine units, and a singlet at
δ = –5.83 ppm for the free PPh3 unit. This suggests that
heating the solution for one hour resulted in dissociation of
one PPh3 unit. When heating was continued for a further
hour, the resultant spectrum showed only two singlet peaks
at δ = –5.83 and δ = –25.99 ppm, which were attributed to
coordinated PTA and noncoordinated PPh3 units, suggesting
the dissociation of the second PPh3 unit. Thus, the NMR
study supported the kinetic study and the proposed PPh3
dissociative pathway.

Figure 3  31P{1H}-NMR studies of compound 2 in DMSO-d6 at 100 °C for 
various time intervals

On the basis of our experimental results and the mecha-
nism reported by Bäckvall and co-workers17e and by our
group7 for a similar catalyst system, we propose the mecha-
nism shown in Scheme 2 and Figure 4. According to this
mechanism, complex 2, after dissociation of two PPh3 units,
reacts with the secondary alcohol in the presence of the
base, resulting in the elimination of a HCl molecule, fol-
lowed by β-elimination to yield the active Ru–H2 species (A)
(Scheme 2). As shown in Figure 4, the active catalyst A then
undergoes oxidative addition to the alcohol followed by β-

elimination to form intermediate B. This eliminates H2 to
form the ruthenium–hydride intermediate C. Intermediate
C undergoes further β-elimination to regenerate active
catalyst A, with the liberation of the oxidized carbonyl
product.

Figure 4  Mechanism for the dehydrogenation of alcohols with catalyst 2

In conclusion, we have reported the synthesis and cata-
lytic activity of a water-soluble ruthenium complex 2 bear-
ing a PTA- and pyridine-based PN-chelating ligand. Catalyst
2 in the presence of KOH was found to be active for the de-
hydrogenation of alcohols in aqueous medium. Secondary
alcohols were efficiently converted into the corresponding
ketones in good yields. Primary alcohols were converted
into the corresponding aldehydes without the formation of
any byproducts such as esters or acids, demonstrating the
selectivity of our catalyst system compared with other re-
ported systems. NMR and kinetic studies revealed that the
reaction mechanism involves a PPh3-dissociative pathway
and the formation of a Ru–H2 species as the active catalyst.
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(t, J = 8 Hz, 1 H, Hpy), 8.51 (d, J = Hz, 2 H, Hpy). 13C{1H} NMR (300
MHz, DMSO-d6, 25 °C): δ = 49.88 (d, JP–C = 52 Hz, PCH2N); 54.09
(d, JPC = 52 Hz, PCH2N+); 68.42 (s, pyCH2N+); 72.03 (s, NCH2N);
73.36 (s, NCH2N+); 128.68 (s, Cpy); 131.41 (s, Cpy); 133.17 (d, JPC =
36 Hz, CPh); 136.47 (s, Cpy); 141.11 (s, CPh); 144.99 (s, Cpy);
151.83 (s, Cpy). 31P{1H} NMR (300 MHz, DMSO-d6): δ = –26.68 (t,
JP–P = 36 Hz, Ru-PTA), 29.22 (d, JP–P = 36 Hz, Ru-PPh3). ESI-MS
(+ve): m/z = 945.31 [M]+. Anal. Calcd for C48H48BrCl2N4P3Ru: C
56.21, H 4.72, N 5.46. Found: C 56.17, H 4.70, N 5.41.

(16) Dehydrogenation of Alcohols; General Procedure
A Schlenk tube was charged with Ru complex 2 (5 mol%), base
(15 mol%), the appropriate alcohol (5 mmol), and H2O (1.0 mL),
and the mixture was stirred under reflux for 48 h. When the
reaction was complete, the product was extracted with CH2Cl2.
All the CH2Cl2 was evaporated under vacuo, and the product
ketone or aldehyde was isolated from the crude mixture by
column chromatography (silica gel, hexane–EtOAc). The forma-
tion and purity of all the products were confirmed by compar-
ing their 1H NMR spectra with the report values.

(17) (a) Yang, L.-C.; Ishida, T.; Yamakawa, T.; Shinoda, S. J. Mol. Catal.
A: Chem. 1996, 108, 87. (b) Johansson, A. J.; Zuidema, E.; Bolm, C.
Chem. Eur. J. 2010, 16, 13487. (c) Muthaiah, S.; Hong, S. H. Adv.
Synth. Catal. 2012, 354, 3045. (d) Pandey, P.; Dutta, I.; Bera, J. K.
Proc. Natl. Acad. Sci., India, Sect. A 2016, 86, 561; and references
cited therein. (e) Aranyos, A.; Csjernyik, G.; Szabó, K. J.; Bäckvall,
J.-E. Chem. Commun. 1999, 351.
© Georg Thieme Verlag  Stuttgart · New York — Synlett 2018, 29, A–E


