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Abstract: The reported catalytic system demonstrates the possibility of efficient mass production of
3-hydroxybutyric acid (3-HBA) from inexpensive raw materials. The direct coupling of propylene oxide,
water, and CO was catalyzed by 1-butyl-3-methylimidazolium cobalt tetracarbonyl ([Bmim][Co(CO)4])
ionic liquid to form 3-HBA with >99% conversion (49% selectivity) under mild conditions.
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1. Introduction

β-Hydroxy carboxylic acids are one of the key intermediates in the production of poly(β-
hydroxy carboxylic acids), α,β-unsaturated acids, 1,3-alkanediols, β-hydroxyesters, β-hydroxyamides,
β-hydroxyaldehydes, and 1,3-dicarboxylic acids [1,2]. They have also been used as a starting
material in many pharmaceutical industries for the production of antibiotics, flavors, vitamins,
and pheromones [3–5]. In addition, some of their derivatives exhibit antimicrobial, antiviral, and insecticidal
activities [6–8]. To date, various methods, including the acid hydrolysis of biosynthetically produced
poly(3-hydroxybutyrate), sharpless epoxidation and hydroxylation of allylic alcohols, and enantioselective
reduction of 3-ketoesters [9–11], can be used to synthesize β-hydroxybutyric acid (β-HBA), which is
one of the representative derivatives of β-hydroxy carboxylic acids. Recently, Roo et al. reported the
long term acid methanolysis of biosynthetically prepared poly(hydroxybutyrates) (PHBs) to produce
3-hydroxybutyrate followed by saponification (KOH/H2O) to produce 3-hydroxybutyric acid (3-HBA) [12].
Although these methods can produce enantiomeric β-HBA, some common drawbacks such as high substrate
cost, the requirement of expensive metal catalysts, and complicated synthetic procedures have led to the
development of alternate facile synthetic routes (Scheme 1).

Interestingly, an imidazole-based cobalt carbonyl ionic liquid (IL) catalyst [1-butyl-3-
methylimidazolium tetracarbonylcobaltate ([Bmim][Co(CO)4])] has received great attention for
epoxide ring-opening carbonylation [13]. By using the [Bmim][Co(CO)4] and methanol, we recently
reported the direct conversion of propylene oxide (PO) to methyl 3-hydroxybutyrate [14]. Since this
epoxide carbonylation is simple, efficient and inexpensive, we envisaged that the target compound
β-HBA, can be directly produced if the same carbonylation is performed in water medium (Scheme 1).
Herein, we report, for the first time, the efficient direct coupling of PO with water and carbon monoxide
to produce 3-HBA using the [Bmim][Co(CO)4] catalyst under mild condition.
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Scheme 1. Synthetic routes of β-hydroxybutyric acids (β-HBAs) from epoxides.

2. Results and Discussion

The use of a non-metallic quaternary cobaltate IL [Bmim][Co(CO)4] with imidazole as a promotor
has received increased attention for epoxide carbonylation because of its high catalytic ability, high
miscibility in PO, and high stability under carbonylation. The IL, [Bmim][Co(CO)4], was prepared by
following a reported procedure (Scheme 2) and characterized using standard spectroscopic techniques
(Figures S2 and S3) [14].
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Scheme 2. Synthesis of C. (i) 1-butylchloride, CH3CN, 80 ◦C, 48 h (ii) K[Co(CO)4], MeOH,
0.5 MPa of CO, 25 ◦C, 24 h. (a) 1-methylimidazole, (b) 1-butyl-3-methylimidazolium chloride and
(c) 1-butyl-3-methylimidazolium cobalt tetracarbonyl.

The carbonylation of PO to 3-HBA catalyzed by C was performed in a 100 mL stainless steel tube
reactor, and the results are shown in Table 1. Initially, carbonylation was performed in water at 75 ◦C
under 4 MPa of CO for 24 h. However, due to the poor miscibility of PO in water, only 0.7% conversion
was observed (entry 1). Therefore, we attempted to identify a suitable solvent that has high miscibility
with water and dissolves PO and the catalyst. 1,2-dimethoxyethane (DME) is a well-known solvent for
PO carbonylation. Moreover, the donicity of DME increases the solubility of the catalyst, and its high
miscibility with water renders it as a suitable solvent for PO carbonylation.

Carbonylation experiments were later performed in a mixed solvent system (DME:H2O) (entries
2–11). Product formation was monitored by LC-MS analysis, which showed the formation of 3-HBA
and 2-HPHB (Figure S4). A conversion of 57% was observed in entry 2 with major products [3-HBA
(42%) and 2-HPHB (31%)] and minor products [acetone (14%) and 1,2-PD (13%)]. The formation
of 1,2-PD and acetone could be explained by performing a blank reaction under controlled reaction
conditions (entries 3–5). As shown in entry 3, when the reaction was performed at 75 ◦C without
any catalyst and CO, it resulted in a conversion of 63% with the predominant formation of 1,2-PD
and acetone. The result indicated that the formation of side products, namely 1,2-PD and acetone,
was not attributed to the catalyst, which could be directly formed by the nucleophilic attack of water
on PO at a higher temperature. Under similar conditions, the reaction was performed under 4 MPa
of CO to investigate side product formation (entry 4), and the same result as that of entry 3 was
observed. Another blank reaction performed by decreasing the temperature from 75 to 40 ◦C under
an argon atmosphere did not result in acetone formation, which indicated that acetone formation was
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completely reduced (entry 5) when carbonylation was performed at a lower temperature. Under this
reaction condition, carbonylation was performed in the presence of the catalyst, resulting in only 2% PO
conversion (entry 6). Therefore, for the efficient production of 3-HBA, the carbonylation temperature
should be maintained at 75 ◦C or above. Since the aim of this study was to synthesize 3-HBA, we
attempted to reduce the formation of 2-HPHB by adjusting the promoter (imidazole) ratio during
carbonylation (entries 7 and 8). When PO carbonylation was performed without promoter (entry 7) and
with excess promoter (entry 8), a decrease in PO conversion was observed while maintaining the ratio
of 3-HBA and 2-HPHB. The result clearly indicated that 2-HPHB was formed by the nucleophilic attack
of activated 1,2-PD, which is unavoidable at this stage. To optimize catalytic efficiency, carbonylation
was performed at 75 ◦C under 6 MPa of CO by only varying the reaction time (entries 9–11), resulting
in >99% conversion with 49% selectivity of 3-HBA (TON mol of 3-HBA/mol of C = 50, entry 11).

Table 1. Catalytic ring-opening carbonylation of PO using [Bmim][Co(CO)4] complex and imidazole
as a promotor a.
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9 DME:H2O 6.0 75 24 62 f 44 31 12 11
10 DME:H2O 6.0 75 48 72 f 47 34 10 9
11 DME:H2O 6.0 75 56 >99 49 36 11 4

a Reaction conditions: The substrate, promoter, and catalyst [mole ratio = 100/2/1] were placed in 2 mL of DME and
pressurized with CO at room temperature. b Determined by 1H-NMR spectroscopy with naphthalene as an internal
standard. c Without catalyst. d Without promoter. e Excess promoter. f The remaining percentage represents
unreacted PO. g 2-Hydroxypropyl-3(2-hydroxypropyl)butanoate. h 1,2-propanediol.

Based on our understanding and the available literature [13,14], we propose a possible catalytic
cycle for the carbonylation of PO to 3-HBA, including the formation of the side products catalyzed
by C (Figure 1). The imidazolium acidic proton activates PO followed by ring opening via the
nucleophilic attack of [Co(CO)4]− at the less-hindered carbon atom to form an imidazolium alkoxide
and cobalt-alkyl bond (I). At a higher pressure, the available CO undergoes a rapid migratory insertion
between cobalt-alkyl bonds to form an intermediate (II), which further undergoes intermolecular
addition with water to form 3-HBA and regenerate the catalyst C. If the CO insertion is slowed down
in I, it can undergo β-hydride elimination followed by enolate protonation and tautomerization to
form acetone (IV) as a side product (Table 1). However, at higher temperatures, the available PO
directly reacts with water to form 1,2-PD and acetone as unavoidable side products.
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Figure 1. Proposed mechanism for the formation of 3-HBA and side products (1,2-PD and acetone).

3. Experimental Section

3.1. General Considerations and Physical Measurements

All manipulations of air- and water-sensitive compounds were carried out using glovebox
or standard Schlenk line techniques under an argon atmosphere. Chemicals 1-methyl-imidazole,
anhydrous methanol, Tetrahydrofuran (THF), DME, Propylene oxide (PO) and 1-butylchloride were
purchased from Sigma-Aldrich Co., (St. Louis, MO, USA). THF and DME were freshly distilled over
sodium/benzoquinone, and methanol was distilled over Mg/I under a nitrogen atmosphere before
use. PO was distilled over CaH2 under a nitrogen atmosphere. KCo(CO)4 and [Bmim][Co(CO)4]
were synthesized according to a previously reported procedure [14]. Deuterated solvents were
purchased from Cambridge Isotope Laboratories, Inc. (Andover, MA, USA). Research-grade carbon
monoxide was purchased from Sinyang Gas Company (Paju-si, Republic of Korea) with 99.995%
purity and used as received. 1H NMR spectra were recorded on a Bruker AscendTM 400 spectrometer
(400 and 100 MHz) (ASCEND III HD; Bruker, Rheinstetten, Germany), and chemical shifts were
referenced to TMS. FT-IR measurements were carried out on a Nicolet iS 50 (Thermo Fisher Scientific,
Waltham, MA, USA) spectrometer. LC-MS measurements were performed on an Agilent 6130 Single
Quadrupole LC/MS spectrometer (Santa clara, CA, USA). All carbonylation reactions were performed
in a 100 mL stainless steel tube reactor fitted with a pressure gauge and pressure release valve.
All carbonylation reactions were set up and run in a well-ventilated fume hood equipped with
a carbon monoxide detector (see MSDS for the proper handling of CO). PO conversion, 3-HBA,
2-hydroxypropyl-3(2-hydroxypropyl)butanoate (2-HPHB), 1,2-propanediol (1,2-PD), and acetone were
quantified by 1H-NMR spectroscopy using naphthalene as an internal standard.

3.2. Synthesis of 1-Butyl-3-methylimidazolium Cobalt TetraCarbonyl [Bmim][Co(CO)4] [14] (C)

In a glovebox, the tube reactor was equipped with a stir-bar and charged with KCo(CO)4 (0.298 g,
1.418 mmol) and [Bmim]Cl (2) (0.247 g, 1.417 mmol) in 10 mL MeOH. After removal from the glove box,
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the reactor was cooled to 0 ◦C and purged with 0.2 MPa of CO. Then, the reactor was pressurized with
0.5 MPa of CO and stirred at 25 ◦C for 24 h. Subsequently, the reactor was cooled to room temperature,
and CO gas was slowly vented. The light yellow solution was transferred to a 50 mL Schlenk flask
under a N2 atmosphere, and all volatiles were removed under vacuum to obtain a bluish oil with white
precipitates. This resulting crude was dissolved in THF and filtered; all volatiles were removed under
vacuum to yield a bluish green oil and stored at −20 ◦C in the glove box. Yield = 0.462 g, 1H NMR
(400 MHz, CDCl3) δ [ppm] = 8.97 (s, 1H, imd-NCHN), 7.42 (s, 2H imd-NCHCHN), 4.28 (s, 2H, NCH2),
4.06 (s, 3H, NCH3), 1.93 (m, 2H, NCCH2), 1.42 (m, 2H, CH3CH2), 0.99 (m, 3H, CCH3). IR = 1890 cm−1.

3.3. Epoxide Ring-Opening Carbonylation

A 100 mL stainless steel tube reactor was dried overnight and vacuumed for 4 h. In a glove box,
it was equipped with a magnetic stir bar and charged with the corresponding amount of C, imidazole
and PO in 2 mL of DME. Upon removal from the glove box, the tube reactor was cooled to 0 ◦C
and purged with 0.5 MPa of CO, and the desired amount of nitrogen-bubbled water (oxygen-free)
was added. Then, the reactor was immediately pressurized with CO to a desired pressure at room
temperature and heated to the indicated temperature. After the reaction, the reactor was cooled to
room temperature, and CO gas was slowly vented. The crude sample was filtered through Celite,
weighed, and analyzed by 1H-NMR spectroscopy in CDCl3.

4. Conclusions

In this study, we demonstrated that the [Bmim][Co(CO)4] IL successfully catalyzed the direct
coupling of PO, water, and CO to form 3-HBA with 49% selectivity. This is an easy and unique
procedure to produce 3-HBA. The catalyst exhibited excellent activity with the maximal conversion of
3-HBA under mild condition with the TON of 50. Further experiments to increase 3-HBA formation
and suppress the formation of 2-HPHB and 1,2-PD are currently underway.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/7/8/228/s1.
Figure S1. FT-IR spectrum of KCo(CO)4 in THF solution, Figure S2. 1H-NMR spectrum of C, Figure S3. FT-IR
spectrum of C in THF solution, Figure S4. LC-MS spectrum of 3-HBA, Figure S5. 1H-NMR spectrum of entry 2.
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