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Abstract: 

The organocatalytic activity of choline-based ionic liquids in the hydroboration of ketones, aldehydes 
and carboxylic acids with pinacolborane was investigated. The method employed was based on a 
simple, inexpensive, biobased, reusable and environmentally friendly [Cho][OAc] catalyst. Detailed 
studies on catalyst screening, the optimization of reaction conditions, and substrate scope were 
carried out. [Cho][OAc] showed excellent tolerance to various functional groups and chemoselectivity 
towards C=O hydroboration, which occurred under mild conditions. Furthermore, it was shown that 
the reaction can be carried out under repetitive batch modes, allowing effective catalyst recycling and 
improving process productivity. 

Introduction 

The hydroboration of carbonyl compounds is one of the most important and widely used methods not 
only for the synthesis of valuable boronate ethers but also for the large-scale preparation of primary 
or secondary alcohols that can be used, e.g., as buildings blocks for the synthesis of active 
pharmaceutical ingredients (APIs).1 The process is an important alternative to the stochiometric 
reduction of C=O using NaBH4 and LiAlH4 or the application of explosive H2.2 Hydroboration has been 
dominated by transition metal-catalysts providing mild reaction conditions, but this very often requires 
them to be sacrificed in the workup procedures. Recycling them is difficult, and the amount of waste 
(e.g., some additives, volatile organic solvents) generated during the reaction and separation is often 
massive.3 Many inorganic or organometallic compounds such as n-BuLi,4 LiOtBu,5 LiBr,6 NaH,7 NaOH,8 
NaOt-Bu,9 NaHBEt3,10 KF,11 K2CO3,12 MeMgCl,13 EtOMgCl,14 and MgI2,15

 have been described as effective 
hydroboration catalysts. However, Thomas and co-workers, proved that these simple nucleophiles can 
promote HBpin decomposition and generation of BH3 as a hidden catalyst, responsible for process 
promotion.16, 17 

In recent years, the use of organocatalysts has been a growing trend in the field of catalysis.18, 

19 Among several transformations catalyzed by organocatalysts, the hydroboration of carbonyl 
compounds is limited to a few examples (Scheme 1). Catalysts such as N-heterocyclic olefins (NCO)20 
or N-heterocyclic carbenes (NHC)21 have proved to be efficient organocatalysts for the hydroboration 
of ketones and aldehydes, leading to borylated ethers in 5 min to 24 hours with 0.5–5.0 mol% catalyst 
loading. Similarly, P-containing heterocycles such as 1,3,2-diazaphospholene,22 phosphenium triflate,23 
triazaphospholene halides (TAP)24 or carbodiphosphorane25 have been applied in boron-hydrogen 
bond addition to C=O bonds. Moreover, the use of binol-derived phosphoric acids26, 27 or thiourea-
amine complex28 allows the enantioselective reduction of ketones. However, in most cases of 
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organocatalytic hydroboration of carbonyl compounds, the catalysts were not commercially available, 
their preparation was not trivial, or the process itself had to be carried out in an inert atmosphere. 

 

Scheme 1. Organocatalysts applied in the hydroboration of carbonyl compounds. 

Inspired by the unique and tunable properties of ionic liquids (ILs), and based on our 
experience with hydroboration reactions,29-33 in particular our recent work on IL-catalyzed 
hydroboration of olefins in the presence of [EMPyrr][OTf]34 as a proof concept, we decided to use bio-
ionic liquids as potential organocatalysts for the hydroboration of carbonyl compounds. ILs are defined 
as salts with a melting point below 100 °C.35 Due to the possibility of changing their properties by anion 
and cation exchange, low vapor pressure, non-flammability and electrical conductivity, ionic liquids 
have a wide range of applications, e.g., in organic synthesis and catalysis, electrochemical applications, 
extraction and separation, and biomass conversion, and are considered to be green solvents for 
chemical processes.36-38 Among the various classes of ionic liquids, the bio-ILs have attracted particular 
attention due to their biodegradability and non-cytotoxicity, as they only contain naturally derived 
compounds as components.39, 40 In particular, choline-based ionic liquids, e.g., [Cho][OAc], have been 
used in various organic transformations, such as Knoevenagel reactions,41 cyclizations,42, 43 
polymerization/depolymerization,44-46 etherification47 and oxidations.48 Moreover, choline is an 
essential nutrient for human health,49 consequently choline-based ionic liquids are considered a safer 
alternative to the other ILs and can be applied in drug delivery or the synthesis of biomaterials.50 
Despite the extensive use of traditional ionic liquids in hydroboration reactions as solvents or 
immobilization media for TM-metal catalysts,29, 31, 51-53 their application as organocatalysts in the 
hydroboration reaction has been almost entirely neglected.34, 54-56 Therefore, the search for a novel 
and selective method for the hydroboration of carbonyl compounds with a simple, cheap, reusable 
and environmentally-friendly catalyst is of great importance. 

Herein, we report for the first time an efficient and chemoselective protocol for the 
hydroboration of ketones, aldehydes and carboxylic acids by employing simple and cheap bio-ILs 
[Cho][OAc] in single and repetitive batch mode. The subsequent one-pot hydrolysis process yielded 
primary and secondary alcohols in high yields.  

https://doi.org/10.26434/chemrxiv-2024-z8lqq ORCID: https://orcid.org/0000-0003-3683-8836 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-z8lqq
https://orcid.org/0000-0003-3683-8836
https://creativecommons.org/licenses/by-nc-nd/4.0/


Results and discussion 

We started our investigations with the screening of several ionic liquids based on choline or simple n-
alkyl quaternary ammonium cations and carboxylic acids or bis(trifluoromethylsulfonyl)imide anions 
(IL1–9) (see ESI, Fig S1) in the model reaction of acetophenone (1a) with pinacolborane (2). This was 
carried out under solvent-free conditions at room temperature with 2 mol% catalyst loading. Initially, 
the hydroboration of the ketone was examined in the absence of an IL to exclude the non-catalytic 
pathway. After 2 h, only trace conversion of substrate 1a was observed (Table 1, entry 1). 
Subsequently, choline-based ILs with various anions were screened as potential organocatalysts in the 
reduction of carbonyl groups. High yields were obtained for the hydroboration of 1a with HBpin (2) 
using basic ionic liquids. Almost quantitative yields were observed for choline ionic liquids with both 
[OAc]- (IL1 ) and [Bz]- (IL2) anions (Table 1, entries 2–5). A slightly lower but still satisfactory conversion 
of 1a was observed when [Cho]2[Oxa] (IL5) was applied (Table 1, entry 8). Contrary to previous findings, 
[Cho][TFA] (IL3) had a poor catalytic effect (Table 1, entry 6). Similarly, IL with amphoteric [Cho][Oxa] 
(IL4) or the neutral anion [Cho][NTf2] (IL6) showed no catalytic activity (Table 1, entries 7 and 9). Thus, 
we assumed that the nucleophilicity of the anion plays an important role in the catalytic process.57 
Moreover, it should be noted that excellent selectivity towards 3a was observed for the hydroboration 
of acetophenone (1a) with 2 in the presence of all tested ILs. The competitive aldol condensation of 
1a promoted by basic ionic liquids was not observed.58 In the next step of our study, we investigated 
the influence of the cation on the catalytic activity of acetate-based ionic liquids. Changing the cation 
from [Cho]+ (IL1) to [TBA]+ (IL7) resulted in a lower conversion of 1a (Table 1, entry 10). A similar trend 
was observed for [TBA][TFA] (Table 1, entry 11). A significant decrease in 1a conversion was visible 
when a simple and much smaller tetramethylammonium cation was used (Table 1, entry 12). 

Table 1. Catalyst screening for the model reaction of acetophenone (1a) and pinacolborane (2). 

  

Entry Cat. Time [h] Yield of 3aa) 
1 - - 2 trace 
2 

[Cho][OAc] IL1 
0,5 93 

3 1 97 
4 2 99 
5 [Cho][Bz] IL2 1 97 
6 [Cho][TFA] IL3 1 20 
7 [Cho][Oxa] IL4 1 4 
8 [Cho]2[Oxa] IL5 1 89 
9 [Cho][NTf2]b) IL6 2 0 

10 [TBA][OAc] IL7 2 87 
11 [TBA][TFA]b) IL8 2 89 
12 [TBA][OAc] IL9 2 10 

a) Yield of 3a (= conversion of 1a) was determined based on GC-MS and 1H NMR analyzes; b) 8 mol% of 
catalyst.  

Next, we studied the catalytic activity of precursors used for the synthesis of the applied ionic 
liquids, carboxylic acids (e.g., HOAc, HBz, H2Oxa) and salts (ChoCl, KOAc, and KBz), to verify whether 
both the cation and the anion of the IL are necessary for its catalytic activity. The hydroboration of 1a 
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in the presence of all the carboxylic acids used was not selective and led to a mixture of hydroboration 
and aldol condensation products. On the other hand, when potassium salts were employed as 
catalysts, the hydroboration reactions were completely selective to product 3a, but the yields were 
significantly lower than for ionic liquid catalysts with the same anions. Choline chloride did not catalyze 
the reaction even at a high catalyst loading (8 mol%) and prolonged reaction time (18 hours) (for details 
see ESI, Table S1).  

Table 2. Optimization of conditions for the model reaction of acetophenone (1a) and pinacolborane 
(2) 

 

Entry HBpin [equiv.] Solvent IL1 [mol%] Yield of 3a [%]a) 
1 1.2 neat 4 97 (97)b) 
2 1.1 neat 4 95 
3 1.0 neat 4 85 
4 1.2 toluene 4 86 
5 1.2 ethyl acetate 4 85 
6 1.2 THF 4 79 
7 1.2 DCM 4 90 

8c) 1.2 neat 4 0 
9 1.2 neat 8 >99 

10 1.2 neat 2 96 
11 1.2 neat 1 92 
12 1.2 neat 0.5 14 

a) Yield of 3a (= conversion of 1a) was determined based on GC-MS and 1H NMR analyzes; b) under argon 
atmosphere. c) 20 μL of water was added. 

Selecting [Cho][OAc] (IL1) as the most active catalyst, we carried out the process optimization 
(Table 2). Reducing the HBpin excess (1.2 to 1.0 equiv.) resulted in a slight decrease in the yield of 3a 
(Table 2, entries 1–3). The process proceeded smoothly in air or in an argon atmosphere (Table 2, entry 
1) and under solvent-free conditions. Slightly lower yields of 3a were observed when toluene, ethyl 
acetate or THF were used as the reaction medium. A better yield was achieved when DCM was 
employed as the solvent (Table 2, entries 4–7). Moreover, the effect of the presence of moisture on 
the reaction efficiency was determined. The addition of 20 μL of water to the reaction mixture 
completely stopped the process (Table 2, entry 8). Quantitative conversion of 1a was observed under 
solvent-free conditions with 8 mol% of IL1 in 1 h at room temperature (Table 2, entry 9). Reducing the 
catalyst loading to 2 and 1 mol% resulted in a slight decrease in 1a conversion, but the further 
reduction of the catalyst concentration (0.5 mol%) caused a significant drop in reagent conversion after 
1 hour (Table 2, entries 10–12).  

The optimized reaction conditions were applied for the hydroboration of various ketones 
(Scheme 2). The yields for borylated ethers (3b–e) with electron-donating groups were slightly lower 
than for the model reaction. Replacement of the methyl group in the acetophenone core with the 
sterically hindered t-Bu substituent (1f) or the trifluoromethyl group (1g) led to an almost quantitative 
conversion of the substrates. High catalytic activity of IL1 was also observed for ortho- and meta-
halogen substituted acetophenones (1h–m). Only for the more crowded -CF3 group in the ortho 
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position (1h) was the process efficiency slightly lower (90%). It is worth noting that the [Cho][OAc]-
catalyzed hydroboration of ketones possessing nitrile, nitro and ester groups attached to the phenyl 
ring (1n–p) was chemoselective, leading only to the reduction of the carbonyl group. However, in the 
presence of an aldehyde group (1q), both groups were reduced when 2.2 equiv. of HBpin (2) was 
applied. Ketones with 2-naphthyl (1r) or 4-biphenyl (1s) substituents and benzophenone (1t) gave an 
almost quantitative or quantitative conversion when 2 equiv. of 2 were used to provide sufficient 
mixing of the reaction mixture. A very good result was also obtained for the hydroboration of o-
fluorobenzophenone (1u) under standard reaction conditions, but the conversion of 1u was not 
complete. Subsequently, a series of heterocyclic ketones (3v–x) containing S, O and N atoms were 
tested, leading to hydroboration products with excellent yields. The developed protocol was also 
effective for the reaction of aliphatic ketones such as 4-phenylbutan-2-one (1y) or 5-nonanone (1z), 
with HBpin (2) easily providing the corresponding products with high yields (87–91%). However, 3'-
aminoacetophenone, 2-acetylpyrrole and 4,4'-dibromobenzophenone could not be converted to 
hydroboration products.  

All O-borylated ethers (3a–z) were readily converted to the corresponding alcohols (4a–z) in a 
one-pot procedure via simple hydrolysis with methanol, without the isolation of borylated 
intermediates (3a–z). This approach eliminated a time-consuming separation step of the intermediates 
and reduced the amount of volatile organic solvents used for additional purification procedures. The 
final products were purified by column chromatography. All obtained products 3 and 4 were 
characterized by nuclear magnetic resonance (1H NMR) and mass spectroscopy (GC-MS). 
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Scheme 2. Hydroboration of ketones (1a–z) catalyzed by [Cho][OAc]. a) Yields were based on 1H NMR analysis. 
b) 

Isolated yields; 
c) 

HBpin 1.5 equiv.; 
d) 

HBpin 2.0 equiv.; 
e) 

HBpin 4.0 equiv.; f) HBpin 2.2 equiv.  

The successful organocatalytic hydroboration of ketones prompted us to extend the scope of 
the reagents to include other carbonyl compounds (aldehydes and acids). The process optimization is 
presented in ESI (Table S3).59 A very high yield was observed in the hydroboration of benzaldehyde (5a) 
with pinacolborane (2) after just 30 minutes in analogous reaction conditions for ketones, showing the 
higher reactivity of aldehydes. Various aldehydes (5) were converted to the corresponding O-borylated 
ethers (6) and primary alcohols (7) in a one-pot procedure using the same process conditions (Scheme 
3). The effect of electron-donating and electron-withdrawing substituents is similar to that observed 
in the hydroboration of ketones. For aromatic aldehydes with methyl and methoxy groups (5b–d), 
lower yields of the expected products were observed. On the other hand, compounds with electron-
withdrawing groups, such as nitro or acetyl (6e–f) had a positive effect on reaction yields. However, to 
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ensure chemoselectivity towards the aldehyde group in 4-acetylbenzaldehyde (6f), 1.02 equiv. of 
HBpin was used. Furthermore, for cinnamaldehyde (5g) only the reduction of the C=O bond was 
observed whereas the C=C bond was unreactive. The heteroaromatic and aliphatic substrates (5h–j) 
could also be successfully applied, furnishing the corresponding boryl ethers and alcohols with 
excellent yields.  

 

Scheme 3. Hydroboration of aldehydes (5a–j) catalyzed by [Cho][OAc]. a) Yields were based on 1H NMR analysis; 
b) 

Isolated yields; c) 45 min; d) 1.02 equiv. of HBpin. 

Reduction of carboxylic acids with pinacolborane followed by hydrolysis with methanol gave 
primary alcohols, similar to aldehydes (Scheme 4). However, an extension of the reaction time to 3 
hours and increased catalyst loading to 4 mol% were necessary to achieve full conversion of benzoic 
acid (8a) (see ESI, Table S5). The benzoic acids substituted with electron-donating methyl and methoxy 
(8k–l) required a much longer reaction time (18 h) to obtain the satisfactory conversion of these 
reagents. On the other hand, carboxylic acids with electron-withdrawing substituents, e.g., bromo 
(8m) or bulky 2-naphthoic acid (8o), reacted with HBpin with almost quantitative yields. High efficiency 
and chemoselectivity towards the carboxyl group in the presence of the ester group was observed for 
substrate 8n.  

https://doi.org/10.26434/chemrxiv-2024-z8lqq ORCID: https://orcid.org/0000-0003-3683-8836 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-z8lqq
https://orcid.org/0000-0003-3683-8836
https://creativecommons.org/licenses/by-nc-nd/4.0/


 
Scheme 4. Substrate scope for hydroboration of carboxylic acids (8a and 8k–o) catalyzed by [Cho][OAc]. a) Yields 

were based on 1H NMR analysis; 
b) 

Isolated yields; c) 18 h. 

In the next stage of our study, bearing in mind green chemistry principles and our previous 
research on catalyst recycling in the synthesis of organoboron compounds,31-33, 60-62 we tested the 
possibility of recycling the catalyst, carrying out our reaction in a repetitive batch mode. Hydroboration 
of acetophenone (1a) was performed under standard conditions (1 h, rt, 2 mol% of IL1, neat). After the 
process, n-heptane was added to the post-reaction mixture, causing precipitation of [Cho][OAc]. The 
catalyst was washed three times (3 x 2 mL) with n-heptane to remove the product and then dried 
under vacuum for one hour to evaporate the residual of the solvent before a new portion of substrates 
was added. This strategy allowed us to efficiently reuse IL1 up to 5 times. After the 5th cycle, the 
product yield dropped drastically (see ESI, Figure S2). This probably happened due to the mechanical 
loss of the suspended catalyst during the extraction process, which was visible from the milky color of 
the filtrate. To minimize the effect of accidental sediment removal from the reaction vessel, it was 
decided to increase the catalyst loading in the next experiment. When an 8 mol% catalyst was used, 
13 runs were carried out with stable and high reagent conversion (Figure 1). After that, the catalyst 
was transferred to a vial and exposed to ambient conditions for 6 weeks. In the 14th and 15th runs, a 
high conversion of 1a (72 and 81%) was observed; however, product 3a was formed in 53–75% yield. 
This experiment showed that catalyst aging has a negative influence on process selectivity.  

 
Figure 1. The repetitive batch hydroboration of 1a (1 mmol) with 2 (1.2 mmol) using 8 mol% of [Cho][OAc] at 

room temperature for 1 h in air. Yields of 3a were determined by GC-MS analysis. 
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Conclusions 

In conclusion, [Cho][OAc] is an efficient, inexpensive and bio-based organocatalyst for the 
hydroboration of various carbonyl compounds (aldehydes, ketones and carboxylic acids). The process 
occurred very quickly (30 min for aldehydes, 1 hour for ketones and 3 hours for carboxylic acids) under 
mild conditions in air atmosphere. This metal-free hydroboration is feasible for aromatic compounds 
with electron-donating and electron-withdrawing substituents, and also with sterically hindered, 
heteroaromatic and aliphatic reagents. The system based on [Cho][OAc] is tolerant to many functional 
groups (e.g., nitro, nitrile, ester, and acetyl groups). Moreover, the recyclability of the catalyst was 
successfully demonstrated, running up to 13 cycles with excellent reaction yields. This result, as well 
as the elimination of transition metal catalysts, which are commonly used in this transformation, and 
the reduction of the amount of organic solvents are in line with the rules of green chemistry. Studies 
to determine the mechanism of the reaction are under investigation and will be published soon. 
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