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ty and Ins
A B S T R A C T

The asymmetric transfer hydrogenation (ATH) of a wide range of ketones catalyzed by manganese
complex as well as chiral PxNy-type ligand under mild conditions was investigated. Using 2-propanol as
hydrogen source, various ketones could be enantioselectively hydrogenated by combining cheap, readily
available [MnBr(CO)5] with chiral, 22-membered macrocyclic ligand (R,R,R',R')-CyP2N4 (L5) with 2mol%
of catalyst loading, affording highly valuable chiral alcohols with up to [18_TD$DIFF]95% ee.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.
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It is very important to obtain chiral alcohols which have
been found widespread application in pharmaceuticals, agro-
chemicals, fragrances, and flavors industries. The asymmetric
reduction of prochiral ketones is one of the most effective and
valuable methods to attain chiral alcohols [1]. Over recent
decades, asymmetric transfer hydrogenation (ATH), which
uses reducing agents as a source of hydrogen, such as iPrOH
or HCOONa, has emerged as an appealing method due to its
easy availability of hydrogen sources and the operational
simplicity [ [19_TD$DIFF]2–4].

In recent years, the catalytic transformations based on non-
precious metal catalyst have attracted more and more attention
in both labs and industries because of the low cost, high
abundance and low toxicity of these cheap metals [5]. As the
third most abundant transition metal in the earth [20_TD$DIFF]’s crust,
manganese thus has the potential to be used as a nontoxic and
readily available alternative to noble metals in various catalytic
transformations [6]. Beller [21_TD$DIFF]et al. reported the Mn(I)-catalyzed
hydrogenation of various polar functional groups in 2016 [7]. From
then on, reduction reactions catalyzed by manganese complexes
were studied but most of them are non-enantioselective reduction
reactions [ [22_TD$DIFF]8–17]. Up to now, fewer chiral manganese catalysts are
used for asymmetric reduction of ketones [18,19]. In 2017,
Zirakzadeh [21_TD$DIFF]et al. demonstrated the first asymmetric transfer
hydrogenations of ketones with manganese complexes of chiral
PNP [23_TD$DIFF]’ pincer ligands, obtaining the chiral alcohols with conversions
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up to [24_TD$DIFF]96% and up to 86% ee [19a]. Recently, Mezzetti [21_TD$DIFF]et al. reported
the ATH of ketones catalyzed by bis(carbonyl) manganese(I)
complex, giving the corresponding chiral alcohols in high yields
(up to> [25_TD$DIFF]99%) and with excellent enantioselectivities [26_TD$DIFF](90%–99% ee)
[19g]. Comparedwith other non-precious metals such as Fe, Co, Ni,
chiral Mn-based catalysts have been less developed. In our
previous work, we developed the enantioselective catalytic
reduction of various ketones by combining a series of chiral
PxNy-type ligands (Fig. 1) with different transition metal
complexes [[27_TD$DIFF]20–25]. As part of our continuing study for novel
asymmetric reduction catalysts, hereinwe described the chiral Mn
(I)-based catalyst containing of PxNy-type ligands for asymmetric
transfer hydrogenation of ketones.

Using iPrOH as hydrogen source and solvent, we investigated
the asymmetric transfer hydrogenation catalyzed by [MnBr(CO)5]
and various chiral PxNy-type ligands. Initially, we chose the
acetophenone as the model reaction substrate. It could be seen
that in the absence of chiral ligand, the reaction can hardly take
place (Table 1, entry 1). Under the employed reaction conditions
the catalyst generated in situ from [MnBr(CO)5] and chiral
diiminodiphosphine ligand (R,R)-P2N2 (L1) afforded high conver-
sion but low enantioselectivity [28_TD$DIFF](99% conversion and 21% ee, entry
2). With the catalyst generated in situ from [MnBr(CO)5] and chiral
diaminodiphosphine ligand (R,R)-P2(NH)2 (L2), the acetophenone
was asymmetric hydrogenated with [29_TD$DIFF]42% conversion and 71% ee
(entry 3). When multidentate P3N4-type ligands L3 and L4 were
used as chiral auxiliary, catalysts displayed good activity and
moderate enantioselectivity [30_TD$DIFF](87% conversion and 65% ee, 66%
conversion and 67% ee, repectively, entries 4 and 5). To our delight,
the Mn(I)-based catalyst containing chiral macrocyclic ligand (R,R,
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Chiral PxNy-type ligands.
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R',R')-CyP2N4 (L5), exhibited high activity and enantioselectivity
for the ATH of acetophenone. In the presence of KOH, the ATH of
acetophenone proceeded smoothly, affording the chiral product
chiral product (S)-1-phenylethanol with [31_TD$DIFF]99% conversion and 81%
ee in 2 h at 75 �C with a substrate/catalyst (S/C) ratio of 50 (entry
6). However, as for the analogue of L5, chiral macrocyclic ligand (R,
R,R',R')-CyP2(NH)4 (L6) gave the same high activity but moderate
enantioselectivity under the same reaction conditions [32_TD$DIFF](99%
Table 1
Manganese-catalyzed ATH of acetophenone.a

[TD$INLINE]

Entry Metal precursor Ligand Conv. (%)b ee (%)b

1 [MnBr(CO)5] none <1 –

2 [MnBr(CO)5] L1 99 21
3 [MnBr(CO)5] L2 42 71
4 [MnBr(CO)5] L3 87 65
5 [MnBr(CO)5] L4 66 67
6 [MnBr(CO)5] L5 99 81
7 [MnBr(CO)5] L6 99 69
8 None L5 <1 –

9 MnCl2 L5 <5 –

10 [Mn2(CO)10] L5 23 47

a Reaction conditions: acetophenone (0.5mmol) with ketone/ metal precursor/
ligand/base =50:1:1:3 (molar ratio), iPrOH (5mL), 75 �C and 2h.

b Conversion and ee were determined by GC analysis with a chiral CP-Chriasil-
Dex CB column.
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conversion and 69% ee, entry 7). It is interesting that among the
tested catalyst systems, the promoting effect of NH functions in
the chiral PxNy-type ligand, which was notable feature in our
previous results, does not work in this case. It could be seen that
the reaction cannot proceed without metal precursor (entry 8).
Furthermore, two other metal precursors MnCl2 and [Mn2(CO)10]
were examined with the combination of L5. It showed that under
the employed reaction conditions the catalyst generated in situ
from MnCl2 and chiral macrocyclic ligand L5 was inactive for
enantioselective reduction of acetophenone (entry 9). While the
reaction catalyzed by [Mn2(CO)10]/L5 only gave the chiral
product (S)-1-phenylethanol with [33_TD$DIFF]23% conversion and 47% ee
(entry 10).

Next, the catalytic performance of L5/[MnBr(CO)5] for the ATH
of acetophenone were investigated. We examined the influence of
the amount of bases and different temperatures (Please see the [34_TD$DIFF]

Tables in Supporting information). The enantioselective reduction
was carried out with a catalyst loading of 2mol%. It showed that at [12_TD$DIFF]
75 �C after 2 h of reaction time, no reaction took place in the
absence of base.With increase of the amount of KOH, the activity of
the catalyst also increased. When 2 equiv. of KOH were added, the
acetophenone was enantioselectively hydrogenated with [35_TD$DIFF]63%
conversion and 80% ee. Nearly complete conversion and [36_TD$DIFF]81% ee
were achieved with a molar ratio of S:C:B (substrate:[37_TD$DIFF]catalyst:
KOH) = 50:1:3. A high catalytic activity was observed upon
increasing the temperature. At lower temperature [38_TD$DIFF](55 �C), the
catalytic activity dropped significantly and lower conversion [39_TD$DIFF](50%)
was obtained. At [12_TD$DIFF]75 �C the yield of (S)-1-phenylethanol increased
to [40_TD$DIFF]99% with 81% ee.

With the optimized reaction conditions in hand, the ATH of a
wide range of aromatic ketones catalyzed by L5/[MnBr(CO)5] was
examined. As shown in Scheme 1, various aromatic ketones were
smoothly reduced under the conditions employed, affording the
corresponding chiral aromatic alcohols with high yields and
enantioselectivities. For aryl methyl ketones, it seems that there is
no unambiguous correlation between the electron property of
substituents on the phenyl ring and the yield of products. However,
the enantioselectivities vary with the substitution position.
Generally, the highest [41_TD$DIFF]ee value is associated with ortho-substituted
ketones. For example, [42_TD$DIFF]90% eewas obtained for the enantioselective
hydrogenation of [43_TD$DIFF]20-(trifluoromethyl)-acetophenone (o-1d), which
is [44_TD$DIFF]12%, 15% higher than its meta- and para-substituted analogues
(m-1d, p-1d), respectively. These results are similar to our previous
results of iron-catalyzed asymmetric reduction of ketones [24].
Notably, theMn(I)-based catalyst is robust for the hydrogenation of
bulky steric ketones, such as naphthyl ethanones (1m,1n) and [45_TD$DIFF]1,10-
diphenylpropan-2-one (1o). For instance, the ATH of 1-naphthyl
ethanone (1n) proceeded smoothly at [46_TD$DIFF]75 �C, giving the corre-
sponding chiral alcohols with [47_TD$DIFF]98% yield and 95% ee in 2 h.
Furthermore, high enantioselectivities [48_TD$DIFF](85%–93% ee) were
obtained with [49_TD$DIFF]α-substituted acetophenones, including those
bearing ethyl, propyl, butyl, and sterically more demanding
tertbutyl groups (1p-1r, 1t). As for the ATH of [49_TD$DIFF]α-isopropyl-
phenylmethanone (1 s), more KOH and longer reaction time were
necessary to give high yield (S:C:B = 50:1:5, 6 h, [50_TD$DIFF]94% yield, 79% ee).
The enantioselective reduction of diaryl ketones, such as 2-
methylbenzophenone (1v) and (2-chlorophenyl)phenyl-metha-
none (1w), proceeded smoothly, affording the corresponding chiral
products with [51_TD$DIFF]96% yield and moderate enantioselectivity. Howev-
er, the L5/[MnBr(CO)5] catalyst failed to catalyze the ATH of dialkyl
ketones under the employed conditions. It showed that the Mn(I)-
based catalyst is more suitable for ketones containing aromatic
ring structure.

Apart from aromatic ketones, the Mn(I)-based catalyst L5/
[MnBr(CO)5] was also examined to catalyze the ATH of hetero-
aromatic ketones to the corresponding chiral alcohols with 2 [52_TD$DIFF]mol%
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Scheme 1. Manganese-catalyzed ATH of aromatic ketones. Reaction conditions: [2_TD$DIFF]Ketones 0.5mmol, ketone/[MnBr(CO)5]/[3_TD$DIFF]L5/KOH=50:1:1:3 (molar ratio), iPrOH (5 [4_TD$DIFF]mL), 75 �C.
Yields were determined by 1HNMR analysis of the crude reactionmixture using 1,3,5-trimethoxybenzene as an internal standard. eewere determined byGC or HPLC analysis.
aATH at 65 [5_TD$DIFF]�C. bKetone/[MnBr(CO)5]/L5/KOH [6_TD$DIFF]=50:1:1:2 (molar ratio). c[7_TD$DIFF]Ketone/[MnBr(CO)5]/L5/KOH [8_TD$DIFF]=50:1:1:5 (molar ratio). d(R)-Product, ligand (S,S,S[9_TD$DIFF]’,S’)-L5 was used.

[(Scheme_2)TD$FIG]

Scheme 2. Mn(I)-catalyzed ATH of heteroaromatic ketones. Reaction conditions: [2_TD$DIFF]
Ketones 0.5mmol, ketone/[MnBr(CO)5]/[3_TD$DIFF]L5/KOH=50:1:1:3 (molar ratio), iPrOH (5 [4_TD$DIFF]

mL), 75 �C. Yields were determined by 1H NMR analysis of the crude reaction
mixture using 1,3,5-trimethoxybenzene as an internal standard. ee were deter-
mined by GC analysis with a chiral CP-Chriasil-Dex CB column. a(R)-Product, (S,S,S[9_TD$DIFF]’,
S’)-L5 ligand was used.
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of catalyst loading in the presence of 6 [53_TD$DIFF]mol% KOH in iPrOH at 75 [54_TD$DIFF]�C
(Scheme 2). It could be seen that the tested heteroaromatic ketones
were readily hydrogenated to yield the corresponding alcohols
with high conversions and medium to high enantioselectivities.
Notably, 3-acetyl-2,5-dimethylthiophene (3c) is enantioselectively
reduced to chiral thiophene alcohol with [55_TD$DIFF]94% yield and 91% ee in
3 h. While furan derivatives were used as substrates, the catalytic
system is inactive. It indicated that under the reaction conditions
the Mn(I)-based catalyst L5/[MnBr(CO)5] could not effectively
activate the furan derivatives.

In summary, we have developed an efficient chiral Mn(I)-based
catalyst for asymmetric transfer hydrogenation of various aromatic
ketones to obtain optically active alcohols. Using a combination of
1417
chiral macrocyclic ligand with [MnBr(CO)5] as the catalyst,
prochiral ketones could be enantioselectively hydrogenated to
corresponding chiral alcohol with up to [56_TD$DIFF]99% yield and up to 95% ee.
Further investigations on the reaction mechanism are currently
ongoing in our laboratory.
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