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Abstract: A robust and highly active homogeneous chiral
nickel–phosphine complex for the asymmetric hydrogenation
of aliphatic γ- and δ-ketoacids has been discovered. The
hydrogenation could proceed smoothly in the presence of
0.0133 mol% catalyst loading (S/C=7500). The coordination
chemistry and catalytic behavior of Ni(OTf)2 with (S,S)-Ph-
BPE were explored by 1H NMR and HRMS. The mechanistic
studies revealed that a proton promoted the activation of the
substrate C=O bond and controlled the stereoselectivity
through hydrogen bonds. A series of chiral γ- and δ-alkyl
substituted lactones were obtained in high yields with
excellent enantioselectivities (up to 98% yield and 99% ee).
In addition, this catalytic system also demonstrated that
levulinic acid produced from a biomass feedstock was
converted into chiral γ-valerolactone without loss of ee value.

Introduction

The catalytic conversion of renewable resources into
valuable chemicals has aroused widespread interest recently
in academia and industry. Biomass, as a renewable and
sustainable organic carbon resource, is regarded as the most
promising substitute for petroleum derivatives.[1] Levulinic
acid (LA), as an important biomass-derived platform
molecule, can be transformed into other high value-added
chemicals such as diols,[2] carboxylic acids,[3] and lactone.[2c, 4]

Compared to achiral lactones, chiral lactones are versatile
building blocks to construct many important natural prod-
ucts and biologically active molecules.[5] In addition, it is also
widespread in nature, in particular pheromones and aro-
matic components of many fruits.[6] Some methodologies
have been reported for the synthesis of chiral lactones to
date, including asymmetric hydrogenation,[7]

hydroboration,[8] and biocatalysis.[9] Among them, asymmet-
ric hydrogenation is undoubtedly a powerful and effective
approach for the manufacture of chiral molecules.[10] In the
past few decades, the catalytic asymmetric hydrogenation of
ketone has made great achievements in precious metal
catalysts based on ruthenium, rhodium, and iridium as an

active center,[11] exhibiting excellent catalytic activity and
enantioselectivity (Scheme 1). In 2015, the Mika group
reported the SegPhos-Ru-catalyzed asymmetric reduction of
biomass-derived levulinic acid to γ-valerolactone (GVL) in
64% yield with 82% ee under 60 atm H2 at 140 °C.[7a] More
recently, Zhou and co-workers described iridium complexes
with a chiral P� N ligand to catalyze the asymmetric hydro-
genation of levulinic acid with high enantioselectivity.[7b]

However, due to decreasing reserves, high prices, and
toxicity of these precious metals, it is very necessary to
replace them with earth-abundant, inexpensive, and environ-
mentally benign metals.

The earth-abundant first-row transition metals have
attracted intensive attention in homogeneous asymmetric
hydrogenation of ketone in recent years.[12,13] In 2014, Morris
and co-workers reported for the first time cheap iron pincer
complexes with chiral tridentate PNP ligands for the
asymmetric hydrogenation of ketones.[14] In this catalyst
system, aromatic ketones could be hydrogenated with up to
85% ee, but aliphatic ketone substrates afforded a racemic
product. After this, all sorts of chiral iron pincer complexes
are also developed for the asymmetric hydrogenation of
C=O bonds.[15] In addition to these cheap iron catalysts,
chiral manganese complexes in ketone reduction have been
reported successively. Clarke and Beller in 2017 described
manganese complexes with chiral tridentate ligands for the
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hydrogenation of simple ketones, respectively;[13a,b] however,
the reaction gave lower enantiomeric ratios for most ketone
substrates. Recently, Ding and co-workers demonstrated
that aromatic ketones were hydrogenated with high ee
values using chiral pincer PNN� Mn catalysts.[13c] Notably, all
these reported cheap catalysts prefer to hydrogenate
aromatic ketone with high enantioselectivity, while dialkyl
ketone generally gives a lower enantiomeric ratio. Besides,
these catalyst systems require extra bases as additives to
activate the precatalyst. Hence, it is still a high challenge to
develop earth-abundant first-row transition metal catalysts
for the asymmetric hydrogenation of dialkyl ketone with
high enantiomeric excess.

Among these first-row transition metals, nickel elements
have fascinated increasing attention in asymmetric
reduction.[10d, 16] In 2016, Chirik and co-workers developed
the first example of nickel-catalyzed asymmetric hydro-
genation of α,β-unsaturated esters.[10d] Subsequently, Zhang
and co-workers reported a chain of studies on the nickel-
catalyzed asymmetric hydrogenation of functionalized en-
amides and cyclic sulfamidate imines with excellent
results.[16a–d] Recently, Zhang and co-workers disclosed the
asymmetric hydrogenation of N-sulfonyl imines, N-aryl
imino esters, and 2-amidoacrylates using nickel catalysts and
molecular hydrogen as reducing agents, affording a series of
chiral amines and amino acids with high enantiomeric
excesses.[16e–h] These examples demonstrate that catalysts
containing earth-abundant first-row transition metal have
great potential in the asymmetric hydrogenation of prochiral
molecules. Despite nickel-catalyzed asymmetric reduction
having seen rapid growth, the asymmetric hydrogenation of
ketones is still in the beginning stage. To the best of our
knowledge, so far, only two examples of nickel-catalyzed
asymmetric hydrogenation of ketones have been reported
by Hamada and co-workers.[17] In the two cases, α-amino-β-
ketoesters hydrochlorides and substituted aromatic α-amino
ketones hydrochlorides were hydrogenated to afford the
corresponding products via dynamic kinetic resolution using
Ni(OAc)2/(R,S)-ferrocenyl ligand at 100 atm H2; however, it
was not suitable for aliphatic ketoester substrates. Further-
more, the mechanism of hydrogen activation and chiral
inducing mode has not yet been elucidated. Given this
limited precedent, it is not surprising that there are still no
examples of the asymmetric hydrogenation of dialkyl
ketones using homogeneous chiral nickel catalysts. Herein,
we report for the first time the nickel-catalyzed asymmetric
hydrogenation of aliphatic γ- and δ-ketoacids to afford chiral
lactones with high yields and excellent enantioselectivities.

Results and Discussion

Initially, we performed various chiral biphosphine ligands in
combination with nickel triflate for the asymmetric hydro-
genation of levulinic acid under 1 atm H2 at 50 °C for
12 hours. These results are shown in Scheme 2. When axially
chiral ligands were employed, the hydrogenation afforded
lower enantioselectivities (14–37% ee). The (S,S)-DuPhos
produced only a trace amount of GVL. By electron-rich

(S,S)-DuanPhos instead of (S,S)-DuPhos, the GVL yield
and enantioselectivity increased to 92% and 56%, respec-
tively. The (S,S)-iPr-BPE resulted in very poor reactivity. To
our delight, using phenyl to replace the isopropyl group in
BPE ligand, (S,S)-Ph-BPE could dramatically improve the
catalytic activity, and full conversion with excellent enantio-
selectivity was achieved (96% yield, 95% ee). Furthermore,
(S,S)-BenzP* and (S,S)-QuinoxP* furnished high GVL
yields and moderate and good enantioselectivities. To better
understand the difference in reactivity between the phenyl
and isopropyl substituents of BPE ligand, we analyzed the
binding pocket steric of [(S,S)-iPr-BPE)Ni]2+ and [(S,S)-Ph-
BPE)Ni]2+ complex using the SambVca 2.1 Web program
(Figure 1).[18] According to the buried volumes (%Vbur),
complex 2 (%VBur=80.3) possessed a more congested
catalytic pocket than complex 1 (%VBur=65.5). The en-
hanced steric congestion at the binding pocket of complex 2
correlated with its excellent catalytic performance. The
steric maps illustrated that complex 1 and 2 presented the
expected space occupation of less hindered NE and SW
quadrants than NW and SE quadrants, indicating that two
complexes should be given the same configuration product.

Next, we screened the effect of nickel salts on hydro-
genation. The results of various nickel salts were listed in
Table 1. When Ni(OTf)2 and Ni(BF4)2·6H2O were used, the
reactions furnished high GVL yield with excellent enantio-
selectivity (entries 1 and 2). With the use of Ni(OAc)2 and
Ni(OAc)2·4H2O as the nickel precursor, the catalytic activity
decreased slightly but ee values remained constant (entries 3
and 4). However, the reactions took place poorly or even
failed by using NiCl2 and Ni(acac)2 (entries 5 and 6). These
results showed that the nickel precursor plays an important

Scheme 2. Ligand screening for the asymmetric hydrogenation of LA.
Reaction conditions: 1 mmol levulinic acid, 1 mol% Ni(OTf)2, 1 mol%
Ligand, 2 mL TFE, 1 atm H2, 50 °C, and 12 hours. The ee values were
determined by GC analysis on a chiral stationary phase. TFE: 2,2,2-
trifluoroethanol.
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role in catalytic efficiency. To further improve the enantio-
control, the hydrogenation solvents were also evaluated (see
the Supporting Information). It turned out that TFE gave
the best results for this reaction, while other solvents
afforded GVL in low yields with moderate enantioselectiv-
ities. On the one hand, TFE has good solubility for
ketoacids, and on the other hand, it bears suitable acidity
and weak coordination ability, which may be the reason for
its excellent results.

The effect of the molar ratio of Ni(OTf)2 with (S,S)-Ph-
BPE on reactivity was investigated, as listed in Table 2. It
was found that an excessive amount of (S,S)-Ph-BPE ligand
resulted in low reactivity (entry 1). However, increasing the
amount of nickel triflate had no effect on hydrogenation
activity (entry 3). It was speculated that it may be due to the
difference in coordination mode of nickel triflate with the
ligand, which leads to the decrease of reactivity. To prove
this conjecture, the coordination mode of Ni(OTf)2 with
(S,S)-Ph-BPE was explored by 1H NMR and HRMS (see

the Supporting Information). The results of 1H NMR
indicated that the mixture signals markedly changed com-
pared with (S,S)-Ph-BPE. According to the ESI-MS spec-
trum of the Ni(OTf)2/(S,S)-Ph-BPE=1/1 mixture, a mono-
ligand coordinated nickel complex ([(S,S)-Ph-BPE)Ni]2+, m/
z 282.0861) was detected, with none of other the form of
nickel complex being found. However, a dual-ligand coordi-
nated nickel complex ([(S,S)-Ph-BPE)2Ni]2+, m/z 535.1973)
was observed in the Ni(OTf)2/(S,S)-Ph-BPE=0.25/1 mix-
ture. It demonstrated that the mono-ligand coordinated
nickel complexes act as active species in the hydrogenation,
rather than that of dual-ligand coordinated nickel com-
plexes. In addition, the results of the ESI-MS spectrum
showed that all of the complexes existed in the form of
cation, while anionic and neutral complexes were not
observed. It was worth mentioning that inactive [(S,S)-Ph-
BPE)2Ni]2+ could be dissociated by adding nickel triflate to
form active [(S,S)-Ph-BPE)Ni]2+ (Scheme 3).

To evaluate the efficiency of this catalytic system, the
hydrogenation was examined in the presence of low catalyst
loading (see the Supporting Information, Table S2). With
the use of 0.1 mol% catalyst loading, levulinic acid was
hydrogenated to obtain GVL in 98% yield with 95% ee at
30 atm H2 for 4 hours. When the catalyst loading was further
reduced to 0.0133 mol% (S/C=7500), the hydrogenation
could be also smoothly proceeded at 70 atm H2 for 24 hours,
affording GVL in 94% yield with 95% ee. Compared with
precious metal catalysts,[7] the chiral nickel catalyst demon-
strated excellent reactivity and enantioselectivity in asym-
metric hydrogenation of aliphatic ketoacids. So far, this
result represents the highest catalytic efficiency of the
reported nickel-catalyzed asymmetric hydrogenation of
C=O bonds.

In order to further understand the reaction pathway,
ethyl levulinate and angelica lactone as the substrate were
used for hydrogenation, respectively. When angelica lactone
was used as the substrate, the hydrogenation could be not
proceeded under standard reaction conditions (Scheme 4a).
However, with the use of ethyl levulinate as the substrate,
GVL could be obtained in 85% yield with 78% ee
(Scheme 4b). It demonstrated that the carbonyl group of the
substrate was first hydrogenated to generate 4-hydroxyvale-
ric acid and followed by cyclization to obtain GVL. Then
adding one equivalent acetic acid into the reaction system,
the yield and enantioselectivity of GVL improved to 94%
and 91% ee, respectively (Scheme 4c). However, when
sodium levulinate was employed as the substrate, the hydro-
genation gave similar results to ethyl levulinate (Scheme 4d).
These results indicated that protons play an important role
in activating the C=O bond and controlling stereoselectivity.

Figure 1. The steric maps of nickel complexes with biphosphine
ligands. NE: northeast; SE: southeast; SW: southwest; NW: northwest.

Table 1: Nickel sources screening for the asymmetric hydrogenation of
LA.[a]

Entry Nickel sources Yield [%] ee [%]

1 Ni(OTf)2 96 95
2 Ni(BF4)2·6H2O 96 95
3 Ni(OAc)2 75 95
4 Ni(OAc)2·4H2O 77 96
5 NiCl2 5 94
6 Ni(acac)2 0 -

[a] Reaction conditions: 1 mmol levulinic acid, 1 mol% nickel sources,
1 mol% (S,S)-Ph-BPE, 2 mL TFE, 1 atm H2, 50 °C, and 12 hours.

Table 2: The effect of the molar ratio of Ni(OTf)2 with (S,S)-Ph-BPE.

Entry M/L Yield [%] ee [%]

1 1/4 64 95
2 1/1 96 95
3 4/1 96 95 Scheme 3. The coordination mode of Ni(OTf)2 with (S,S)-Ph-BPE.
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Subsequently, we performed several deuterium labeling
experiments. In the presence of H2, deuterium incorporation
at the γ-carbon position in 8% ratio was observed by
replacing CF3CH2OH with CF3CH2OD (Scheme 5a). It was
probably because the combination of the Ni� H species with
CF3CH2OD or deuterated levulinic acid (from levulinic acid
and CF3CH2OD exchange) generated HD, and subsequent
the heterolytic cleavage H� D bond formed the Ni� D species

to attack C=O bonds, resulting in deuterium being incorpo-
rated into the γ-carbon position. This result further proved
that TFE had suitable acidity and proton donating ability.
Next, the hydrogenation using D2 furnished 84% D of the
product in CF3CH2OH (Scheme 5b). It was found that
deuterium incorporation was only observed at the γ-carbon
position, further confirming that the reaction process of
levulinic acid had not undergone angelica lactone and
enolization to hydrogenate C=C bonds. In the presence of
D2, a 97% D of the product was obtained in CF3CH2OD
(Scheme 5c). Furthermore, the hydrogenation afforded a
100% D of the product by using deuterated levulinic acid as
the substrate under the above reaction conditions
(Scheme 5d). These results indicated that the combination
of protons with metal hydrides and the heterolysis of
hydrogen gas were in equilibrium.

To better gain insight into the mechanism of this
reaction, we performed DFT calculations for this Ni-
catalyzed asymmetric hydrogenation of levulinic acid with
the Ni(L= (S,S)-Ph-BPE)-H complexes as the energy refer-
ence point (Figure 2). From Int1, there were two possible
pathways for the hydrogenation of LA: the R pathway and
the S pathway. The calculated energy of the transition state
R-TS1 was 3.7 kcalmol� 1 lower than that of the transition
state S-TS1, indicating that the hydrogenation should give
the R configuration product with excellent enantioselectiv-
ity, which was consistent with the experimental result (95%
ee). The energy difference between two transition states
may be attributed to the orientation of the Ni� H formation
in the presence of LA. In addition, the transition state
suggested that the proton could activate the C=O bond and
anchor it through hydrogen bonds to control stereoselectiv-
ity. Based on the mechanistic experiments and literature
reports,[10d, 16c,g] we proposed the following reaction mecha-
nism in Scheme 6. A square-planar complex species A was
generated in the presence of LA. Then heterolytic H� H
bond formed metal hydride species B and released a

Scheme 4. The control experiments.

Scheme 5. The deuterium-labelling experiments. Scheme 6. A proposed reaction mechanism.
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molecule of LA, and subsequent LA coordinated with the
nickel(II) metal center to produce species C. Next, the Ni� H
attacked C=O bonds to yield species D. It would react with
LA to obtain 4-hydroxyvaleric acid and regenerate species
A. Finally, (R)-GVL was obtained by intramolecular ester-
ification.

To establish the general applicability of this chiral nickel
catalyst, the hydrogenation of different aliphatic ketoacids
was investigated. These results were shown in Scheme 7.
The linear aliphatic γ-ketoacid substrates could provide the
corresponding products 2a–2e in 91%-98% yields with 95–
97% ee. The reactions of the substrate bearing branched
alkyl and cycloalkyl group were smoothly proceeded to
afford the products 2f–2j with 96–99% ee. It was worth
mentioning that the hydrogenation could be also successfully
performed on the large sterically hindered substrate (R=
tBu, 1h). Two methyl groups were introduced at the α- and
β- positions of the substrate to obtain products 2k and 2 l
with 92% ee and 96% ee, respectively. Interestingly, the
C=C bond of the substrate 1m was tolerated. The substrates
containing the benzyl and carboxyl group resulted in
moderate enantioselectivities (2n and 2o). More impor-
tantly, aliphatic δ-ketoacid substrates were also applicable.
The substrates with linear alkyl group 1p–1r gave the
desired products in 91–95% yield with 84–91% ee. The
long-chain alkyl δ-ketoacids slightly decreased ee values. A
dimethyl group at β-position substrate afforded the product
2s in 96% yield with 96% ee. Compared to the biocatalytic
method,[9] these results suggested that this cheap nickel
catalyst system has broader applicability to ketoacid sub-
strates.

The synthesis of the chiral GVL from real biomass-
derived levulinic acid was essential to demonstrate the
compatibility of this catalytic system. First, D-fructose was
hydrolyzed in 0.5 M H2SO4 at 170 °C for 1 hour. Then the
solution was extracted with ethyl acetate and removed in a
vacuum to afford levulinic acid as a dark brown viscous
liquid.[19] Considering the influence of humins or other

oxygenated compounds on nickel triflate, the reaction was
conducted using excessive nickel salt (Scheme 8A). As a
result, GVL could be obtained in 94% yield with 95% ee.
Next, we exhibited that levulinic acid from biomass feed-
stock transformed into (R)-GVL (Scheme 8B). The bamboo
powder was hydrolyzed in 1.0 M H2SO4 at 170 °C for 8 hours;
a deep dark brown solution was obtained.[19a] Levulinic acid
then was obtained by vacuum distillation for subsequent
reaction. The hydrogenation furnished (R)-GVL in 97%
yield with 95% ee in presence of 0.1% mol Ni(OTf)2/(S,S)-
Ph-BPE. Undoubtedly, chiral GVL with a high enantiomeric
ratio could be produced from real biomass-derived levulinic
acid. This study provides an excellent protocol for the
preparation of high value-added fine chemicals from bio-
mass raw materials.

In order to demonstrate the scale-up potential of this
protocol, the hydrogenation was conducted on a larger scale at
0.02 mol% catalyst loading (Scheme 9a). 11.6 g levulinic acid
was completely transformed into (R)-GVL in 91.2% isolated
yield with 96% ee using (S,S)-Ph-BPE under 70 atm H2 at
50°C for 12 hours. Likewise, (S)-GVL could be also obtained
by using (R,R)-Ph-BPE. The scale-up reaction still maintained
high reactivity and excellent enantioselectivity. Next, the utility
of this methodology was demonstrated by further conversion
of chiral GVL (Scheme 9b and c). The chiral GVL could be
easily converted to (R)-4 and (S)-6,[20,5b] which are precursors
of the P-Chirogenic PhosPholane ligand and natural product
(S)-(+)-phoracantholide I, respectively.

Conclusion

In summary, we have developed a robust and efficient chiral
nickel–phosphine complex for the asymmetric hydrogena-
tion of aliphatic ketoacids. The hydrogenation could pro-
ceed on a ten gram-scale in the presence of 0.02 mol%
catalyst loading. The control experiments, deuterium-label-
ing experiments, and DFT calculations have provided

Figure 2. Calculated Gibbs free energy profile for the configuration-determining step (kcalmol� 1). Int: intermediate, TS: transition state, HA: levulinic acid.
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mechanistic understanding for this Ni-catalyzed asymmetric
hydrogenation of levulinic acid, confirming a proton plays a

key role in the activation of the C=O bond and the
stereoselectivity control. The general applicability of this

Scheme 7. The substrate scope of asymmetric hydrogenation. Reaction conditions: 0.25 mmol substrates, 2 mol% Ni(OTf)2, 1 mol% (S,S)-Ph-BPE,
1 atm H2, 2 mL TFE, 65 °C, and 24 h. The yield was determined by GC analysis. The ee values of the products were determined by GC analysis on a
chiral stationary phase. [a] 50 atm H2. [b] 10 atm H2. [c] 5 mol% Ni(OAc)2 ·4H2O/(S,S)-Ph-BPE and 50 °C. [d] 2 mL DCM, 30 atm H2, and 50 °C.
[e] Followed by Yamaguchi cyclization.

Scheme 8. The conversion of D-fructose and bamboo powder into (R)-GVL.
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catalytic system was demonstrated by the efficient hydro-
genation of different aliphatic γ- and δ-ketoacids. Finally,
levulinic acid from a real biomass feedstock could be also
used for the production of chiral GVL without loss of ee
value.
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Proton-Promoted Nickel-Catalyzed Asym-
metric Hydrogenation of Aliphatic Ketoa-
cids

A robust and efficient nickel–phosphine
complex has been discovered for the
asymmetric hydrogenation of aliphatic
ketoacids. A proton promoted the activa-
tion of C=O bonds and controlled the

stereoselectivity through hydrogen
bonds to obtain the corresponding prod-
ucts in high yields with excellent enan-
tioselectivities.
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