
Inorganic Chemistry Communications 29 (2013) 114–117

Contents lists available at SciVerse ScienceDirect

Inorganic Chemistry Communications

j ourna l homepage: www.e lsev ie r .com/ locate / inoche
Direct oxidation of alcohols to carboxylic acids over ruthenium hydride catalyst with
diphenyl sulfoxide oxidant

Behjat Barati, Majid Moghadam ⁎, Abbas Rahmati, Valiollah Mirkhani,
Shahram Tangestaninejad, Iraj Mohammadpoor-Baltork
Department of Chemistry, Catalysis Division, University of Isfahan, Isfahan 81746-73441, Iran
⁎ Corresponding author. Tel.: +98 311 7932712; fax:
E-mail address: moghadamm@sci.ui.ac.ir (M. Mogha

1387-7003/$ – see front matter © 2013 Elsevier B.V. All
http://dx.doi.org/10.1016/j.inoche.2012.12.014
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 20 October 2012
Accepted 12 December 2012
Available online 5 January 2013

Keywords:
Ruthenium hydride complex
Carboxylic acid
Diphenyl sulfoxide
Direct oxidation
In the present work, a new method for the synthesis of carboxylic acids over ruthenium hydride catalyst is
reported. Direct oxidation of alcohols to their corresponding carboxylic acids with diphenyl sulfoxide oxidant
over RuHCl(CO)(PPh3)3 catalyst was investigated. Mild reaction conditions, short reaction times and excel-
lent yields make this method as an appealing way for preparation of carboxylic acids.

© 2013 Elsevier B.V. All rights reserved.
Synthesis of carboxylic acids is one of themost fundamental transfor-
mations in chemistry. Because of their unique and important roles, a
number of synthetic methods have been developed for this manner
and new synthetic strategies are still in demand [1–11]. Due to the
high activity of ruthenium based catalysts, the ruthenium-catalyzed re-
actions have attracted considerable attention in the past decade.
Among them, ruthenium hydride catalysts have played a great role in
these transformations. The remarkable feature of these catalysts is their
ability in catalyzing reductive carbon–carbon bond formation [12–19].
In recent years, RuHCl(CO)(PPh3)3 has been employed as catalyst for
diaryl ketone synthesis by coupling of arylboronic acids with aryl
aldehydes [20], post-polymerization functionalization of conjugated
polyisoperene [21], synthesis of (E)-styryl ketones from styrene [22]
and conversion of dialdehydes and keto aldehydes to lactones [23]. The
high catalytic activity of RuHCl(CO)(PPh3)3 in the oxidation of alcohols
to aldehydes [15,16,24–30], prompted us to investigate its ability in the
oxidation of aldehydes to their corresponding carboxylic acids.

Recently, we reported the catalytic activity of homogeneous
[RuHCl(CO)(PPh3)3] in the oxidation of alcohols with styrene oxide and
heterogeneous [RuHCl(CO)(PPh3)3] in the synthesis of unsaturated
carbonyl compounds [31,32].

Herein, we report the application of ruthenium hydride catalyst,
[RuHCl(CO)(PPh3)3], in the direct oxidation of alcohols to their corre-
sponding carboxylic acids with diphenyl sulfoxide (Scheme 1).

The [RuHCl(CO)(PPh3)3] complexwas prepared viamethod reported
in the literature [33]. To optimize the reaction conditions, the oxidation
of benzyl alcohol 1a in the presence of RuHCl(CO)(PPh3)3 was chosen
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as model reaction (Table 1). First, the catalyst amount was optimized
in themodel reaction. The highest yieldwas obtainedwith 4 mol% of cat-
alyst after 2.5 h in THF at 70 °C. Increasing the catalyst amount to 5 mol%
did not affect the yield, but by decreasing the catalyst amount to 3 mol%,
the yield was reduced (entries 1–5). The solvent effect was also exam-
ined. The results showed that among toluene, DMF, DCE and THF; THF
and DCE gave better yields (entries 4 and 6–8). From environmental
points of view and green chemistry, all reactions were carried out in
THF. The optimum reaction time was 2.5 h. Increasing the reaction
time had no obvious effect on the yield but at shorter reaction times,
the yield decreased significantly (entries 9 and 10). The reaction temper-
ature was also optimized in the model reaction. The highest yield was
observed at 70 °C while at lower temperature (50 °C), the yield was
32%, while no better yield was obtained at 90 °C (entries 11 and 12). Fi-
nally, when dimethyl sulfoxide was used as oxidant, the yield was 43%.
Notably, in the absence of diphenyl sulfoxide, only aldehyde is produced,
and no corresponding acid product was observed [15,16,24–30].

Under the optimized reaction conditions, several primary alcohols
(including benzylic and linear ones) were selected as reactants and
their oxidationwas investigated with diphenyl sulfoxide in the presence
of RuHCl(CO)(PPh3)3 at 70 °C in THF (Table 2) [37]. Substituted benzyl
alcohols were efficiently converted to their corresponding substituted
benzoic acids with diphenyl sulfoxide in the presence of catalytic
amounts of RuHCl(CO)(PPh3)3 (entries 1–7). It seems that the substitu-
ents in the benzylic alcohols have no significant electronic effect on the
product yield. A series of substituted N-(2-hydroxyethyl)benzamides
were also oxidized to their corresponding carboxylic acids in high
to excellent yields with diphenyl sulfoxide in the presence of
[RuHCl(CO)(PPh3)3] (entries 9–11). To check the ability of this catalytic
system in the full oxidation of linear alcohols, the oxidation of cinnamyl
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Scheme 1. Ruthenium hydride-catalyzed direct oxidation of alcohols to carboxylic acids with diphenyl sulfoxide as oxidant.
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alcoholwas carried out and the cinnamic acidwas produced in high yield
(entry 12). In all reactions, diphenyl sulfoxide oxidant was converted to
diphenyl sulfide. On the other hand, small amounts of corresponding al-
dehydes were also detected as by-product. Therefore, the conversions
and yieldswere determined byGC and the carboxylic acidswere purified
and identified by spectroscopic techniques.

The results of this catalytic system were compared with some of
those reported in the literature (Table 3). As can be seen, the
[RuHCl(CO)(PPh3)3]/DPSO catalytic system, can be considered as an ef-
ficient and simple catalytic system for direct oxidation of alcohols to
carboxylic acids.

In summary, we demonstrated a novel ruthenium catalyzed strat-
egy for oxidation of primary alcohols with diphenyl sulfoxide under
mild conditions which produced a diverse range of carboxylic acids
in good to excellent yields. Our studies revealed that DPSO can be
employed as oxygen atom source and alcohol may serve both as hy-
drogen donor and precursor for nucleophilic reaction.

Spectral data

Benzoic acid (3a):
Colorless crystal; Mp 121–123 °C; 1H NMR (400 MHz, CDCl3): δ=
7.51 (t, 2H, J=16 Hz), 7.63 (t, 1H, J=8 Hz), 7.95 (d, 2H, J=4 Hz);
12.99 (bs, 1H); 13C NMR (100 MHz, CDCl3): δ=128.55, 129.23,
130.69, 132.58, 167.30.
4-Methylbenzoic acid (3b):
White solid, Mp 178–179 °C; 1H NMR (400 MHz, CDCl3): δ=2.37 (s,
1H), 7.31 (d, 2H, J=8 Hz), 7.84 (d, 2H, J=8 Hz), 12.82 (bs, 1H); 13C
NMR (100 MHz, CDCl3): δ=21.10, 127.96, 129.10, 129.30, 143.01,
167.29.
4-Hydroxybenzoic acid (3c):
White solid, Mp 210–214 °C; 1H NMR (400 MHz, CDCl3): δ=6.93
(d, 2H, J=8.4), 7.77 (d, 2H, J=8.4), 9.79 (s, 1H), 10.63 (bs, 1H); 13C
NMR (100 MHz, CDCl3): δ=115.8, 128.4, 132.1, 163.3, 191.0.
Table 1
Optimization of conditions in the reaction of 1a with sulfoxides catalyzed by RuHCl(CO)(PPh3)

Entry Oxidant Solvent Catal

1 DPSO THF 1
2 DPSO THF 2
3 DPSO THF 3
4 DPSO THF 4
5 DPSO THF 5
6 DPSO Toluene 4
7 DPSO DMF 4
8 DPSO DCE 4
9c DPSO THF 4
10d DPSO THF 4
11 DPSO THF 4
12 DPSO THF 4
13 DMSO THF 4

a All reactions were carried out with 1 mmol of benzyl alcohol, and 1 mmol of sulfoxide, cat
b The yields refer to pure isolated material.
c The reaction time is 4 h.
d The reaction time is 1.5 h.
4-Fluorobenzoic acid (3d):
White solid, Mp 182–184 °C; 1H NMR (400 MHz, CDCl3): δ=7.33 (t,
2H, J=8 Hz), 7.99–8.03 (m, 2H), 13.07 (bs, 1H); 13C NMR (100 MHz,
CDCl3): δ=115.50, 115.72, 132.03, 132.13, 166.11, 166.36.
2-Chlorobenzoic acid (3e):
White solid, Mp 137–138 °C; 1H NMR (400 MHz, CDCl3): δ=7.42–
7.55 (m, 3H), 7.79 (d, 2H, J=8 Hz) 13.44 (bs, 1H); 13C NMR
(100 MHz, CDCl3): δ=127.21, 130.58, 130.76, 131.50, 132.56, 166.28.
4-Nitrobenzoic acid (3f):
White solid, Mp 237–239 °C; 1H NMR (400 MHz, CDCl3): δ=8.27
(d, 2H, J=8 Hz), 8.38 (d, 2H, J=8 Hz), 12.92 (bs, 1H); 13C NMR
(100 MHz, CDCl3): δ=183.4, 151.6, 133.9, 130.4, 124.7.
2,2′-Biphenyldicarboxylic acid (3g):
White solid; Mp 224–226 °C; 1H NMR (400 MHz, CDCl3): δ=
6.94–8.16 (m, 8H), 12.47 (bs, 2H); 13C NMR (100 MHz, CDCl3):
δ=126.9, 129.4, 130.3, 131.0, 142.9, 167.9; IR (KBr): 3064, 2994,
2885, 2818, 2645, 2567, 1686, 1597, 1577, 1453, 1407, 1297,
1273, 1136, 1049, 1105, 1049, 1003, 921, 796, 754, 703 cm−1;
EIMS m/z, 244.04 (M+), 242.00, 196.66, 181.03, 152.02, 138.96,
114.97, 98.48, 88.95, 75.96, 70.00, 57.35; calcd for C14O4H10:
242.23; found: 242.00.
2-Benzamidoacetic acid (3h):
White solid; Mp 185–188 °C; 1H NMR (400 MHz, DMSO-d6): δ=
3.95 (d, 2H, J=4 Hz), 7.49 (t, 2H, J=8 Hz), 7.55 (t, 2H, J=4 Hz),
7.89 (d, 1H, J=8 Hz), 8.87 (t, 1H, J=6 Hz), 12.64 (bs, 1H); 13C
NMR (100 MHz): δ=41.2, 127.2,128.2,128.3,131.4,133.7,166.4,
171.3; IR (KBr): 3343, 3075, 2938, 1742, 1602, 1556, 1490, 1416,
1395, 1336, 1317, 1305, 1257, 1181, 1078, 999, 943, 849, 806,
723 cm−1; EIMS m/z, 179.09 (M+), 135.04, 104.87, 83.07, 76.99,
69.06, 57.04, 51.01, 45.03, 43.08, 41.08; calcd for C9O9NO3:
179.17, found: 179.09.
3.a.

yst amount (mol%) T (°C) Yield (%) b

70 17
70 46
70 78
70 90
70 90
70 63
70 45
70 93
70 90
70 54
50 32
90 90
70 43

alyst, and solvent (2 mL) in a screw capped test tube.



Table 2
Ruthenium hydride-catalyzed direct oxidation of alcohols to carboxylic acids with diphenyl sulfoxide.a

Entry Alcohol 1 Carboxylic acid 3 Yield (%)b Conversion (%)c Selectivity (%)

1 90 93 96

2 89 92 97

3 85 88 96

4 92 95 97

5 90 92 98

6 93 96 97

7c 81 86 94

8 88 90 98

9 87 89 98

10 89 92 97

11 88 92 96

12 76 80 95

a All reactions (except for 1g) were performed using alcohol (1 mmol), diphenyl sulfoxide (1 mmol), and catalyst (4 mol%) in THF (2 mL) at 70 °C for 2.5 h.
b The yields refer to GC yield.
c The reaction was performed using alcohol (1g, 1 mmol), diphenyl sulfoxide (2 mmol), and catalyst (8 mol%) in THF (2 mL) at 70 °C for 2.5 h.
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2-(4-Methylbenzamido)acetic acid (3i):
White solid; Mp 153–155 °C; 1H NMR (400 MHz, CDCl3): δ=2.36
(s, 3H), 3.91 (d, 2H, J=8 Hz), 7.29 (d, 2H, J=8 Hz), 7.78 (d, 2H,
J=8 Hz), 8.77 (t, 1H, J=4 Hz), 12.63 (s, 1H);13C NMR (100 MHz,
CDCl3): δ=20.93, 41.33, 127.2, 128.8, 131.0, 141.3, 166.3, 171.4; IR
(KBr): 3354, 2986, 1746, 1680, 1613, 1556, 1506, 1416, 1325,
1260, 1214, 1121, 1000, 833, 755 cm−1; EIMS m/z, 193.12 (M+),
148.01, 118.75, 91.06, 65.08, 45.15; calcd for C10H11NO3: 193.20,
found: 20.93, 41.33, 127.2, 128.8, 131.0, 141.3, 166.3, 171.4,
2-(4-Nitrobenzamido)acetic acid (3j):
Light brown solid; Mp 152–154 °C; 1H NMR (400 MHz, CDCl3):
δ=3.97 (d, 2H, J=8 Hz), 8.11 (d, 2H, J=8 Hz), 8.33 (d, 2H, J=
8 Hz), 9.28 (t, 1H, J=5 Hz), 13.14 (bs, 1H); 13C NMR (100 MHz,
CDCl3): δ=41.3, 123.6, 128.8, 139.3, 149.1, 164.8, 170.9; IR
(KBr): 3316, 3110, 1706, 1641, 1601, 1541, 1425, 1351, 1297, 1231,
1108, 1013, 930, 874, 831, 801, 786, 716 cm−1; EIMS m/z,179.10,
150.08, 120.09, 104.09, 92.10, 76.13, 50.16, 45.15; calcd for
C9H8N2O5: 224.1712, found: 224.03.
2-(2-Chlorobenzamido)acetic acid (3k):
White solid; Mp 158–162 °C; 1H NMR (400 MHz, CDCl3): δ=3.92
(d, 2H, J=8 Hz), 7.40–7.49 (m, 3H), 7.51 (t, 1H, J=4 Hz), 8.79 (t,
1H, J=4 Hz), 12.71 (bs, 1H); 13C NMR (100 MHz, CDCl3): δ=40.9,
127.0, 129.0, 129.9, 130.8, 132.6, 136.2, 166.6, 170.9; IR (KBr):
3289, 3082, 1721, 1626, 1597, 1596, 1553, 1469, 1437, 1402, 1350,
1321, 1259, 1230, 1173, 1052, 999, 947, 842, 760 cm−1; EIMS m/z,
213.01 (M+), 168.52, 139.18, 111.16, 75.04, 55.94, 57.11, 50.19,
43.16; calcd for C9H8NO3Cl: 213.01, found: 213.62.
Cinnamic acid (3l):
White solid; Mp 129–132 °C; 1H NMR (400 MHz, CDCl3): δ=6.56
(d, 1H, J=8 Hz), 7.43–7.73 (m, 5H), 7.90 (d, 1H, J=8), 11.61 (bs,
1H); 13C NMR (100 MHz, CDCl3): δ=173.9, 147.16, 135.1, 130.9,
128.9, 128.3, 118.4.



Table 3
Comparison of the results obtained with [RuHCl(CO)(PPh3)3]/styrene oxide catalytic
system with some of those reported in the literature.

Catalyst Catalyst
amount

Yield (%) Time (h) Ref.

[RuHCl(CO)(PPh3)3]/DPSO 4 mol% 76–93 2.5 Present work
CuCl/tBuOOH 5 mol% 76–99 1–6 [10]
PS-TEMPO/NaClO 10 mol% 77–98 20–48 [6]
Pt-C/Air 1.95 wt.% 99 1–16 [9]
TPAP/NMO 10 mol% 26–100 – [11]
KMnO4 4 mmol 5–91 4–18 [34]
OsO4 4 wt.% 50–85 – [35]
CAN 2.2 eq 42–95 4 [36]
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