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ABSTRACT: The ruthenium complex [RuCl2(IiPr)(p-cym-
ene)] catalyzes the direct condensation of primary alcohols
into esters and lactones with the release of hydrogen gas. The
reaction is most effective with linear aliphatic alcohols and 1,4-
diols and is believed to proceed with a ruthenium dihydride as
the catalytically active species.

■ INTRODUCTION

The synthesis of an ester is one of the most fundamental
transformations in organic chemistry. The reaction is

usually performed by coupling of a carboxylic acid or a
derivative of a carboxylic acid with an alcohol.1 Although high
yields can be obtained, the need for activation of the acid often
leads to the formation of a significant amount of waste. As a
result, other starting materials have been investigated for the
development of more atom-economical esterifications. Alde-
hydes in the presence of alcohols can be oxidized directly to
esters under aerobic conditions with a homogeneous NHC/
iron catalyst2 or heterogeneous gold catalysts.3 More
significantly, primary alcohols can also be employed as starting
materials for the direct aerobic oxidation to esters. The
oxidation can be accomplished with homogeneous iridium4 and
palladium5 catalysts or with heterogeneous gold catalysts.6 A
different approach to the oxidation can be used under anaerobic
conditions where ester formation is achieved by dehydrogen-
ation of the alcohol. This transformation can be catalyzed by
ruthenium,7 iridium,8 and rhodium9 complexes, and the
liberated hydrogen gas can be released from the reaction
mixture or trapped with a stoichiometric scavenger such as a
ketone or an olefin. The most attractive protocol is to perform
the ester synthesis directly from a primary alcohol in the
absence of a scavenger or an oxidant. This has so far been
achieved with ruthenium CNN7a and PNN pincer complex-
es,7c,d RuH2(PPh3)4,

7e the Shvo catalyst,7f and an iridium PCP
pincer complex.8a In addition, the special substrate butane-1,4-
diol has been converted into γ-butyrolactone and hydrogen gas
with homogeneous ruthenium catalysts10 and heterogeneous
copper catalysts.11

Recently, we have described a new dehydrogenative reaction
for the synthesis of amides from primary alcohols and
amines.12,13 The amidation was catalyzed by the ruthenium
NHC complex 1 (Figure 1) in the presence of PCy3 and
KOtBu.12 With less reactive amines, some self-condensation of
the primary alcohol into the corresponding ester was observed

as a byproduct, and we speculated about whether the
conditions could be modified into a dehydrogenative ester
synthesis. Herein, we describe a new ruthenium-catalyzed
synthesis of esters from primary alcohols in which hydrogen gas
is liberated.

■ RESULTS AND DISCUSSION
For the initial studies, pentan-1-ol was selected as the test
substrate and the reaction was performed in refluxing
mesitylene under an argon atmosphere with 2.5% 1. It was
quickly realized that a base was essential for ester formation
because almost no conversion occurred under neutral
conditions (Table 1, entry 1). With KOtBu, the yield of the
ester increased when an increasing amount of the base was
employed until a 58% yield was achieved with 20% KOtBu
(entries 2−6). Improved conversion was observed when a
ligand such as PCy3 was also added, where the best result was
obtained with 10% KOtBu and 2.5% PCy3 (entries 7−9). A
number of other bases were also tested, and KOH proved to be
a better choice than KOtBu for the esterification (entries 10−
15). Under these conditions, the 92% yield of pentyl
pentanoate was obtained with 10% KOH and 2.5% PCy3
(entry 15). Other phosphine and amine ligands did not
improve this result, and only tricyclopentylphosphine (PCyp3)
gave a comparable yield (entries 16−19). Varying the amount
of PCy3 from 2.5 to 9% showed that a near-quantitative yield
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Figure 1. Structure of ruthenium NHC complex 1.
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could be achieved with a slight excess of the phosphine as
compared to the ruthenium complex (entries 20 and 21). The
corresponding methyl-substituted carbene complex
[RuCl2(IMe)(p-cymene)] was also investigated, but a slightly
lower yield was obtained in this case as compared to the yield
with isopropyl complex 1 (entries 20 and 22). The importance
of the carbene ligand was underlined by an experiment with the
complex [RuCl2(p-cymene)]2 where an only 16% yield of
pentyl pentanoate was observed (entry 23). Thus, the optimal
catalyst system for general use consists of complex 1 together
with KOH and PCy3 in refluxing mesitylene. Attempts to lower
the reaction temperature by using a lower-boiling point solvent
were not successful because reactions in toluene gave
significantly lower yields while reactions in xylene were difficult
to reproduce, although comparable yields were obtained in
some cases. Experiments under neat conditions in the absence
of a solvent also gave a lower yield because of the formation of
several byproducts that were not further identified. The
evolution of hydrogen during the reaction was confirmed by
repeating the experiment in entry 20 with 1 mmol of pentan-1-
ol. The reaction flask was connected to a measuring cylinder,
and 17.5 mL was collected after 23 h. This corresponds to 0.73
mmol, and the gas was shown to be dihydrogen by using it for
hydrogenating an alkyne in a separate experiment.
With the optimized catalyst system in place, our attention

then shifted to other alcohols to investigate the scope of the
dehydrogenative homodimerization (Table 2). Long chain
aliphatic alcohols gave yields similar to those of pentan-1-ol
(entries 1−3), whereas the yields with branched alcohols were
somewhat lower (entries 4 and 5). The reaction with 2-

ethylhexan-1-ol in entry 4 was monitored over time, and the
ester formed at the same rate as with pentan-1-ol in entry 1.
However, a small amount of heptane (∼3%) was observed as a
byproduct, indicating that a competing decarbonylation14 of the
intermediate aldehyde is occurring with the branched alcohols.
Lactonization of diols proceeded well under the esterification
conditions as long as γ- and δ-lactones were formed (entries 6−
8). The reaction in entry 6 was repeated under neat conditions
with 1.25% 1 and gave a 60% isolated yield of γ-butyrolactone.
Other lactone sizes, however, did not form easily under the

Table 1. Synthesis of Pentyl Pentanoate from Pentan-1-ol

entry base % base ligand % ligand yield (%)a

1 − − PCy3 2.5 1
2 KOtBu 7.5 − − 19
3 KOtBu 10 − − 26
4 KOtBu 15 − − 50
5 KOtBu 20 − − 58
6 KOtBu 28 − − 51
7 KOtBu 20 PCy3 2.5 32
8 KOtBu 10 PCy3 2.5 70
9 KOtBu 7.5 PCy3 2.5 52
10 Et3N 10 PCy3 2.5 7
11 NaHCO3 10 PCy3 2.5 68
12 Na2CO3 10 PCy3 2.5 56
13 K2CO3 10 PCy3 2.5 71
14 NaOH 10 PCy3 2.5 81
15 KOH 10 PCy3 2.5 92
16 KOH 10 PPh3 2.5 66
17 KOH 10 PtBu3 2.5 48
18 KOH 10 PCyp3 2.5 90
19 KOH 10 DABCO 5 11
20 KOH 10 PCy3 4.5 97
21 KOH 10 PCy3 9 89
22b KOH 10 PCy3 4.5 90
23c KOH 10 PCy3 4.5 16

aGC yield. bWith [RuCl2(IMe)(p-cymene)]. cWith [RuCl2(p-
cymene)]2.

Table 2. Synthesis of Esters and Lactones from Alcohols and
Diols

aIsolated yield (GC yield in parentheses). bHeptane (∼3%) was also
formed. cToluene (7%) was also formed. dToluene (63%) was also
formed. eAnisole (48%) was also formed. fInseparable mixture of
saturated and unsaturated ester.
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conditions described in Table 2. Propane-1,3-diol afforded no
β-propiolactone, while hexane-1,6-diol gave traces of ε-
caprolactone; in both cases, large amounts of the starting
diols did not react. 2-Phenylethanol gave the ester in 48%
isolated yield together with a small amount of toluene (entry
9). Benzylic alcohols, however, gave very low yields of the
corresponding benzoates (entries 10−12). Surprisingly, the
decarbonylation turned out to be the major reaction in these
cases. This limits the substrate scope to saturated alcohols
because alcohols containing olefins are partially reduced by the
liberated hydrogen (entry 13).
Attempts to couple two different alcohols were not

successful. The reaction between ethanol and pentan-1-ol
gave roughly a statistical mixture of all four possible ester
products. It was subsequently shown that transesterification
with primary alcohols occurs readily under the reaction
conditions, which may further contribute to the poor selectivity
in the cross esterification. The reaction between pentan-1-ol
and benzyl alcohol also resulted in a mixture of all four ester
products. When pentan-1-ol was reacted with propan-2-ol, 2-
methylpropan-2-ol, or phenol, the only product was pentyl
pentanoate from self-coupling of the primary alcohol and no
cross esterification occurred with the secondary or tertiary
alcohol or the phenol.
Several experiments were performed with special substrates

to gain more information about the mechanism for the
dehydrogenative esterification. When benzaldehyde was sub-
mitted to the standard conditions described in Table 2, the
reaction gave only trace amounts of benzyl benzoate and benzyl
alcohol. This rules out an aldehyde disproportionation
mechanism, i.e., a Tishchenko reaction,15 as the main pathway
for ester formation. The same result was obtained with p-
methoxybenzaldehyde where trace amounts of anisole were also
formed. Because anisole was the main product in entry 12 of
Table 2, this experiment suggests that decarbonylation does not
happen directly from an aldehyde in solution, but rather from
an aldehyde generated on ruthenium. When a 1:1 mixture of p-
methylbenzaldehyde and benzyl alcohol was reacted under the
standard conditions, an evenly distributed mixture of all four
esters was observed together with p-methylbenzyl alcohol.
Following the reaction over time showed that the four esters
were formed at approximately the same rate and a relatively
large amount of p-methylbenzyl alcohol was formed rather
quickly. This indicates that the hydrogen gas liberated at the
beginning of the reaction was used for reduction of p-
methylbenzaldehyde and the alcohol then entered the catalytic
cycle. On the basis of these experiments and the fact that
aldehydes are not observed as byproducts in Table 2, we believe
the ester is formed from the alcohol by a pathway that does not
involve a free aldehyde in solution.
An experiment was also conducted with benzyl alcohol-α,α-

d2 to investigate a possible exchange of deuterium and
hydrogen during the reaction. Interestingly, when the reaction
was performed as described in entry 10 of Table 2, benzyl
benzoate was obtained with 64% hydrogen and 36% deuterium
in the benzylic position as judged by 1H NMR. The experiment
was conducted in mesitylene-d12, and the hydrogen incorpo-
ration is therefore not a result of an exchange with the solvent.
When the same esterification was stopped after 2.5 h and the
starting alcohol reisolated, it turned out that complete
scrambling of hydrogen and deuterium had occurred in the
α-position. These experiments indicate that the initial β-hydride
elimination to form benzaldehyde is a reversible reaction and,

more significantly, that the catalytically active species is a
ruthenium dihydride.
On the basis of these results and our previous studies of

amidation,12a we propose the esterification mechanism in
Scheme 1. Initially, the p-cymene ligand is lost, and the two

chloride ligands are replaced with hydride through alkoxide
substitution and β-hydride elimination. The introduction of
hydrides in this way has been shown earlier for other
ruthenium(II) chloride complexes.16 This generates ruthenium
dihydride 2, which is believed to be the catalytically active
species. Coordination of the alcohol affords complex 3, from
which hydrogen gas is liberated by transfer of hydrogen to
hydride as demonstrated previously.17 This furnishes complex
4, which upon β-hydride elimination yields aldehyde complex 5
where the carbonyl group can be σ- or π-coordinated to
ruthenium.18 Nucleophilic attack of the second molecule of
alcohol then gives hemiacetal complex 6. Transfer of hydrogen
to hydride liberates the second molecule of hydrogen to give
complex 7, from which β-hydride elimination releases the ester
product and regenerates active complex 2. The scrambling of
hydrogen and deuterium observed above can be explained by
the fact that ruthenium dihydride complexes are known to
scramble hydrogen and deuterium when subjected to hydro-
gen/deuterium gas.19 Combined with a reversible β-hydride
elimination, this provides a pathway by which OH group
hydrogens can be transferred into the α-position of the alcohol.
In conclusion, we have described a new procedure for the

dehydrogenative synthesis of esters from primary alcohols. The
reaction is catalyzed by ruthenium NHC complex 1 and works
most efficiently with linear aliphatic alcohols and 1,4-diols. A
mechanism is proposed with a ruthenium dihydride species as
the catalytically active component.

■ EXPERIMENTAL SECTION
General Information. All solvents were of HPLC grade and were

not further purified. Column chromatography was performed on silica
gel (0.015−0.040 mm). NMR chemical shifts were measured relative
to the signals of residual CHCl3 (δH 7.26) and CDCl3 (δ C 77.16).

Scheme 1. Proposed Mechanism for Esterification
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General Procedure for Ruthenium-Catalyzed Ester Forma-
tion. [RuCl2(IiPr)(p-cymene)]12a (11.5 mg, 0.025 mmol), PCy3
(12.6 mg, 0.045 mmol), and KOH (5.6 mg, 0.1 mmol) were placed
in an oven-dried Schlenk flask. The flask was evacuated and refilled
with argon three times. The primary alcohol (1 mmol; 0.5 mmol in the
case of a diol) in anhydrous mesitylene (1 mL) was added and the
reaction mixture refluxed for 18 h under an argon atmosphere. The
mixture was cooled to room temperature and purified directly by dry
column vacuum chromatography20 (DCVC).

Pentyl Pentanoate. DCVC eluting with pentane containing 2%
increments of ethyl acetate per fraction gave the product as a slightly
yellow oil: 1H NMR (300 MHz, CDCl3) δ 3.92 (t, J = 6.7 Hz, 2H),
2.16 (t, J = 7.5 Hz, 2H), 1.62−1.40 (m, 4H), 1.32−1.11 (m, 6H),
0.91−0.70 (m, 6H); 13C NMR (75 MHz, CDCl3) δ 174.0, 64.4, 34.2,
28.4, 28.2, 27.2, 22.4, 22.4, 14.0, 13.8; MS m/z 173 [M + H]+. NMR
data are in accord with literature values.21

Decyl Decanoate. DCVC eluting with heptane containing 2%
increments of ethyl acetate per fraction gave the product as a slightly
yellow oil: 1H NMR (300 MHz, CDCl3) δ 4.04 (t, J = 6.7 Hz, 2H),
2.27 (t, J = 7.5 Hz, 2H), 1.66−1.53 (m, 4H), 1.25 (m, 26H), 0.86 (t, J
= 6.6 Hz, 6H); 13C NMR (75 MHz, CDCl3) δ 174.1, 64.5, 34.5, 32.0,
32.0, 29.7, 29.7, 29.6, 29.5, 29.4, 29.4, 29.4, 29.3, 28.8, 26.1, 25.2, 22.8,
22.8, 14.2, 14.2; MS m/z 312 [M]+. NMR data are in accord with
literature values.22

Undecyl Undecanoate. DCVC eluting with heptane containing
2% increments of ethyl acetate per fraction gave the product as a
slightly yellow oil: 1H NMR (300 MHz, CDCl3) δ 4.04 (t, J = 6.7 Hz,
2H), 2.27 (t, J = 7.5 Hz, 2H), 1.69−1.50 (m, 4H), 1.25 (bs, 30H), 0.86
(t, J = 6.6 Hz, 6H); 13C NMR (75 MHz, CDCl3) δ 174.1, 64.5, 34.5,
32.0, 29.8, 29.7, 29.7, 29.7, 29.6, 29.5, 29.5, 29.4, 29.4, 29.3, 28.8, 26.1,
25.2, 22.8, 14.2, 14.2; MS m/z 340 [M]+. NMR data are in accord with
literature values.23

2-Ethylhexyl 2-Ethylhexanoate. DCVC eluting with pentane
containing 2% increments of ethyl acetate per fraction gave the
product as a slightly yellow oil: 1H NMR (300 MHz, CDCl3) δ 3.97
(d, J = 5.7 Hz, 2H), 2.31−2.17 (m, 1H), 1.64−1.10 (m, 17H), 0.95−
0.69 (m, 12H); 13C NMR (75 MHz, CDCl3) δ 176.7, 66.3, 47.7, 38.9,
32.0, 30.6, 29.8, 29.0, 25.7, 24.0, 23.1, 22.8, 14.1, 14.0, 12.0, 11.1; MS
m/z 257 [M + H]+. NMR data are in accord with literature values.23

2-Methylpentyl 2-Methylpentanoate. DCVC eluting with pen-
tane containing 2% increments of ethyl acetate per fraction gave the
product as a slightly yellow oil: 1H NMR (300 MHz, CDCl3) δ 4.01−
3.88 (m, 1H), 3.87−3.79 (m, 1H), 2.42 (dt, J = 13.8, 7.0 Hz, 1H),
1.86−1.70 (m, 1H), 1.70−1.55 (m, 1H), 1.44−1.20 (m, 7H), 1.12 (d,
J = 7.0 Hz, 3H), 0.95−0.79 (m, 9H); 13C NMR (75 MHz, CDCl3) δ
177.1, 69.2, 39.6, 39.6, 36.1, 35.7, 32.4, 20.5, 20.0, 17.2, 17.0, 17.0,
14.4, 14.1; MS m/z 201 [M + H]+. NMR data are in accord with
literature values.24

γ-Butyrolactone. DCVC eluting with heptane containing 10%
increments of ethyl acetate per fraction gave the product as a colorless
oil: 1H NMR (300 MHz, CDCl3) δ 4.31 (t, J = 7.0 Hz, 2H), 2.50−
2.41 (m, 2H), 2.29−2.17 (m, 2H); 13C NMR (75 MHz, CDCl3) δ
177.8, 68.6, 27.8, 22.2; MS m/z 86 [M]+. NMR data are in accord with
literature values.25

γ-Valerolactone. DCVC eluting with heptane containing 10%
increments of ethyl acetate per fraction gave the product as a colorless
oil: 1H NMR (300 MHz, CDCl3) δ 4.62−4.50 (m, 1H), 2.50−2.43
(m, 2H), 2.35−2.23 (m, 1H), 1.82−1.68 (m, 1H), 1.32 (d, J = 6.2 Hz,
3H); 13C NMR (75 MHz, CDCl3) δ 177.2, 77.2, 29.6, 29.0, 21.0; MS
m/z 100 [M]+. NMR data are in accord with literature values.25

δ-Valerolactone. DCVC eluting with heptane containing 10%
increments of ethyl acetate per fraction gave the product as a colorless
oil: 1H NMR (300 MHz, CDCl3) δ 4.21 (t, J = 5.9 Hz, 2H), 2.42 (t, J
= 7.0 Hz, 2H), 1.88−1.65 (m, 4H); 13C NMR (75 MHz, CDCl3) δ
171.3, 69.3, 29.6, 22.1, 18.8; MS m/z 100 [M]+. NMR data are in
accord with literature values.25

Phenethyl 2-Phenylacetate. DCVC eluting with heptane contain-
ing 2% increments of ethyl acetate per fraction gave the product as a
slightly yellow oil: 1H NMR (300 MHz, CDCl3) δ 7.45−7.16 (m,
10H), 4.36 (t, J = 7.0 Hz, 2H), 3.65 (s, 2H), 2.96 (t, J = 7.0 Hz, 2H);

13C NMR (75 MHz, CDCl3) δ 171.6, 137.8, 134.1, 129.4, 129.0, 128.6,
128.5, 127.1, 126.6, 65.4, 41.5, 35.1; MS m/z 104 [C8H8]

+. NMR data
are in accord with literature values.12a

Benzyl Benzoate. DCVC eluting with heptane containing 2%
increments of ethyl acetate per fraction gave the product as a slightly
yellow oil: 1H NMR (300 MHz, CDCl3) δ 8.16−8.09 (m, 2H), 7.61−
7.54 (m, 1H), 7.52−7.33 (m, 7H), 5.40 (s, 2H); 13C NMR (75 MHz,
CDCl3) δ 166.5, 136.1, 133.1, 130.2, 129.8, 128.7, 128.4, 128.3, 128.2,
66.7; MS m/z 212 [M]+. NMR data are in accord with literature
values.26

4-Methylbenzyl 4-Methylbenzoate. DCVC eluting with heptane
containing 2% increments of ethyl acetate per fraction gave the
product as a slightly yellow oil: 1H NMR (300 MHz, CDCl3) δ 7.97
(d, J = 8.3 Hz, 2H), 7.35 (d, J = 8.0 Hz, 2H), 7.23 (d, J = 8.1 Hz, 2H),
7.20 (d, J = 8.4 Hz, 2H), 5.32 (s, 2H), 2.41 (s, 3H), 2.37 (s, 3H); 13C
NMR (75 MHz, CDCl3) δ 166.7, 143.8, 138.1, 133.3, 129.8, 129.4,
129.2, 128.4, 127.6, 66.6, 21.8, 21.3; MS m/z 240 [M]+. NMR data are
in accord with literature values.8a

4-Methoxybenzyl 4-Methoxybenzoate. DCVC eluting with hep-
tane containing 2% increments of ethyl acetate per fraction gave the
product as a slightly yellow oil: 1H NMR (300 MHz, CDCl3) δ 8.02
(d, J = 9.0 Hz, 2H), 7.39 (d, J = 8.8 Hz, 2H), 6.92 (d, J = 3.4 Hz, 2H),
6.89 (d, J = 3.6 Hz, 2H), 5.27 (s, 2H), 3.84 (s, 3H), 3.81 (s, 3H); 13C
NMR (75 MHz, CDCl3) δ 166.4, 163.5, 159.7, 131.8, 130.1, 128.5,
122.8, 114.0, 113.7, 66.4, 55.5, 55.4; MS m/z 272 [M]+. NMR data are
in accord with literature values.5c
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