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A series of cinchona alkaloid-based NNP ligands, including a new one, have been employed for the

asymmetric hydrogenation of ketones. By combining ruthenium complexes, various aromatic and

heteroaromatic ketones were smoothly reacted, yielding valuable chiral alcohols with extremely high

99.9% ee. Moreover, a proposed reaction mechanism was discussed and verified by NMR.
Since the well-known failure of using racemic thalidomide,
attention has been paid to the manufacture of optically pure
compounds as effective components in pharmaceuticals and
agrochemicals. Asymmetric hydrogenation of ketones, espe-
cially heteroaromatic ketones, has emerged as a popular facile
route to approach enantiopure secondary alcohols as essential
intermediates for the construction of biologically active mole-
cules.1–4 Knowles et al.5 pioneered the production of enan-
tioenriched chiral compounds in 1968, and Noyori and co-
workers6–8 laid the cornerstone of asymmetric hydrogenation in
1990s. Subsequently, numerous catalytic systems have been
developed. Ru-BICP-chiral diamine-KOH was developed and
proved to be effective for asymmetric hydrogenation of aromatic
ketones by Xumu Zhang.9 Cheng-yi Chen reported asymmetric
hydrogenation of ketone using trans-RuCl2[(R)-xylbinap][(R)-
daipen] and afforded secondary alcohol in 92–99% ee.10 Mark J.
Burk and Antonio Zanotti-Gerosa disclosed Phanephos-
ruthenium-diamine complexes catalyzing the asymmetric
hydrogenation of aromatic and heteroaromatic ketones with
high activity and excellent enantioselectivity.11 Qi-Lin Zhou et al.
designed and synthesized chiral spiro diphosphines as a new
chiral scaffold applied in the asymmetric hydrogenation of
simple ketones with extremely high activity and up to 99.5%
ee.12–15 Similarly, Kitamura and co-workers have developed a set
of tridentate binan-Py-PPh2 ligands for the asymmetric hydro-
genation of ketones affording excellent results.16 Recently,
chiral diphosphines and tridentate ligands based on ferrocene
have been developed for the asymmetric hydrogenation of
carbonyl compound with a remarkable degree of success.17–21
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mation (ESI) available. See

equally to this work.

16
Despite many ligands for asymmetric hydrogenation of ketones
have been reported, expensive reagent and multistep compli-
cated reactions were employed to synthesize most of them.22–24

In light of increasing industrial demand, easily obtained, cheap
and practical chiral ligands are still highly desirable. In addi-
tion to chiral ligands, the selection of metals was essential for
asymmetric hydrogenation.25–27 AlthoughMn,28–30 Fe,31–34 Co,35–37

Ni38,39 and Cu40,41 metals were proved to be effective for asym-
metric hydrogenation in recent years, Rh,42–44 Ir45,46 and espe-
cially Ru remained the most preferred metals. Ruthenium47–51

was chosen owing to its superior performances in terms of low
price, selectivity and activity. Takeshi Ohkuma,52 Hanmin
Huang53,54 and Johannes G. de Vries55 all successfully used
ruthenium catalysts for asymmetric hydrogenation of ketones.
Admittedly, there is a continuing interest in the development of
cheaper, simpler andmore efficient catalysts for the asymmetric
hydrogenation of ketones under mild conditions to access
corresponding secondary alcohols. Recently, we developed new
NNP chiral ligands derived from cinchona alkaloid for the
asymmetric hydrogenation of various ketones in extremely
excellent results using a iridium catalytic system.56 Prompted by
these encouraging results, we were interested in exploring
a ruthenium-catalyzed asymmetric hydrogenation of ketones
with NNP chiral ligands derived from cinchona alkaloid. Here,
we showed that changing from iridium to ruthenium, with the
same simple synthetic ligands, delivered a catalyst catalyzed
asymmetric hydrogenation of ketones to give the industrially
important chiral alcohols with up to 99.9% ee. Although the
catalytic activity of ruthenium catalyst was not as high as that of
the iridium catalyst, the enantioselectivity could be maintained,
and even showed higher enantioselectivity in the hydrogenation
of some substrates.

Chiral tridentate ligand NNP (L1–L10) were synthesized and
characterized as reported in our previous publication. With tri-
dentate ligands in hand, we began to evaluate the catalytic
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The effect of different solvents for the asymmetric hydroge-
nation of acetophenone. (substrate/Ru/L5 ¼ 1000/1/2, ketones:
0.858mol L�1, Ba(OH)2: 0.15mol L�1, solvent: 2mL, 30 �C, 6MPa, 2 h.).
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performance in benzylidene-bis(tricyclohexylphosphine)
dichlororuthenium-catalyzed asymmetric hydrogenation of ace-
tophenone employed as a standard substrate (Table 1). Initially,
asymmetric hydrogenation of acetophenone catalyzed by NNP L5
was carried out in different solvents such as MeOH, EtOH, n-
PrOH, i-PrOH and n-butanol (Fig. 2). MeOH was found to be
a better one as the conversion and enantioselectivity were 99.9%
and 98.2%, respectively. Bases screening showed that Ba(OH)2
was superior to the others, giving >99.9% conversion and 98.8%
ee in the present catalytic system (Fig. 1). Ligand screening
revealed that the conguration of chiral centers of cinchona
alkaloids of the ligand markedly affected the catalytic perfor-
mance. NNP ligands derived from cinchonine and quinidine
appeared to benet both the reaction rate and enantioselectivity,
while those derived from cinchonidine and quinine had the
opposite effect. Further, different NNP ligands that bearing
different substituents on the phenyl rings were evaluated. Similar
to our previous research, ligands with electron-withdonating
substituents showed better catalytic performance than those
with electron-withdrawing substituents. However, it was noted
that the more electron-withdonating substituents furnished
lower activity but same enantioselectivity. The optimal ligand L5
derived from quinidine with one methoxy group on benzene ring
provided the corresponding chiral alcohol with 99.9% conversion
and 98.8% ee. Considering that L3 derived from cinchonine had
similar catalytic performance to L4 derived from quinidine, new
ligand L10 similar to L5with onemethoxy group on benzene ring
was synthesized and applied to the asymmetric hydrogenation of
template substrate. 99.6% conversion and 97.6% ee was ob-
tained. Hence, L5 was employed as better ligand in subsequent
experiments.

In order to evaluate the general applicability of this method,
we have surveyed the substrate scope. As can be discerned from
the data in Fig. 3, most of aryl alkyl ketones P1–P21 were
hydrogenated with very high enantioselectivities (97.1–99.9% ee).
Under the conditions employed, the electron effect and steric
hindrance seemed to have no signicant impact on the enan-
tioselectivities of asymmetric hydrogenation. However, the
activities were slightly affected by steric hindrance, especially
Fig. 1 The effect of different bases for the asymmetric hydrogenation
of acetophenone (substrate/Ru/L5 ¼ 500/1/2, ketones: 0.429 mol L�1,
base: 0.15 mol L�1, MeOH: 2 mL, 30 �C, 6 MPa, 2 h.).

© 2022 The Author(s). Published by the Royal Society of Chemistry
ortho-substituted group. Signicantly, Ru/L5 showed high
enantioselectivity 98.2% in the hydrogenation of [3,5-
bis(triuoromethyl)phenyl]ethanone and its corresponding
enantiopure alcohol P21 was key chiral intermediates for the NK-
1 receptor antagonist aprepitant.57,58 Additionally, chiral hetero-
aromatic alcohols containing nitrogen, oxygen or sulfur in the
heterocyclic ring were considerable organic synthetic interme-
diate in pharmaceuticals and organic synthesis.59–61 Neverthe-
less, due to the coordination ability of the heteroaromatic
moiety, the asymmetric hydrogenation of heteroaromatic
Fig. 3 Asymmetric hydrogenation of ketones catalyzed by Ru/L5.
(Substrate/Ru/L5 ¼ 200/1/2, ketones: 0.171 mol L�1, Ba(OH)2:
0.15 mol L�1, MeOH: 2 mL, 30 �C, 6 MPa, 2 h, isolated yield, ee was
determined by GC or HPLC on chiral stationary phase (see the ESI†);
asubstrate/Ru/L5 ¼ 2000/1/2; bsubstrate/Ru/L5 ¼ 100/1/2, 25 �C;
csubstrate/Ru/L5 ¼ 50/1/2, 25 �C, 24 h; dsubstrate/Ru/L5 ¼ 25 �C;
esubstrate/Ru/L5 ¼ 50/1/2, 4 h; fEtOH).

RSC Adv., 2022, 12, 14912–14916 | 14913
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Scheme 1 Proposed mechanism for the asymmetric hydrogenation.
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ketones has been less investigated. Surprisingly, the protocol was
found to be very effective for asymmetric hydrogenation of
various heteroaromatic ketones P22–P35. The substrates were all
well reduced smoothly to afford the corresponding chiral alcohol
with 97.1–99.9% ee. Notably, meta- and para-acetyl pyridines,
generally as a challenging hydrogenation substrates62–64 owe to
stronger coordination ability, were also hydrogenated with up to
97.2% ee (P33 and P34). Gratifyingly, 97.4 ee was obtained when
acetonaphthone employed (P36). Benzo-fused seven-membered
cyclic ketone proceeded well to afford the corresponding chiral
alcohols with 99.6% ee (P37). To further explore substrate scope,
we checked the effectiveness of method for asymmetric hydro-
genation of unsaturated ketones. Although, both substrates were
hydrogenated with high yield, only medium enantioselectivity
73.8 and 78.3% ee were given, respectively.

To understand the mechanism of the reaction, NMR was
introduced to investigated active species. Single peak at d ¼
19.91 ppm belonging to phenyl vinyl group of the complex
disappeared in the 1H NMR spectrum when the complex was
mixed with the ligand (Fig. S1, ESI†). In the meantime, 31P NMR
spectrum of the mixture exhibited new singlet at d ¼ 55.71 ppm
(s) with the signal of complex disappearing (Fig. S2, ESI†). These
maybe indicated the formation of ruthenium complex A.
Subsequently, a new weak signal was generated in the 31P NMR
spectrum with the introduction of hydrogen and base (Fig. S3,
ESI†). These may indicate the formation of ruthenium hydride
complexes. Meanwhile, the 1H NMR spectrum exhibited several
weak signals below 0 ppm (Fig. S4, ESI†). These data also veri-
ed the formation of ruthenium hydride complexes. Reference
to relevant literature,65–67 the proposed catalytic cycle for the
Table 1 The effect of different ligand for the asymmetric hydroge-
nation of acetophenonea

Entry Ligands Con./% ee/% Cong

1 L1 47.5 78.2 R
2 L2 56.1 77.8 R
3 L3 >99 94.0 S
4 L4 80.8 97.0 S
5 L5 >99 98.8 S
6 L6 54.2 98.0 S
7 L7 2.1 84.2 S
8 L8 91.1 98.0 S
9 L9 36.5 92.8 S
10 L10 >99 97.6 S

a Substrate/Ru/L ¼ 2000/1/2, ketones: 1.715 mol L�1, Ba(OH)2:
0.15 mol L�1, MeOH: 2 mL, 30 �C, 6 MPa, 2 h.

14914 | RSC Adv., 2022, 12, 14912–14916
asymmetric hydrogenation of ketones with the ruthenium
complex was shown in Scheme 1. First, the ruthenium complex
reacted with ligands to form complex A. In the presence of base
and hydrogen, the complex A lost two chlorine atoms to trans-
form into dihydride complex B. Then, a hydridic Ru–H and
a protic N–H unit were transferred from dihydride B to the
carbonyl group of the ketones through the transition state TS to
produce chiral alcohol. And the ruthenium complex lost two
hydrogen atoms to form complex C. Finally, dihydride B was
regenerated in hydrogen atmosphere. Compared with the re-
ported iridium catalytic systemwith the same chiral ligands, the
hydrogenation activity of the ruthenium catalytic system
decreased signicantly although maintained high enantiose-
lectivity. The result indicates that the selection of metals was as
important as chiral ligands for asymmetric hydrogenation.
Conclusions

Herein, we reported the cinchona alkaloid-based NNP ligands
for the asymmetric hydrogenation of ketones. Through the
optimization of steric and electronic properties of NNP ligands,
L5 derived from quinidine with a methoxy group on benzene
ring was proved to be conducive to prepare chiral alcohols. Most
of substrates, even heteroaromatic ketone, were converted to
corresponding chiral alcohols in excellent enantioselectivities.
Moreover, NMR was introduced to investigated active species
and some new weak signals were detected. Based on the excel-
lent results achieved in asymmetric hydrogenation, we will
continue to exploring the application range of NNP ligands
toward a broad implementation in asymmetric catalysis.
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