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ABSTRACT: Chiral 1,3-diols are highly valuable molecules used in industries such as pharmaceuticals, cosmetics, and agriculture.
Therefore, in this study, a new strategy was developed to synthesize enantiomerically pure (>99% ee) 1,3-diols. New chiral 1,3-diols
(5a−5q) with high enantiomeric purity were synthesized from aldol products chiral 1,3-keto alcohols (4a−4q), which are aldol
products with different structures. Chiral 1,3-keto alcohols (4a−4q) were synthesized by a new asymmetric aldol method in the first
step. This method was developed using a new proline-derived organocatalyst (3g) and Cu(OTf)2 as an additive in DMSO−H2O for
the first time. Almost >99% ee was obtained using our developed aldol procedure. In the second step, original chiral diols (5a−5q) of
high enantiomeric purity were obtained by asymmetric reduction of chiral keto alcohols with chiral oxazaborolidine reagents. In this
way, a two-step asymmetric reaction was developed for chiral 1,3-diol enantiomers with high enantiomeric purity. The structures of
all the original chiral compounds obtained were elucidated by infrared and nuclear magnetic resonance spectroscopy, mass
spectrometry, and elemental analysis methods. Their enantiomeric excesses were determined by the chiral high-performance liquid
chromatography method. Both keto alcohols and their corresponding chiral diols synthesized can be used as chiral starting materials
and chiral source materials or intermediates in the synthesis of many biologically active molecules, or they can be used as chiral
ligands in asymmetric synthesis, serving as organocatalysts.

■ INTRODUCTION
Chiral diols, commonly found in various significant natural
products, have proven to be valuable as chiral ligands and
auxiliaries in stereoselective organic synthesis. Serving as
crucial building blocks, chiral diols play a pivotal role in the
preparation of diverse chiral chemicals (Figure 1).1−3 Widely
utilized in pharmaceuticals, cosmetics, and agriculture,
particularly in the synthesis of natural and biologically active
products, chiral diols and their derivatives find applications as
starting or intermediate products.4−7 Notably, natural products
such as carbohydrates, with multiple hydroxy groups in their
structure, predominantly exist as a single enantiomer.
However, synthesizing a single enantiomer of alcohols with
more than one hydroxy group is exceptionally challenging due
to the prevalent formation of diastereoisomers and enan-
tiomers in general synthesis methods.
Recent research has focused on the enantioselective

synthesis of 1,3-diols containing two stereogenic centers. A
key method for achieving this synthesis involves the
enantioselective catalytic reduction of 1,3-hydroxy ketones,
derived from corresponding dicarbonyl compounds. Various

asymmetric reduction methods, including asymmetric hetero-
geneous and homogeneous hydrogenation, as well as
diastereoselective induction, have been employed to obtain
chiral diols.8−14 Biochemical methods, such as enzymatic
reduction of 1,3-diketones and enzymatic kinetic resolution,
are also essential for synthesizing enantioselective diols.15

Another important method of obtaining 1,3-diols is the
reduction of aldol products. Especially, biocatalytic reduction
of aldol products obtained by organocatalytic aldol reaction of
an aldehyde and ketone is used very frequently and is among
the most important methods.16−19 Enzymatic reduction of 1,3-
diketones20−22 and enzymatic kinetic resolution23−26 are also
useful methods to synthesize enantioselective diols. Addition-
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ally, chiral poly alcohols can be synthesized using stereo-
selective aldol-Tishchenko reactions.27,28

Numerous organocatalytic enantioselective aldol reactions
have successfully yielded chiral hydroxy ketones, utilizing small
amino acids such as proline or its derivatives.29−34 Organo-
catalytic asymmetric cross-aldol reactions remain widely
employed as a crucial tool in carbon−carbon bond formation
reactions.35,36 In our previous studies, we reported the use of
various lipase enzymes in aldol reactions between different
ketone and aldehyde species, achieving antiproducts with
enantioselectivity ranging from 80 to 99% ee. Additionally, we
described the enzymatic kinetic resolution of racemic 1,3-keto
alcohols and biocatalytic hydrolysis of racemic 1,3-keto
acetates, obtaining (S)-β-hydroxy ketones with high enantio-
selectivities.37−39 The results of these works lead us to develop
a new two-step asymmetric synthesis by the combined use of
organocatalytic aldol reaction and asymmetric reduction.
Although many studies achieved in multistep synthetic
methodologies, only a few works have been made by
combining a two-step organocatalytic process in order to
synthesize chiral 1,3-diols. For example, Sonoike et al.
synthesized 1,3-diol enantiomers by one-pot chemoenzymatic
reaction in a water/acetone system at room temperature by a
combination of enzymatic aldol reactions.17 In another study,
using a combination of enantioselective chemo- and
biocatalytic reactions, the structures of both stereogenic
centers of 1,3-diols were obtained.16

In this study, we introduce a novel aldol reaction procedure
utilizing a new amino acid-derived catalyst (3g) in the
presence of copper triflate (Cu(OTf)2) as an additive in a
DMSO−water mixture. While previous studies employed L-
proline with various Lewis acids as additives for aldol reactions,
the Cu(OTf)2 compound, yielding optimal results in our study,
has not been utilized before.40,41 In the subsequent step, we
achieved the asymmetric reduction of the keto group to
alcohol using organoborane catalysts. Unlike previous studies
using conventional reduction reagents or biocatalysts for
reduction, we employed CBS-oxazaborolidine complexes for
the first time, introducing a new aspect to the reduction of
chiral hydroxy ketones and the formation of a second
stereogenic center.13,16

Oxazaborolidine catalysts, particularly CBS−oxazaborolidine
complexes, are vital in asymmetric reduction, playing a crucial
role in obtaining chiral alcohols and diols with high
enantioselectivity.42,43 Building on our prior work utilizing
CBS−oxazaborolidine complexes for the synthesis of chiral
alcohols and diols, we demonstrate their efficiency in achieving
a single enantiomer of chiral diols by reducing chiral keto
alcohols.14,44 The rationale behind employing asymmetric
reduction at this stage is to ensure the highly selective
formation of the secondary stereogenic center, increasing the
probability of obtaining a single enantiomer.

■ RESULTS AND DISCUSSION
We used cyclohexanone (1a) and p-nitrobenzaldehyde (2a) as
a bench reaction in DMSO, the optimum solvent for the

asymmetric aldol reaction. Various amino acid−based
molecules were tried in the aldolization reaction as organo-
catalysts in this study. Among the catalysts used, only L-proline
(3a), (R)-amino-phenyl-acetic acid (3b), and (S)-diphenyl-
pyrrolidin-2-yl-methanol (3c) were purchased, while the others
(3c-3i) were synthesized in our previous studies.44,45 All amino

Figure 1. Some important applications of chiral 1,3-diols.

Figure 2. Organocatalysts used for the asymmetric aldol reactions.
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acid-derived organocatalysts, except for L-proline, were used
for the first time in an aldol reaction. These organocatalysts
used are given in Figure 2, and the results obtained from these
catalysts are shown in Table 1.
As can be seen from Table 1, it was determined that the best

catalyst was our newly synthesized proline-derived catalyst 3g.
As expected, proline gave a good result, while, interestingly,
catalyst 3g showed slightly a better result than proline (entry
7). Other catalysts tested were observed to show moderate or
low ee and dr results.
An additional screening was performed to increase the ee

values by testing some organic solvents in equal reaction

conditions and the same substrates (Table 2). Many apolar,
polar protic, and aprotic solvents were tested as solvents.
According to the results given in Table 2, methanol from polar
protic solvents gave a good yield, ethanol gave a medium yield,
and water gave a low yield. Very low yields were obtained with
hexane and toluene from apolar solvents and acetonitrile and
tetrahydrofuran from polar aprotic solvents. The best yield was
obtained with an 8:2 mixture of DMSO, a polar aporotic
solvent, and water, a polar protic solvent. Gratifyingly, we
found that the reaction of 1a with 2a was accomplished with an
improved yield (92%) and selectivity (anti/syn 91:9; 85% ee)
in DMSO−H2O (8:2) (Table 2, entry 10). Especially in
asymmetric aldol reactions, it is preferred together with DMSO
and some water, and it has been used in many previous
studies.46−49 Moreover, the reports prepared by the U.S.
Environmental Protection Agency have mentioned that DMSO
is a nontoxic solvent that does not harm human health.50

In our next experiments, we tested some Lewis acids and
organic acids as an additive to increase the enantiomeric excess
by forming a catalyst complex, and we monitored the results in
Table 3.
Looking at Table 3, entry 2, it is seen that the best yield and

ee were obtained by using Cu(OTf)2 as an additive. It was
observed that the yield and ee values decreased when a lower
equivalent amount of Cu(OTf)2 (5% equiv) was used. As a
result of these trials, a new proline derivative catalyst and the
Cu(OTf)2 binary catalyst system was used for the first time,
and a very high yield (99%), enantiomeric excess (98%), and
diastereomeric ratio (97:3) was obtained.
We made a possible prediction for the aldol reaction

mechanism of cyclohexanone and aromatic aldehydes in the
presence of 3g catalyst and Cu(OTf)2 (Figure 3). According to
this mechanism, the oxygen side of the catalyst forms a
symmetric complex with copper. The basic nitrogen in the
pyrroline ring then attacks the carbonyl of cyclohexanone and

Table 1. Screening of Different Organocatalysts for the
Asymmetric Aldol Reactionsa

entry catalyst yield (%)b dr (anti/syn)c ee (%)c

1 3a 83 78:22 71
2 3b 67 76:24 20
3 3c 59 63:37 26
4 3d 45 55:45 14
5 3e 63 68:32 63
6 3f 73 60:40 52
7 3g 85 78:22 78
8 3h 75 67:33 46
9 3i 64 61:39 15

aConditions: Cyclohexanone (1a) (0.5 mmol), p-nitrobenzaldehyde
(2a) (0.1 mmol), and catalyst (20% equiv) are stirred in DMSO (1
mL) at room temperature for 3 days. bCombined isolated yield of
anti-4a and syn-4a. cee and dr were determined by high-performance
liquid chromatography (HPLC) analysis using a Chiralpac AD-H
chiral column. The absolute configuration of 4a was assigned by
comparison of the retention times of known compounds.

Table 2. Solvent Effect in Asymmetric Aldol Reactiona

entry solvent yield (%)b dr (anti/syn)c ee (%)c

1 DMSO 85 78:22 78
2 EtOH 48 65:34 45
3 MeOH 86 76:24 75
4 hexane 12 57:43 18
5 THF 23 59:41 19
6 toluene 15 61:39 21
7 DMF 75 75:25 74
8 cyclohexanone 84 74:26 73
9 MeCN 15 55:44 16
10 DMSO−H2O (8:2) 92 91:9 85
11 H2O 10 50:50 0

aConditions: Cyclohexanone (1a) (0.5 mmol), p-nitrobenzaldehyde
(2a) (0.1 mmol), and catalyst 3g (20% eq.) are stirred in solvent (1
mL) at room temperature for 3 days. bCombined isolated yield of
anti-4a and syn-4a. cee and dr were determined by HPLC analysis
using a Chiralpac AD-H chiral column. The absolute configuration of
4a was assigned by comparison of the retention times of known
compounds.

Table 3. Effect of Lewis Acids and Organic Acids Used as
Additives on the Reactiona

entry additive (10%) yield (%)b dr (anti/syn)c ee (%)c

1 no 92 91:9 85
2 Cu(OTf)2 99 97:3 98
3 FeCl3 95 92:8 95
4 MnCl2 64 78:22 76
5 CoCl2 90 90:10 88
6 ZnCl2 93 85:25 94
7 Al(OIPA)3 61 87:13 24
8 benzoic acid 75 84:16 78
9 acetic acid 59 76:24 65
10 Cu(OAc)2·H2O 81 90:10 88
11 Cu(OTf)2 (5%) 90 96:4 96

aConditions: Cyclohexanone (1a) (0.5 mmol), p-nitrobenzaldehyde
(2a) (0.1 mmol), catalyst 3g (20% equiv), and additive (10% equiv)
are stirred in DMSO/H2O (8:2) (1 mL) at room temperature for 3
days. bCombined isolated yield of anti-4a and syn-4a. cee and dr were
determined by HPLC analysis using a Chiralpac AD-H chiral column.
The absolute configuration of 4a was assigned by comparison of the
retention times of known compounds.
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an enamine structure is formed. Afterward, the aldehyde adds
this enamine from only one surface.
With this developed new method, a total of 14 chiral 1,3-

keto alcohols were synthesized using different aldehydes and
cyclohexanone. Benzaldehyde derivatives containing electron
withdrawing and donating groups and hetero aromatic
aldehydes were used as aldehyde derivatives. Four of them

are original (4k, 4l, 4m, and 4n), and all synthesized chiral
keto alcohols, their % yields, and ee values are given below
(Table 4).
As can be seen from Table 4, the anti-diastereoisomer of

keto alcohols was obtained with a higher percentage in all
products. The configurations of keto alcohols were determined
by comparing the HPLC retention times of the enantiomers in
previous studies under the same conditions.19,51,52 Anti-
diastereoisomer was separated from syn-diastereoisomer by
column chromatography, using hexane and increasing amounts
of ethyl acetate as eluents.
Then we examined the effect of different ketones in the

reaction by using different ketones instead of cyclohexanone
(1a). Acetone (1b), cycloheptanone (1c), benzyl methyl
ketone (1d), acetophenone (1e), and 2-heptanone (1f) were
used as ketones, and the reaction results are shown in Table 5.
When studies with different ketones were examined, it was

observed that while new aldol products (4o, 4p, and 4q) were

Figure 3. Postulated mechanism of the new aldol method.

Table 4. Synthesized Cyclohexanone Derivative Chiral 1,3-
Keto Alcohols and Their Yieldsa

entry product Ar yield(%)b
dr (anti/syn

)c
ee

(%)c

1 4a 4-NO2C6H4 99 97:3 98
2 4b Ph 97 93:7 96
3 4c 3-CH3C6H4 93 95:5 91
4 4d 2-furyl 86 70:30 87
5 4e 2-naphthyl 94 95:5 99
6 4f 2-CH3OC6H4 90 86:14 98
7 4g 4-CH3OC6H4 92 98:2 96
8 4h 2-FC6H4 89 88:12 99
9 4i 2-BrC6H4 85 82:18 99
10 4j 2-thienyl 87 91:9 97
11 4k 2-PhOC6H4 80 96:4 99
12 4L 2-(4-FC6H4)OC6H4 84 83:17 99
13 4m 2-(4-CH3)SC6H4 56 99:1 97
14 4n 2-(4-FC6H4)SC6H4 67 83:17 99

aConditions: Cyclohexanone (1a) (0.5 mmol), aldehyde (2a−2n)
(0.1 mmol), catalyst 3g (20% eq), and Cu(OTf)2 (10% eq) are stirred
in DMSO/H2O (8:2) (1 mL) at room temperature for 3 days.
bCombined isolated yield of anti- and syn-isomers. cee and dr were
determined by HPLC analysis using a chiral column. The absolute
configuration of 4a−4n was assigned by comparison of the retention
times of known compounds.

Table 5. Synthesized Different Ketone Derivative Chiral 1,3-
Keto Alcohols and Their Yieldsa

entry product R1 yield(%)b dr (anti/syn)c ee (%)c

1 4o methyl 52 68
2 4p −(CH2)5− 83 75:15 73
3 4q benzyl 46 64
4 4r phenyl 0
5 4s pentyl 0

aConditions: Ketone (1b−1f) (0.5 mmol), aldehyde (2a) (0.1
mmol), catalyst 3g (20% eq), and Cu(OTf)2 (10% eq) are stirred in
DMSO/H2O (8:2) (1 mL) at room temperature for 3 days.
bCombined isolated yield of anti- and syn-isomer. cee and dr were
determined by HPLC analysis using a chiral column. The absolute
configuration of 4o−4q was assigned by comparison of the retention
times of known compounds.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c07948
ACS Omega 2024, 9, 12657−12664

12660

https://pubs.acs.org/doi/10.1021/acsomega.3c07948?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07948?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07948?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07948?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07948?fig=tbl4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07948?fig=tbl4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07948?fig=tbl5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07948?fig=tbl5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07948?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


formed with acetone, cycloheptanone, and benzyl methyl
ketone, no aldol products (4r and 4s) were formed with the
other two ketones.
Finally, all the synthesized chiral keto alcohols were reduced

asymmetrically with the R-CBS−oxazaborolidine complex. The
chiral 1,3-diols structures were obtained as a result of
asymmetric reduction, and their results are given in Table 6.
When chiral keto alcohols were reduced with R-CBS, a single
enantiomer of diols was obtained. The synthesized chiral diols,
except for 5b and 5o, are original and have been newly
introduced into the literature. The configurations of the new
chiral alcohols were determined based on the HPLC retention
times of 5b synthesized in a previous study.19

■ CONCLUSIONS
In this study, we synthesized 17 novel chiral 1,3-diols (5a−5q)
with high enantiomeric excess from chiral 1,3-keto alcohols
(4a−4q) via organocatalyzed asymmetric aldol reaction and
asymmetric reduction. We developed a two-step asymmetric

synthesis method to obtain a single enantiomer of 1,3-diols
with two stereogenic centers. First, a new organocatalyzed
asymmetric aldol reaction was improved using a proline-
derived catalyst and Cu(OTf)2 as an additive in DMSO−H2O.
Chiral 1,3-keto alcohols are obtained as starting compounds
with ee up to 99%. Then, they were reduced asymmetrically
using the R-CBS−oxazaborolidine complex. Thus, a single
enantiomer of the 1,3-diols was obtained in an excellent way.
These molecules are important intermediates that can be

used in the synthesis of drugs and chiral ligands because of
their molecular motifs. In particular, 1,3-diol compounds can
form chiral ligands or organometallic complexes, as well as are
found in various pharmaceuticals. It is also possible to
synthesize various heterocyclic compounds that have impor-
tant biological activities using 1,3-diols with two stereogenic
centers.

Table 6. Synthesized Chiral 1,3-Diols and Their Yieldsa

aConditions: To a mix of 1 M CBS catalyst [0.1 mmol (0.1 mL) solution in toluene] and 1.5 mmol 2 M BH3−SMe2 in toluene, 1 mmol of keto
alcohol is added in 5 mL of dry toluene at 0 °C under a N2 atmosphere, and the mixture is stirred for 2h. Isolated yield of products. ee values were
determined by HPLC analysis using chiral columns. The absolute configuration of 5a−5q was assigned by comparison of the retention times of
known compounds.
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■ EXPERIMENTAL SECTION
The chemicals were commercially purchased from Aldrich,
Acros, or Merck and were used without any purification. All
the obtained new compounds were purified by column
chromatography and defined by infrared (IR), 1H nuclear
magnetic resonance (NMR), and 13C NMR spectroscopic
methods, elemental analysis, and gas chromatography−mass
spectrometry (GC−MS). Reactions were monitored by thin-
layer chromatography (TLC) using silica gel plates, and the
products were purified by flash column chromatography on
silica gel (230−400 mesh). NMR spectroscopy was conducted
at 500 MHz for 1H and 125 MHz for 13C using Me4Si as an
internal standard in CDCl3. GC−MS spectra were recorded on
a Shimadzu/QP2010 Plus spectrometer. IR spectra were
recorded on a Bruker Vertex 70 IR spectrometer. Melting
points were determined with the Buchi Melting Point B-540
and were not corrected. To determine the values, HPLC was
performed on a Shimadzu/DGU-20 A5 HPLC apparatus
equipped with 25 cm Chiralcel OD, Chiralcel OD-H, Chiralcel
OJ-H, and Chiralpac AD-H chiral columns. Optical rotations
were measured with an Optical Activity AA-55 digital
polarimeter at room temperature.

■ GENERAL PROCEDURE FOR THE SYNTHESIS OF
THE RACEMIC 1,3-KETO ALCOHOLS (PROCEDURE
I)49

The synthesis of racemic 1,3-keto alcohols was carried out by
applying the new modified method previously developed by us,
by aldol condensation in the presence of a suitable ketone and
aldehyde.49 10 mmol ketone, 7.5 mmol aromatic aldehyde,
10% eq of K2CO3 (0.1 g), and 15 mL of DMSO/H2O (8:2)
were placed in a reaction vessel. It was stirred at room
temperature for 1 day. The completion of the reaction was
checked by TLC. The reaction was taken into a separatory
funnel and extracted by DCM. Then the combined extracts
were washed with saturated brine and dried over anhydrous
Na2SO4, and the solvents were removed under reduced
pressure. For purification, flash chromatography was per-
formed on silica gel (Merck; 230−400 mesh) with hexane−
ethyl acetate (v/v 9:1) as the mobile phase.

■ GENERAL PROCEDURE FOR THE SYNTHESIS OF
THE CHIRAL 1,3-KETO ALCOHOLS (PROCEDURE
II)

5 mmol ketone, 1 mmol aromatic aldehyde, 20% equiv of 3g,
10% equiv of Cu(OTf)2, and 3 mL of DMSO/H2O (8:2) were
placed in a reaction tube. It was stirred at room temperature
for 1−3 days. The completion of the reaction was checked by
TLC. The reaction was taken into a separatory funnel and
extracted by DCM. Then the combined extracts were washed
with saturated brine and dried over anhydrous Na2SO4, and
the solvents were removed under reduced pressure. For the
purification, flash chromatography was performed on silica gel
(Merck; 230−400 mesh) with n-hexane−ethyl acetate (v/v
3:2) as the mobile phase.

■ GENERAL PROCEDURE FOR THE SYNTHESIS OF
THE RACEMIC 1,3-DIOLS (PROCEDURE III)

Racemic diols were synthesized by racemic reduction of all
synthesized racemic keto alcohols. Keto alcohol (1 mmol) was
dissolved in methanol and cooled to 0 °C under a nitrogen
atmosphere. NaBH4 (1.5 mmol) was added to the solution in

portions. The reaction was stirred until complete, controlled by
TLC. Then it was extracted with DCM and dried with Na2SO4
and the solvent was evaporated.

■ GENERAL PROCEDURE FOR THE SYNTHESIS OF
CHIRAL 1,3-DIOLS (PROCEDURE IV)14,53

To a solution (R)-Me-CBS (0.1 mmol, 0.1 mL of 1 M solution
in toluene) was added BH3·Me2S (2 M in toluene, 1.5 mmol,
0.75 mL) and the mixture were stirred under a nitrogen
atmosphere and then cooled to −10 °C. After 10 min of
stirring, the solution of keto alcohol (1 mmol) in 5 mL of
toluene was simultaneously added within 40 min at −10 °C
until the keto alcohol disappeared based on TLC (0.5−2 h).
The reaction mixture was quenched with cold (0 °C) MeOH
(1 mL) carefully and the cooling bath was removed and
stirring continued for 1 h. Then it was extracted with DCM,
dried with Na2SO4 and the solvent was evaporated. Removal of
solvents in vacuo and purification of the residue by column
chromatography (n-hexane−EtOAc 7:3) yielded the diol
product.14
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