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For the metal-catalyzed asymmetric hydrogenation of α-substituted ketones, cis reductive products are generally obtained due to
steric hindrance of substituents. Herein, an unprecedented trans reductive products were observed in palladium-catalyzed
hydrogenative desymmetrization of cyclic and acyclic 1,3-diketones, providing the chiral trans β-hydroxy ketones with two
adjacent stereocenters including one α-tertiary or quaternary stereocenter with high enantioselectivity and diastereoselectivity.
Mechanistic studies and DFT calculations suggested that the rarely observed diastereoselectivity reversal is ascribed to the
charge-charge interaction between the palladium and aromatic ring of the substrate, which could not only result in the reversal of
the diastereoselectivity, but also improve the reactivity.
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1 Introduction

Asymmetric hydrogenation represents one of the most
practical methods to chiral molecules. Over the past decades,
significant advances have been made in development of
highly effective catalyst systems [1]. During the meantime,
asymmetric hydrogenation of ketones has been a long ex-
isting interest due to the abundance of chiral alcohols in
natural products and pharmaceuticals [2]. In general, cis
products would be obtained in the hydrogenation of cyclic α-
substituted ketones (Scheme 1) [3], which results from the
point that when the hydrogenation takes place, active M-H
species prefers to attack the carbonyl group from the less
steric face.

Neutral (hetero)arenes are capable of interaction to transi-
tion metal, such as, Rh [4], Ru [5], Pt [6] and other metals [7],
although the interaction is very weak. Among them, Pd-
arene interactions in complexes [8] have been observed. In
addition, the behavior of palladium-arene interactions was
also proposed as catalytic intermediates in palladium-cata-
lyzed reactions. For example, an intermediate was involved
in palladium-catalyzed Catellani reaction [9] or palladium-
catalyzed decarboxylative olefination of arene carboxylic
acids [10]. Although these interactions were discovered in
palladium complexes or intermediates, arenes are seldom
used as auxiliary ligands, or sub-coordination group in pal-
ladium-involved reaction because of the weak interaction
and a relatively limited range of substrates. Therefore, the
development of an efficient strategy to extend the process
scope to a wider range of substrates and realize its further
application in chemistry is still of great significance. We [11]
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and others [12] have been involved in the development of
palladium-catalyzed asymmetric hydrogenation of ketones.
Considering (hetero)arenes could in situ interact with pal-
ladium, we envisaged whether 2-aryl substituted 1,3-dike-
tones could be employed as substrates for the palladium-
catalyzed asymmetric hydrogenative desymmetrization
(Scheme 1), giving the trans chiral α-aryl substituted β-hy-
droxy ketones. Herein, an unprecedented trans reductive
products were observed in palladium-catalyzed asymmetric
hydrogenative desymmetrization of cyclic and acyclic 1,3-
diketones, providing the chiral trans β-hydroxy ketones with
two adjacent stereocenters including one α-tertiary or qua-
ternary stereocenter with high enantioselectivity and dia-
stereoselectivity. Mechanistic studies suggested that the
rarely observed diastereoselectivity reversal is ascribed to
the charge-charge interaction between the palladium and
aromatic ring of the substrates, which could not only result in
the reversal of the diastereoselectivity, but also improve the
reactivity.

2 Experimental

Ligand (S)-SegPhos (3.4 mg, 0.0055 mmol) and Pd
(OCOCF3)2 (1.7 mg, 0.005 mmol) were placed in a dried
Schlenk tube under nitrogen atmosphere, and degassed an-
hydrous acetone was added. The mixture was stirred at room
temperature for 1 h. The solvent was removed under vacuum
to give the catalyst. This catalyst was taken into a glove box
filled with nitrogen and dissolved in 2,2,2-trifluoroethanol
(1.0 mL). To the mixture of 1,3-diketones (0.25 mmol) and
benzoic acid (3.1 mg, 0.025 mmol) in 2,2,2-trifluoroethanol
(3.0 mL) was added this catalyst solution, and then the
mixture was transferred to an autoclave, which was charged
hydrogen gas (300 psi). The autoclave was stirred at 0 °C for
24 h. After release of the hydrogen gas, the autoclave was
opened and the reaction mixture was evaporated. Purification
was performed on silica gel using hexanes/ethyl acetate as

the eluent to give the chiral reductive products.

3 Results and discussion

To validate the hypothesis, we initiated our exploration by
examining the palladium-catalyzed hydrogenative de-
symmetrization of 1,3-diketone 2-methyl-2-phenyl-1H-in-
dene-1,3(2H)-dione (1a). The reaction can proceed through
two possible pathways. According to previous reports, the
Pd-H species would attack the carbonyl group from the less
steric face leading to cis product. The other pathway is the
addition of Pd-H to the carbonyl group from the face of
aromatic ring because of the interaction between palladium
and arene in substrate generated in situ to give the trans
product. Delightedly, the reaction proceeded smoothly to
afford the trans β-hydroxy ketone 2a in 86% yield, 91% ee
and 10:1 diastereoselectivity (Scheme 2, Eq. 1), and no bis-
hydrogenated product was observed [13]. The absolute
configuration of the desymmetrization product (2R,3S)-2a
was determined by X-ray diffraction analysis (see the Sup-
porting Information online). In sharp contrast, cis β-hydroxy
ketone 2a′ was obtained with chiral ruthenium catalyst (Eq.
2). These results identified that a rare phenomenon of re-
versal of diastereoselectivity was involved in palladium-
catalyzed hydrogenative desymmetrization.
Encouraged by the above result, we next optimized the

reaction conditions to further improve the diastereoselec-
tivity. Delightedly, in the presence of additive trifluoro-
acetic acid (TFA), the enantio- and diastereoselectivity was
improved (Table 1, entry 2). Next, when the reaction tem-
perature was decreased, the diastereoselectivity was im-
proved to 17:1 (entry 3). The evaluation of acid additives
indicated that no desired product was obtained in the pre-
sence of strong Brønsted acids (entry 4). However, with
weak Brønsted acids, such as tartaric acid, benzoic acid and
salicylic acid, both excellent yield and enantioselectivity
were observed (entries 5–8). Upon further optimization from
the commercially available chiral bisphosphine ligands (en-
tries 9–11), (S)-SegPhos emerged as the best ligand. Thus,
the optimal condition was established: Pd(OCOCF3)2/(S)-
SegPhos/PhCO2H/TFE/H2 (300 psi)/0

oC/24 h.
With the optimized condition in hand, the scope of this

hydrogenative desymmetrization was examined. This meth-
od is compatible with various functional groups (Scheme 3).
In general, various 1,3-cyclopentanediones 1 were converted
to chiral β-hydroxy ketones 2 bearing two adjacent stereo-
centers including α-quaternary stereo center with high en-
antioselectivity regardless of the electronic and steric
properties. Notably, the non-benzofused 1,3-diketone (1l)
was also compatible. The spiro diketone 1m could be hy-
drogenated with moderate 61% ee, and diketones 1n and 1o
bearing the ester group could also be smoothly hydro-

Scheme 1 Diastereoselectivity control in the hydrogenation of α-sub-
stituted ketones: cis and trans reductive products.
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genated, followed by transes terification to give chiral tri-
cyclic compounds with 91% ee and 84% ee, respectively.
The above method is also applicable to 2-aryl substituted

1,3-cyclopentanediones 3 through a simple reoptimization
(see Supporting Information online). As depicted in Scheme
4, both electron-donating and withdrawing substituents on
the phenyl ring were tolerable, giving a series of chiral β-
hydroxy ketones bearing two continuous stereocenters in
excellent enantioselectivities and diastereoselectivities (3a–
3l). Furthermore, the sterically hindered substituents on the

phenyl ring had negligible effect on the yield, diastereos-
electivities and enantioselectivities (3b, 3e, 3f and 3i). The
absolute configuration of the desymmetrization product
(2R,3R)-4fwas determined by X-ray diffraction analysis (see
Supporting Information online).
To further determine the substrate generality of this pro-

tocol, the naphthalene-derived 2,2-disubstituted 1,3-cyclo-
hexanediones 5 were also investigated, and the results were
summarized in Scheme 5. To our delight, the hydrogenative
desymmetrization afforded the chiral β-hydroxy ketones in
high enantioselectivity. Besides, acyclic simple 1,3-dike-
tones 7 were also suitable partner, giving the linear chiral β-
hydroxyketones 8 with 93%–94% ee and 85%–90% yields
(Scheme 5).
To demonstrate the synthetic utility of this attractive pro-

tocol, the asymmetric hydrogenation of 1a (Scheme 6, Eq. 3)
was performed at gram scale to give the desired product 2a in
93% yield and 95% ee without loss of activity, diastereos-
electivity and enantioselectivity. Meanwhile, the remaining
carbonyl group is an attractive functional group for further
transformations. For example, nucleophilic addition with
methyl lithium gave the chiral diol 9with 89% yield and high

Scheme 2 Diastereoselectivity switch in the hydrogenative desymme-
trization of 1,3-diketones 1a with Pd and Ru catalyst.

Table 1 Optimization of the reaction conditionsa)

Entry Acid L Yield (%)b) drc) ee (%)d)

1e – L1 86 10:1 91

2e TFA L1 86 11:1 93

3 TFA L1 89 17:1 95

4 TsOH·H2O L1 9 – –

5 D-TA L1 93 20:1 96

6 L-TA L1 92 20:1 96

7 PhCO2H L1 92 >20:1 96

8 SA L1 91 17:1 95

9 PhCO2H L2 80 17:1 95

10 PhCO2H L3 93 18:1 96

11 PhCO2H L4 90 19:1 95

a) Conditions: 1a (0.25 mmol), Pd(OCOCF3)2 (2.0 mol%), ligand (2.2
mol%), acid (10 mol%), H2 (300 psi), TFE (4.0 mL), 0 °C, 24 h. b) Isolated
yield. c) Determined by 1H NMR. d) Determined by HPLC. e) 5 h and 25 °
C. TFA=trifluoroacetic acid. TsOH•H2O=p-toluenesulfonic acid mono-
hydrate. SA=salicylic acid. D-TA =D-tartaric acid.

Scheme 3 Substrate scope: α-quaternary stereocenters; For 1m and 1o:
Pd(OCOCF3)2 (5.0 mol%), (S)-SegPhos (6.0 mol%), trifluoroacetic acid
(100 mol%), 70 °C, 42–48 h; For 1n: Pd(OCOCF3)2 (5.0 mol%), (S)-Seg-
Phos (6.0 mol%), TFA (100 mol%), 50 °C, 48 h.
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diastereoselectivity (Eq. 4). Cyclic homoallylic alcohol 12
was obtained through hydroxyl protection with TBS in the
presence of lutidine, Wittig olefination and deprotection with
TBAF in THF (Eq. 5). Monoprotected diol 14 with three
continuous stereogenic centers could be synthesized through
TBS protection and reduction with sodium borohydride with
high yield (Eq. 6). Notably, for the above all transformations,
no loss of optical purity was observed.
To understand the origin of unprecedented diastereos-

electivity, density functional theory (M06-2X/def2-TZVP//
M06-2X/def2-TZVP for Pd and 6-31g(d,p) for other atoms,

details in Supporting Information online) calculations were
carried out based on the optimized reaction conditions. We
proposed four possible reaction mechanisms [14], four-
membered ring inner-sphere model, TFA promoted four-
membered ring model, outer sphere six-membered ring
model, outer sphere eight-membered ring model, and found
that four-membered ring inner-sphere model is the most
plausible (see details in Supporting Information online). In
this mechanism (Scheme 7), CF3COO

− ligand is directly
detached from the metal hydride A to generate an un-
occupied site, INT B. The 1,3-diketone 1a coordinates with
this active center (INT B) to generate INT C. The generation
of INT E by hydride transfer from Pd-H to 1a is the rate-
determining step (TS D). INT E reacts with TFA to generate
INT F, following by releasing the product 2a. TFA can be
generated during the hydrogen activation step; therefore, the
hydrogenation can be able to proceed without additional acid
additive (Table 1, entry 1). Some acid additives were found
to be able to slightly increase the reactivity of the hydro-
genation, we propose that this is because the concentration of
TFA generated by H2 activation is pretty low, and additional
acid could enhance the tranformation from INT E to 2a. The
key features of the reactions are similar with or without acid
additives. We calculated four reaction pathways of 1a to 2a
with four-membered inner-sphere model (Scheme 7), which
showed a trend of enantioselectivity and diastereoselectivity
of trans-(2R,3S)-2a>trans-(2S,3R)-2a>cis-(2S,3S)-2a>cis-
(2R,3R)-2a when (S)-SegPhos was used as chiral ligand.
Lower barriers for formation of trans-(2R,3S)-2a is in good
consistent with the high diastereoselectivity observed in

Scheme 4 Substrate scope: α-tertiary stereocenters.

Scheme 5 Substrate scopes: the naphthalene-derived 1,3-diketones and
acyclic 1,3-diketones.

Scheme 6 Experiment at gram scale and product transformations.
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experiment.
Computational experiments have been carried out to give

a further understanding of the observed trans selectivity.
We first considered that possibly the selectivity arises from
the interaction between the ligand and the substrate.
Therefore, we removed Pd-H fragment from the optimized
structure of trans-(2R,3S)-TS D and cis-(2S,3S)-TS D to
direct compare total substrate/ligand interaction in the two
transition states. We found the energy difference (ΔEtotal)
between trans-(2R,3S)-TS D and cis-(2S,3S)-TS D de-
crease dramatically from −3.9 to −1.2 kcal/mol. This result
showed that the total substrate/ligand interaction is not the
dominant factor for the observed trans selectivity. To gain
more insight, the substrate/ligand interaction was analyzed
with the distortion/interaction model (details in SI). We
found the advantageous interaction-energy terms (ΔEint) in
trans-(2R,3S)-TS D is remarkably canceled by distortion
energy terms (ΔEdist).
On the other hand, if the ligand was removed from the

optimized structure of trans-(2R,3S)-TS D and cis-(2S,3S)-
TS D the energy difference between the two transition states
only changed slightly from −3.9 to −3.3 kcal/mol, which
suggested that the trans selectivity is maintained even if the
ligand is not there.
Next, the cause of Pd-H and substrate interaction leading

to the trans product was inspected. We noticed that in the
trans transition state the Pd(II) cation is closer to the phenyl
ring of the substrate, and the negative charge of the phenyl

ring points to the cationic Pd(II) center. Late transition metal-
arene interaction is known in many transition metal com-
pounds, and very recently it is found that such interactions
could be very important to catalytic C–H/C–H cross cou-
pling reaction [4a]. In our reaction system, the phenyl ring
cannot coordinate strongly to the Pd(II) due to steric hin-
drance, however, the distance between Pd-H fragment and
phenyl ring is in the range of weak interaction, and the in-
teraction between them could be the driven force for the
trans selectivity. To validate this idea, we have calculated the
interaction energy between Pd-H and phenyl ring/methyl
group of substrate 1a with trans-(2R,3S)-TS D and cis-
(2S,3S)-TS D using ADF 2018 and Interacting Quantum
Atoms (IQA) method [15]. Indeed, we found that the Pd-H
and phenyl interaction energy in trans-(2R,3S)-TS D is −7.0
kcal/mol, much larger than that for Pd-H and Me (−3.5 kcal/
mol) in cis-(2S,3S)-TS D. The energy difference of these two
interactions is −3.5 kcal/mol, which is very close to the total
electronic energy difference between trans-(2R,3S)-TS D
and cis-(2S,3S)-TS D (−3.9 kcal/mol), suggesting that the
weak interaction of the Pd-H and phenyl ring is the dom-
inating factor of the trans selectivity. Since phenyl ring does
not coordinate with Pd(II) we suppose this weak interaction
between Pd-H and phenyl ring mostly arise from charge-
charge interaction.
To verify this assumption, we conducted the computational

experiments to study the trans/cis selectivity by replacing
phenyl to other groups (such as –NO2, t-butyl, –CF3, –OTf
and halogens) in the trans-(2R,3S)-TS D and cis-(2R,3S)-TS
D (details in Supporting Information online). Indeed, the
strong trans selectivity was observed for the negative
charged groups, and trans selectivity dramatically decreased
when we changed phenyl group into H atom. The bulky t-
Butyl group, surrounded by the positively charged H atoms,
is the only group which is predicted to have cis selectivity.
These results support that the weak charge-charge interaction
is the dominating factor for trans selectivity.
Then, some control experiments were also conducted to

provide the further insight into the mechanism. Firstly, 1,3-
diketone 1a was reduced using the aliphatic ligand 1,2-bis
(dicyclohexylphosphanyl)-ethane (DCPE) as to identify
whether the chirality of the ligand or π-π stacking effect
between the aryl in ligand and the substrate induced trans
configuration of the product (Scheme 8, Eq. 7). Trans pro-
duct was obtained, which proved that the ligand has no effect
on diastereoselectivity, and there was also no π-π stacking
effect in the transition state. When cis-4a′ was conducted
under the standard condition (Eq. 8), no reaction occurred,
which suggested that chiral palladium complex cannot pro-
mote the isomerisation of cis product to thermodynamically
stable trans product.
Next, the influence of substituents of phenyl ring on re-

activity and diastereoselectivity was investigated (Scheme

Scheme 7 DFT calculations of four types of reaction pathways for dia-
stereoselective reversal (color online).
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9). When electron-donating group methoxy was introduced
to phenyl (1p), trans/cis (>20:1) and full conversion was
obtained. Electron-withdrawing group –CF3 was introduced
to phenyl (1q), lower trans/cis (14:1) was obtained, and
when two –CF3 were introduced (1r), the yield and trans/cis
decreased to 21% and 11:1, respectively. The above results
showed that the diastereoselectivity and reactivity gradually
weakens with the decrease of electron cloud density on the
aromatic ring, which leads to the decrease of interaction
between palladium and aromatic ring. Notably, when aryl on
2-position was replaced by isobutyl, no product was ob-
tained, which indicated that the aryl is very important to not
only keep high diastereoselectivity, but also improve the
reactivity.

4 Conclusions

In summary, a successful diastereoselective reversal was
achieved in palladium-catalyzed asymmetric hydrogenation
of 1,3-diketones through desymmetrization, providing the
chiral β-hydroxy ketones bearing two adjacent stereo centers
including one α-tertiary or quaternary stereocenter with high
yields, enantioselectivities and diastereoselectivities [16].
The control experiments and theoretical studies based on
DFT calculations revealed that the observed diastereoselec-
tivity reversal was resulted from the charge-charge interac-
tion between the palladium and the aromatic ring of the
substrate, which also promoted the reactivity. We envision
that the in situ interaction strategy would open a new window
for the development of asymmetric synthesis.
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