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Autotandem catalysis (ATC) is fascinating since a
single catalyst can promote tandem reactions involv-
ing two or more mechanisms in a single reactor and is
a highly desirable approach to realize multifarious
transformations in organic synthetic chemistry.
Herein, a palladium-catalyzed asymmetric autotan-
dem hydrogenation of o,f-unsaturated lactones is
disclosed, providing chiral saturated alcohols. In this
reaction, the C=C bond in o,f-unsaturated lactones
was first hydrogenated to give the dihydrocoumarins
with high enantioselectivity, followed by hydrogena-
tion of the ester group with the same catalytic
system. Notably, after decreasing the reaction tem-
perature, hydrogenation of the single C=C bond pro-
ceeded smoothly, delivering the dihydrocoumarin
products with high yield and enantioselectivity. Con-
trol experiments and density functional theory

Introduction

Tandem reactions are frequently utilized in organic syn-
thesis due to their high atom and step economy.”* In fact,
since mechanistically distinct transformations in tandem
reactions are usually encountered, multiple catalysts are
chosen to realize the desired reactions. Autotandem

DOI: 10.31635/ccschem.023.202303564
Citation: CCS Chem. 2024, 6,1987-1999
Link to VoR: https://doi.org/10.31635/ccschem.023.202303564

calculations were carried out to elucidate the cause
of this unusual asymmetric autotandem hydrogena-
tion. Notably, the homogeneous palladium catalyst
was successfully applied in the hydrogenation of
esters under neutral conditions.

Palladium-catalyzed asymmetric auto-tandem hydrogenation

Pd(OCOCF;);
(R,R)-QuinoxP*, OH _OH
c=C Bond 60 °C Ester group
COR' L “COR
Intermediate R
: \r “'CO,R'

28 Examples
R

up to >99 % ee, dr >20:1
Merging olefin and ester group asymmetric hydrogenation with palladium

Keywords: autotandem catalysis, asymmetric hydro-
genation, chiral dihydrocoumarins, hydrogenation of
esters, o,p-unsaturated esters

catalysis (ATC), originally defined by Fogg and dos
Santos,* has been extensively studied over the past dec-
ades.*® In ATC reactions, a single catalyst sequentially
catalyzes two or more chemical transformations with
different mechanisms in a single reactor. Compared to
tandem reactions, ATC reactions feature outstanding
advantages, which not only are thermodynamically
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Scheme 1| Palladium-catalyzed asymmetric autotandem hydrogenation of a f-unsaturated lactones.

favourable by coupling the multiple catalytic cycles, but
also make full use of the multiple functions of a catalyst.
Therefore, the development of ATC reactions is extreme-
ly attractive. Nonetheless, the ATC reaction still involves
great challenges because it is difficult to identify the
optimum conditions that suit the multiple reactions.
Although impressive progress has recently been
achieved with respect to ATC reactions, the relevant
asymmetric versions lack sufficient study.”®
Transition-metal-catalyzed asymmetric hydrogenation
of olefins to optically active alkanes’®™ and hydrogenation
of esters to chiral alcohols®?? have been recognized
as well-exploited areas in asymmetric hydrogenation
(Scheme 1). However, due to their intrinsic differences,
the transition-metal catalytic systems for asymmetric hy-
drogenation of olefins are different from those for the
hydrogenation of esters. To date, a plethora of transition-
metal catalysts have enabled asymmetric hydrogenation
of olefins.®™ Asymmetric hydrogenation of esters have
performed successfully with iridium or ruthenium cata-
lysts under the basic condition (Scheme 1).522 Notably,
transition-metal-catalyzed asymmetric hydrogenation
of a,p-unsaturated esters commonly occur at the C=C
bond, and the relatively inert ester can be retained.?**
The catalysts that show superior performance in the
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asymmetric hydrogenation of olefins, conversely, are inert
for ester hydrogenation and vice versa. To date, hydro-
genation of both olefin and ester with the same catalytic
system has been less exploited. As a result, asymmetric
hydrogenation of a,p-unsaturated esters to the chiral sat-
urated alcohols still requires a two-step process.

In our continuous efforts in homogeneous palladium-
catalyzed asymmetric hydrogenation,®>° we envisage
applying the palladium catalytic system to the asymmetric
hydrogenation of more challenging tetrasubstituted ole-
fins,*°¢ the disubstituted o,f-unsaturated lactones. Dur-
ing the exploration of palladium-catalyzed asymmetric
hydrogenation of a,f-unsaturated lactone. both C=C bond
and ester group hydrogenated product was observed,
and we reasoned that this reaction was an asymmetric
ATC. Herein, we describe the palladium-catalyzed auto-
tandem asymmetric hydrogenation of the C=C bond and
ester group of a,p-unsaturated lactones with high reactivi-
ty and enantioselectivity (Scheme 1). By decreasing the
reaction temperature, the hydrogenation of the single
C=C bond proceed smoothly, delivering the dihydrocou-
marin products with high enantioselectivity. Notably, this
is the first homogeneous palladium-catalyzed hydrogena-
tion of ester group under neutral conditions. The control
experiments and density functional theory (DFT)
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calculations provide important insight into the origin of
this unusual asymmetric autotandem hydrogenation.

Experimental Methods

General procedure for palladium-catalyzed
asymmetric hydrogenation of C=C and esters

Pd(OCOCFz3), (0.01 mmol, 3.2 mg, 5 mol %), ligand (R,R)-
QuinoxP* (0.012 mmol, 4.0 mg, 6 mol %), and degassed
anhydrous acetone (1.0 mL) were placed in a dried
Schlenk tube under nitrogen atmosphere. The mixture
was stirred at room temperature for 1 h. The solvent was
removed under vacuum to give the catalyst. This catalyst
was placed in a glove box filled with nitrogen and dis-
solved in 2,2,2-trifluoroethanol (TFE, 1.0 mL). To the
mixture of a,f-unsaturated lactones 1 (0.2 mmol) and
TFE (2.0 mL) was added this catalyst solution, and then
the mixture was transferred to an autoclave, which was
charged with hydrogen gas to 600 psi (41 bar). The
reaction mixture was stirred at 60 °C for 36-40 h. After
cooling to room temperature and the release of the
hydrogen gas, the autoclave was opened, and the vola-
tiles were removed under the reduced pressure. Then,
the residue was purified by column chromatography on
silica gel using hexanes/ethyl acetate (10:1-2:1) as eluent
to give the chiral reductive products 2. The enantiomeric
excesses were determined by chiral high-performance
liquid chromatography (HPLC) with chiral column. Race-
mates of reductive products 2 were prepared by reduc-
tion of the o,p-unsaturated lactones 1 with the achiral
ligand 1,2-bis(dicyclohexylphosphino)ethane.

General procedure for palladium-catalyzed
asymmetric hydrogenation of C=C bonds

Pd(OCOCF3), (0.002 mmol, 0.7 mg, 1 mol %), ligand
(R,R)-QuinoxP* (0.0024 mmol, 0.8 mg, 1.2 mol %), and
degassed anhydrous acetone (1.0 mL) were placed in a
dried Schlenk tube under nitrogen atmosphere. The mix-
ture was stirred at room temperature for 1 h. The solvent
was removed under vacuum to give the catalyst. This
catalyst was placed in a glove box filled with nitrogen and
dissolved in TFE (1.0 mL). To the mixture of coumarins 1
(0.2 mmol) and TFE (2.0 mL) was added the catalyst
solution, and the mixture was transferred to an autoclave,
which was charged with hydrogen gas to 400 psi
(27.5 bar). The reaction mixture was stirred at 30 °C for
24 h. After release of the hydrogen gas, the autoclave
was opened, and the volatiles were removed under the
reduced pressure. Then the residue was purified by col-
umn chromatography on silica gel using hexanes/ethyl
acetate (5:1) as eluent to give the pure reductive pro-
ducts 3. Racemates of 3 were prepared by reduction of
the o,p-unsaturated lactones 1 with the achiral ligand
1,2-bis(dicyclohexylphosphino)ethane.
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Results and Discussion

At the beginning of the investigation, o,f-unsaturated
lactone 1a was chosen as a model substrate for palladi-
um-catalyzed asymmetric autotandem hydrogenation.
To our delight, both C=C bond and ester group hydro-
genated product 2a were obtained with 96% isolated
yield, >20:1 diastereoselectivity, and >99% ee in TFE at
60 °C (Table 1, entry 1). Next, the effect of solvents on
reactivity and stereoselectivity was examined. Asymmet-
ric autotandem hydrogenation in hexafluoroisopropanol
(HFIP) resulted in slight erosion of reactivity (entry 2). No
reaction took place in dichloromethane, toluene, tetra-
hydrofuran, or ethyl acetate (entries 3-6).

Next, a series of chiral electron-donating bisphosphine
ligands were investigated (entries 7-9). None of them
showed better performance than the (R,R)-QuinoxP*.
Regrettably, (R)-SegPhos (L5) showed low reactivity
(entry 10). By decreasing the reaction time from 36 h to
24 h, the target product was obtained with 94% yield and
>99% ee, and the olefin hydrogenation product 3a was
observed in 6% vyield (entry 11). Thus, the optimized
conditions for asymmetric autotandem hydrogenation
were established: Pd(OCOCF3),/(R,R)-QuinoxP*, TFE,
and hydrogen (600 psi) at 60 °C for 36 h.

Based on the optimum condition of the above asym-
metric ATC hydrogenation, we further decreased the
temperature to 30 °C as well as catalyst loading to
1 mol %. To our delight, only olefin hydrogenation prod-
uct 3a was obtained with 98% yield and 97% ee in 24 h
(entry 12). Notably, owing to the existence of classical
keto/enol tautomerization, the product was formed as a
mixture of cis and trans diastereomers. Clean nuclear
magnetic resonance (NMR) spectra and HPLC spectra
were not obtained. Fortunately, the in situ alkylation with
allyl bromide provided the stable compound 3a’ with
high diastereoselectivity (>20:1 dr).? Consequently, the
optimized condition for C=C bond asymmetric hydro-
genation of af-unsaturated lactones was also estab-
lished as follows: PA(OCOCF3),/(R,R)-QuinoxP*, TFE,
and hydrogen gas (400 psi) at 30 °C for 24 h.

To prove the generality of the method, the substrate
generality of o,f-unsaturated lactones was explored.
First, asymmetric ATC hydrogenation of 4-alkyl substi-
tuted 3-alkoxy-carbonylcoumarins was carried out, and
the results are presented in Scheme 2. Then different
alcohols were obtained in good yield and >99% ee, no
matter whether the C4 position was alkyl (2b-2d) or aryl
(20-2q). Then, the steric effect on the phenyl of the a,p-
unsaturated lactones was further examined. Substrate 19
bearing a methyl substituent on the C8 position per-
formed smoothly to afford the corresponding product
29 in >99% ee and moderate yield. Products 2e and 2f
with methyl substituents on the C6 and C7 positions were
obtained with up to 95% vyield and >99% ee. Moreover,
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Table 1| Condition Optimization®

0. 20 OH _OH 0.0
Pd(OCOCF3)./L
COEt  H,, solvent/T°C /COzEt 'COEt
1a Me 2a Me 3a Me
Allyl bromide
TBAI, K,CO3
= CO,Et
e\
tB:U tB;u Ph O O
N._P P P'Bu
CLC OO cgcloe:
/ Y oY o o Ph2
N 'f '7 ©\/P<’Bu PhPH O
[BU tBU o
L1 L2 L3 L4
(R,R)-QuinoxP* (R ,R)-BenzP* (1R,1'R,2S,2'S)-DuanPhos (S,S)-Ph-BPE (R)- SegPhos
2a 3a’
Entry Solvent L/T (°C) Yield (%)° ee (%) Yield (%)° ee (%)
1 TFE L1/60 >95¢ >99 <5 —
2 HFIP L1/60 94 99 5 —
3 DCM L1/60 <5 — <5 —
4 Toluene L1/60 <5 - <5 —
5 THF L1/60 <5 — <5 —
6 EA L1/60 <5 — <5 —
7 TFE L2/60 >95 95 <5 —
8 TFE L3/60 94 91 6 —
9 TFE L4/60 94 89 6 -
10 TFE L5/60 <5 — <5 —
i TFE L1/60 94 >99 6 —
12¢ TFE L1/30 <5 - 98 97

2 Reaction conditions: 1a (0.20 mmol), PA(OCOCF3), (5.0 mol %), ligand (6.0 mol %), H, (600 psi), solvent (2.0 mL), 36 h.
b Determined by 'H NMR using dibromomethane as internal standard, and all the products have >20:1 dr.

¢ Determined by HPLC.

? The enantiomeric excess of 3a was determined by HPLC after being protected by allyl bromide.

¢ |solated yield is 96%.
fReaction was conducted for 24 h.

91a (0.20 mmol), PA(OCOCF3), (1.0 mol %), ligand (1.2 mol %), H, (400 psi), solvent (2.0 mL), 24 h.
DCM, dichloromethane; THF, tetrahydrofuran; EA, ethyl acetate.

substrates with different alkyl groups at the C4 position
were examined. The hydrogenation performed smoothly
when the substituents on the C4 position were ethyl,
n-propyl, n-butyl, and cyclopropy!l (2i-2l). Due to the
steric effect, 4-cyclohexyl and 4-benzyl substrates
showed slight erosion of reactivities with high enantios-
electivities (2m, 2n). Sequentially, changing the ester to
an amide group resulted in 88% yield and >99% ee (2r).
Unfortunately, the substituents on the ortho-position of
the aryl group showed an apparent steric effect and led
to obvious erosion of both reactivity and enantioselec-
tivity (2s), while the substituents at the para- and
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meta-position of the aryl group scarcely influenced the
yields and enantioselectivities (2t, 2u).

Furthermore, the electronic effect of the substituents
on aryl was investigated, and both electron-donating and
electron-withdrawing substituents afforded 98% vyield
and >99% enantioselectivities (2v=-2x). Notably, free hy-
droxyl and protected hydroxyl groups achieved excel-
lent enantioselectivities and yields (2y, 2z). When the aryl
on the C4 position was the 2-naphthyl group, the desired
product 2aa was obtained with 97% yield and >99% ee.
The substrate 1ac bearing a thiophene group delivered
the desired product 2ac with >99% ee in low 15% yield,

e
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Pd(OCOCF3), (5 mol %)
(R,R)-QuinoxP* (6 mol %)

CO.R'

= ;U*:\ o
\
o)

H, (600 psi), TFE, 60 °C, 36 h
dr >20:1

E OH_OH
' \( “CO,R'
R

2

="Bu 94 % vyield, >99 % ee

Me
93 % yleld >99 % ee
OH _OH OH _OH OH_OH
“COLE “COLEL “'COLEt
2j 2k 21

91 % yield, >99 % ee

87 % yield, >99 % ee

97 % yield, >99 % ee

OH _OH

""CO,"Pr

2q
81 % yield, >99 % ee

OoTf
2x 2y 2z

98 % yield, >99 % ee 95 % yield, >99 % ee 95 % vyield, 99 % ee

OH _OH OH _OH Me OH _OH
OH _OH OH _-OH
2a R = Et 96 % yield, >99 % ee ., ., .
2b R = Me 98 % yield, >99 % ee COBn  Me COzEt COEt “ICOLEL
COgEt , 2
c R
93 % yleld >99 % ee

OH _OH

"'CO,Et

79 % yield, >99 % ee

97 % yield, >99 % ee

OH _OH

8

"'CO,Et

2i

95 % yleld >99 % ee 92 % vyield, >99 % ee

OH _OH

2n
67 % yield, 98 % ee

74 % yleld >99 % ee
OH _OH

OMe
2v
98 % vyield, >99 % ee

94 % yield, >99 % ee

F

OH _OH
“CO,Et

Me

2ac 2ad 2ae
15 % yield, >99 % ee 98 % vyield, 99 % ee not detected

Scheme 2 | Substrates scope: a,f-unsaturated lactones (AH of C=C and ester).

which might be ascribed to the poison effect of thio-
phene. The product 2ad with a fluoro atom in the C8
position was hydrogenated with 98% yield and 99% ee.
Unfortunately, the ATC reaction of 4-phenyl 3-(ethoxy-
carbonylquinolin-2-ones (1ae) did not take place.

Chiral dihydrocoumarins have been served as a class
of crucial structural motifs in natural products and bio-
logically active molecules. Asymmetric reduction of
chromen-2-ones is one of the most straightforward
approaches to access the chiral dihydrocoumarins. Rho-
dium-, ruthenium-, and iridium-catalyzed asymmetric
hydrogenation of chromen-2-ones, as well as chiral and
regenerable nicotinamide adenine dinucleotide phos-
phate (NAD(P)H) model-enabled catalytic biomimetic
asymmetric reduction of chromen-2-ones, have been
developed that yield optically active dihydrocoumarins
in excellent enantioselectivities.***’*° Given the impor-
tance of chiral dihydrocoumarins and the fact that ex-
ploration of new transition-metal catalytic systems
would facilitate the development of asymmetric hydro-
genation of chromen-2-ones, we turned our attention to
palladium-catalyzed asymmetric hydrogenation of chro-
men-2-ones and only C=C bonds was hydrogenated
(Scheme 3). The hydrogenation products (3a=-3n) were
DOI: 10.31635/ccschem.023.202303564
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in situ allylated with allyl bromide in consideration of the
tendency to racemize the a-position of ester. Firstly, the
different esters were examined under the optimized con-
dition, good yields, and excellent enantioselectivities
were obtained. In addition, the substrates with methyl
substituent on the C6 (3e’), C7 (3f), and C8 (3g’) posi-
tions of coumarins were examined, and they showed no
diminution of reactivity or enantioselectivity. Moreover,
when we changed the phenyl ring of «,f-unsaturated
lactone to naphthyl ring, 88% yield and 96% ee were
observed. Eventually, the steric effects of the substitu-
tions on the C4 position were explored. Various alkyl
substituents, such as ethyl, n-propyl, n-butyl, cyclopro-
pyl, cyclohexyl, and benzyl (3i'=3n’), achieved excellent
reactivities and enantioselectivities.

Following the delightful results of the C=C bond hy-
drogenation of alkyl-substituted o,p-unsaturated lac-
tones, we turned our attention to the aryl-substituted
a,p-unsaturated lactones. Good yields and excellent
enantioselectivities were obtained when the R’ group
was methyl, ethyl, or propyl (30=-3q). Next, changing the
ester group to an amide group resulted in 92% yield and
>99% ee (3r). Furthermore, the steric and electronic
effects of the substituents on aryl were investigated. The
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1

0.0
D!
COyR'
R

30°C,24h

OO 3a'R' = Et 90 % yield, 97 % ee
—=COR' 3b'R' = Me 86 % yield, 98 % ee
"\\ 3c' R'="Bu 91 % yield, 98 % ee

3d'R' = Bn 89 % yield, 97 % ee

Me

3j'
93 % yield, 97 % ee

3k
93 % yield, 97 % ee

4-Alkyl Substituted

Pd(OCOCF3), (1 mol %) 0.0
(R.R)-QuinoxP* (1.2 mol %)
Ha (400 psi) , TFE “'COR TBAI K,CO3

00 Me 0._0
—CO,Et
Ve =C0, \%coza

A\

Me

0.0
S Br
~CO,R'
Acetone RT R \
3 3
Me
0. _0O
= CO,Et
Me N\ Me A
3g' 3i'

3e'
91 % vyield, 95 % ee

3f
91 % yield, 98 % ee

3r

83 % yield, 98 % ee 84 % yield, 97 % ee

88 % vyield, 97 % ee

88 % yield, 96 % ee

87 % yield, 99 % ee

30
74 % yield, 94 % ee

3

4-Aryl Substituted

p
99 % yield, 99 % ee

3q 3r
97 % yield, 99 % ee 92 % yield, >99 % ee

3s
50 % yield, 94 % ee

OoTf

3z
99 % vyield, 99 % ee

3x 3y
99 % vyield, 99 % ee 93 % vyield, 99 % ee

3t

89 % yield, >99 % ee

3aa
98 % vyield, >99 % ee

OMe
3v
82 % vyield, 99 % ee

Me
3u
99 % yield, 99 % ee

3w
99 % vyield, 99 % ee

3ab
83 % yield, 98 % ee

3ac
81 % vyield, 99 % ee

3ae
98 % yield, 90 % ee

Scheme 3 | Substrate scope: a,f-unsaturated lactones (AH of C=C only).

substituents on para- and meta-position of the aryl group
marginally influenced the yields and enantioselectivities
(3t, 3u), but the substituents on ortho-position of the aryl
group showed an obvious steric effect, leading to crucial
erosion of reactivity (3s). In contrast, either electron-
donating (3v) or electron-withdrawing (3w, 3x) substi-
tuents achieved excellent enantio-selectivities. An
erosion of yield was observed in the presence of a free
hydroxyl group, while excellent yield and enantioselec-
tivity were obtained when the hydroxyl group was
protected by t-butyldimethylsilyl. For 2-naphthyl substi-
tuted 3aa achieved 98% vyield and >99% ee. For 3ab and
3ac containing the pyrrolidine and thiophene skeleton,
excellent enantioselectivity was achieved albeit with
slightly lower yield. Eventually, 3ae containing lactam
was achieved with 98% yield and 90% ee under 80 °C.

In order to demonstrate the utility of this reaction, we
carried out the palladium-catalyzed asymmetric autotan-
dem hydrogenation at the gram scale as well as further
transformations (Scheme 4). To our delight, the target
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product 2p (the absolute configuration was determined
by X-ray, for detail, see Supporting Information Figure S1)
was obtained in 93% vyield, >99% ee, and >20:1 dr without
any loss of reactivity and enantioselectivity. Further-
more, the hydroxyl and ester groups were attractive
functional groups for further transformations. The intra-
molecular transesterification was performed in the pres-
ence of p-toluenesulfonic acid with 96% yield. On the
other hand, the Mitsunobu reaction was a proper ap-
proach to achieve ether 5. Reduction of 2p with lithium
aluminum hydride afforded the chiral triol, which was
further protected by benzoyl chloride for HPLC analysis.
For all of the above transformations, no loss of optical
purity was observed.

To gain further insight into the mechanism, a series of
control experiments was conducted (Scheme 5). First,
the reaction proceeded under the standard conditions
for 8 h. As a result, C=C bond hydrogenated product 3p
and both C=C and ester group hydrogenated product 2p
were obtained in 46% and 23% vyields, respectively. To
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0._0 Pd(OCOCF3), (5 mol %) OH _OH
. H (R,R)-QuinoxP* (6 mol %)
CO,Et 2 "“CO,Et
600 psi TFE, 60 °C, 42 h
Ph (600 psi) Ph
1p (-)-2p
1.177 g, 4 mmol 1.117 g, 93 % yield
>99 % ee, >20:1 dr
0.0 OH_OH
TsOH+H,0 LiAIH, OH OH
Toluene, RT COEt  THF OH
Ph
()4 (-)2p
96 % vyield >99 % ee, >20:1 dr
>99 % ee, >20:1 dr
DIAD, PPh, BzCl, EtsN
THF, RT DCM, RT
(0] OBz OBz
“ICOLEL OBz
Ph Ph
(+)-5 93 % vyield (+)-6 93 % yield (two steps)
99 % ee, >20:1 dr >99 % ee
Scheme 4 | Experiment at gram scale and product derivatization.
@ 0.0 Pd(OCOCFs), 0.0 O._.OH OH __OH
7 (R,R)-QuinoxP* Z . N
_—
5 . ., ‘o ‘
CO,Et H2 (600 psi) ‘CO,Et ‘CO,Et ‘CO,Et
Ph TFE Ph Ph Ph
1p 60°C,8h 3p 7p 2p
46 % yield, 97 % ee 30 % yield 23 % vyield, >99 % ee
(b) o. on Pd(OCOCF3), OH _OH
(R,R)-QuinoxP* )
, ._’ . P
“Co,et  H2(600 psi) ‘CO,Et 97 % yield, >99 % ee
Ph TFE Ph
7p 60°C, 36 h
© 0.0 PA(OCOCFy), OH_OH
(R,R)-QuinoxP* 2
_—
CO,Et H, (600 psi) “CO.Et 98 % yield, >99 % ee
Ph TFE Ph
3p 97 % ee 60°C, 36 h
@ Pd(OCOCF;)
3/2
0.0 (RR).Cuinos 0.0 . O._,.OH . OH __OH
“cO,Et H2 (600 psi) "/CO,Et “/CO,Et "'CO,Et
Ph TFE Ph Ph Ph
3p 60°C,10 h 3p 7p 2p
51 % ee 43 % yield, 16 % ee 20 % yield 29 % yield, 94 % ee

Scheme 5 | Mechanistic studies.
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our surprise, hemiacetal 7p was isolated in 30% yield and
was also characterized (Scheme 5a), suggesting that the
hemiacetal 7p might be a key intermediate of hydro-
genation of the ester group. Furthermore, the treatment
of the hemiacetal 7p under the standard conditions
afforded the target product 2p with the same 97% vyield
and >99% ee (Scheme 5b), further demonstrating that
the hemiacetal 7p was an intermediate of ester group
hydrogenation.

The target product 2p with >99% ee was transformed
from 3p with 97% ee, which indicated an enantioselec-
tivity promotion during the hydrogenation process of
ester. We assumed that the hydrogenation of ester in-
volved a kinetic resolution process. The enantiomeric
ratio of 3p was 98.5 (5,5)/1.5 (R,R) (Scheme 5c¢). Only
the favoured (§,5)-isomer was able to further the hydro-
genation of ester, which might result in enantioselectivity
promotion. To prove the above hypothesis, we carried
out the asymmetric hydrogenation using 3p with 51% ee
as the starting material, and it shut down the hydrogena-
tion after 10 hours. To our delight, the 43% starting
material 3p remained with decreased 16% ee, and the
target product 2p was obtained in 29% vyield and in-
creased 94% ee (Scheme 5d). The obvious ee decrease
of recovered substrate 3p indicated that the asymmetric
hydrogenation of the ester group involved a process of
kinetic resolution, which resulted in enantioselectivity
promotion (Supporting Information Figure S2).

To further investigate the ATC reaction, we analyzed
the reaction mixture over time. As a result, an ATC

process could be clearly observed, as shown in Figure 1.
The starting material 1p was rapidly consumed over the
first two hours. At the same time, the C=C bond hydro-
genation product 3p formed. In contrast, the hemiacetal
7p and both C=C bond and ester group hydrogenation
product 2p were not observed in the first 2 h. As the
reaction proceeded, the C=C bond hydrogenation prod-
uct 3p was consumed slowly, and the ATC hydrogena-
tion product 2p was generated. Notably, the hemiacetal
intermediate 7p was formed during 2-10 h and then was
consumed during the last 12 h. The hemiacetal species 7p
remained at a lower concentration, which suggests that
7p is the key intermediate of the ATC reaction.

To further provide strong evidence for the ATC hydro-
genation mechanism, we carried out DFT calculations? of
all possible hydrogenation reaction pathways. The sim-
plified Gibbs energy diagrams for the three sequential
hydrogenation reactions are shown in Figures 2-4 (for
details, see Supporting Information Figures S3-S8 and
Table S1).

The first stage of the reaction is the hydrogen
activation by the Pd(OCOCF3),/(R,R)-QuinoxP* catalyst
(labeled as Cat) via a heterolytic cleavage mechanism,
associated with a barrier of only 14.0 kcal/mol
(Supporting Information Figure S3). Then, the generated
Pd-H species* was used to react with substrate 1o. In this
case, three possible attacks by the Pd-H species can be
envisioned, namely C1 of the C=C double bond, C2 of the
lactone C=0 double bond, and C3 of the terminal ester
C=0 double bond. Each attack generated an R or S

Pd(OCOCF3),
(R R) -QuinoxP*

©;;CO gt Ha 600 psi)

60 °C

OH _OH
: \r\ "CO,Et @’Coza QZH/’COﬁt

1.0 H

0.8 4

0.6 1

0.4

Product distribution (%)

0.2

0.0

Compound 1p
Compound 3p
Compound 7p
Compound 2p

4 b o n

Time (h)

Figure 1| Plot of reaction components.
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Figure 2 | Gibbs energy diagram (in kcal/mol) for the first hydrogenation.

carbon center, and thus six different transition states
(Supporting Information Figure S4) were located.
The attack on C1 was energetically much more favour-
able than those on C2 or C3. The total barrier was
18.8 kcal/mol (Figure 2) for the S attack TS2c¢1s, While it
was 3.0 kcal/mol higher for the R attack, giving a calcu-
lated ee value of higher than 99%. Distortion/interaction

analysis® on TS2¢is and TS2¢ir (Supporting Information
Figure S9) showed that the distortion energy for the S
attack was 2.8 kcal/mol smaller than that for the R attack,
suggesting that the selectivity was mainly distortion-
controlled. The steric contour map proposed by the
Cavallo group® was used to analyze the local environ-
ment for the reaction center in the Pd-H catalyst

“Pdl O
Cat <P“ “H 0 H Y
P.. . OCOCF3 P, 0 Ph
Pd: ( Pd
P~ OCOCF, p” 0 HO
o
0L20 F3C
30
o)
o1 CO,Me
Ph C3

Figure 3 | Gibbs energy diagram (in kcal/mol) for the second hydrogenation.
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Figure 4 | Gibbs energy diagram (in kcal/mol) for the third hydrogenation.

(Supporting Information Figure S11). In TS2c¢is, the
Cl-attached phenyl ring was located in the less buried
zones, which accommodated the substrate better. Fur-
ther protonation of the a-carbon by CF;CO,H was very
facile, affording the C=C hydrogenation product 3o0.
Similarly, the hydrogenation of 30 took place from Int5,
and the Pd-H species attacked either C2 or C3. Notably,
the C2 attack on the lactone carbonyl carbon (TS4c¢as)
was preferred due to the lack of steric repulsion between
the metal and the phenyl groups, which were in
trans configuration. Alternatively, the metal and the ter-
minal ester methyl group in TS4c¢3s were in the cis con-
figuration. Therefore, its barrier was 6.1 kcal/mol higher.
Similar to the first hydrogenation, the distortion/interac-
tion analysis on TS4cas and TS4cor (Supporting

Information Figure S10) suggested that the stereoselec-
tivity was also distortion-controlled. From the hemiacetal
intermediate Int6¢cas, C-O bond cleavage (TSS5s) pro-
ceeded with a barrier of 23.3 kcal/mol, which turned out
to be rate-limiting for the whole reaction. Meanwhile for
the R attack, TS4c2r Was the rate-limiting transition state
with a barrier of 29.0 kcal/mol. Then, protonation of the
phenolate led to the production of compound 80. Sub-
sequently, protonation of the phenolate led to the pro-
duction of compound 80. The last hydrogenation on the
aldehyde carbonyl group was very efficient, with a barrier
of only 13.5 kcal/mol (Figure 4).

By comparing the Gibbs energy diagrams for all three
hydrogenation processes, it can be seen that the second
hydrogenation (Supporting Information Figure S13) has

0._0O O._~OH
00 Pd-H Pd-H
Z coR K “CoR ke ‘CO,R!
R . . R R
1 Olefin hydrogenation 7
Excellent ee
Ester hydrogenation
(Kinetic resolution) K3 || CF3COH
OH _OH Pd-H OH_o
-
“ . kg R '
CO,R CO,R
R
2>99 % ee 8

Scheme 6 | Proposed reaction pathway.
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the highest barrier, followed by the first one (Supporting
Information Figure S12), while the third one is the most
efficient. These results corroborate the kinetic data
shown in Figure 1, which shows the accumulation of 3p
during the reaction.

Based on the above mechanistic investigation, the
asymmetric ATC hydrogenation reaction pathway is
proposed in Scheme 6. Firstly, the C=C bond of the
a,p-unsaturated lactones 1 is hydrogenated to give
the intermediate 3 with high enantioselectivity. Then,
the favored isomer is further hydrogenated to afford the
intermediate hemiacetal 7 with the same palladium cat-
alyst. Then, trifluoroacetic acid, which can be in situ
generated in a palladium catalytic system, catalyzes the
elimination of hemiacetal 7 to afford the aldehyde 8.
Finally, due to the high reactivity of aldehyde, the alde-
hyde 8 is rapidly hydrogenated to yield the target prod-
uct 2, and this hydrogenation effectively prevents the
racemization of the stereogenic carbon adjacent to the
ester functional group. Depending on the distribution of
reaction intermediates and the mechanistic studies, the
comparison of the reaction rate constants at each step is
ks < ki = k> < k4. The reaction profile of the four compo-
nents is shown in Supporting Information.

Conclusion

In conclusion, we have successfully developed an un-
precedented palladium-catalyzed asymmetric autotan-
dem hydrogenation of a,f-unsaturated lactones. In this
reaction, the C=C bond of a,p-unsaturated lactones are
first hydrogenated, giving the chiral dihydrocoumarins
with high enantioselectivity. Then, the ester group is
further hydrogenated using the same catalytic system.
Decreasing the reaction temperature, hydrogenation of
the single C=C bond is conveniently carried out, deliver-
ing the dihydrocoumarin products with high yield and
enantioselectivity. Notably, this is the first time that the
homogeneous palladium catalyst has been successfully
applied in the hydrogenation of esters under the neutral
condition. The above hydrogenation proceeds smoothly
on the gram scale, and the products are transformed into
useful chiral building blocks without loss of optical purity.
In addition, light has also been shed on the reaction
mechanism according to the control experiments and
DFT calculations. The palladium-catalyzed asymmetric
hydrogenation of readily available ester derivatives
through dynamic kinetic resolution and kinetic resolution
is ongoing in our laboratory.

Footnotes

@ The ee of 3ain Table 1 comes from 3a’.
b See the computational section in Supporting
Information.
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