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Optically active -hydroxy acids and their derivatives are
versatile chiral building blocks for many useful molecules,
including pharmaceuticals and natural products.!"! Catalytic
asymmetric hydrogenation of [-ketoesters is an efficient and
economically feasible method for preparing these important
chiral compounds. Pioneered by Noyori and co-workers,?! the
chiral  ruthenium  diphosphine  complexes [RuX,-
(diphosphine)] (X=Cl or Br) and their analogues have
become by far the most popular catalysts for this trans-
formation.”! Many of them show excellent enantioselectivity
[>99% enantiomeric excess (ee)] and extraordinarily high
activity (turnover number (TON) of up to 100000) for the
hydrogenation of B-alkyl B-ketoesters.!l However, only a few
of these complexes exhibit high enantioselectivity for the
hydrogenation of B-aryl f-ketoesters. Zhang et al. reported
that the ruthenium catalysts bearing the ligands xylyl-o-
binapo®' (3,3"-bis(3,5-dimethylphenyl)-2,2'-bis(diphenylphos-
phinoxy)-1,1"-binaphthyl) and C;*-TunePhos!® give up to
99% ee for the hydrogenation of (3-aryl $-ketoesters. Using
ruthenium complexes of 4,4'-substituted binap ligands
(binap =2,2"-bis(diphenylphosphino)-1,1’-binaphthyl),  Lin
et al.ll obtained up to 99.8% ee for the hydrogenation of a
range of B-aryl B-ketoesters. The highest TON (10000) was
achieved by Saito and co-workers® in the asymmetric hydro-
genation of methyl 3-oxo-3-phenylpropanoate. Note that
chiral rhodium or iridium complexes, which -efficiently
catalyze olefin and imine hydrogenation, are seldom used
for the asymmetric hydrogenation of f-ketoesters.”) Further-
more, chiral [RuCl,(diphosphine)(diamine)] complexes,
which catalyze the hydrogenation of simple ketones
extremely efficiently, are also inert for the hydrogenation of
B-ketoesters."”! The major reason for the inertness may be
that the strong base, such as KOBu, that is required for
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activation of the [RuCl,(diphosphine)(diamine)] catalysts
enolizes the P-ketoester substrates instead of activating the
catalysts.

Recently, we developed chiral iridium catalysts containing
a chiral SpiroPAP ligand, and these catalysts show excellent
enantioselectivity (up to 99.9% ee) and an extremely high
TON (as high as 4550000) for the hydrogenation of simple
ketones."!! These Ir/SpiroPAP catalysts are likely to have a
“metal-ligand bifunctional catalysis” mechanism, similar to
the [RuCl,(diphosphine)(diamine)] catalysts."” The aromatic
N—H of the Ir/SpiroPAP catalysts is more acidic than the
aliphatic N—H of [RuCl,(diphosphine)(diamine)] catalysts
(the proton resonances of the NH or NH, group of the
catalysts are as follows: Ir[IrH,((R)-1a)Cl]: 6 =5.3 ppm
(CDCl;), [RuClL((R)-Tol-binap)((R,R)-dpen)] (dpen=172-
diphenylethylenediamine): 6=3.3 and 3.5 ppm (C¢D¢)™),
thus indicating that the Ir/SpiroPAP catalysts may be more
easily activated with a relatively weak base such as the
enolate salt of a -ketoester. To confirm this possibility, we
tested Ir/SpiroPAP catalysts for the hydrogenation of (-
ketoesters and found that the catalysts were extremely
efficient for hydrogenation of (-aryl (3-ketoesters. Herein,
we report that the Ir/SpiroPAP-catalyzed asymmetric hydro-
genation of (-aryl f-ketoesters 2 provide the chiral 3-hydroxy
esters 3 with excellent enantioselectivity (up to 99.8 % ee) and
extremely high TONs (as high as 1230000) under mild
reaction conditions (8atm H, at room temperature;
Scheme 1).

The reaction conditions were optimized for the hydro-
genation of ethyl 3-oxo-3-phenylpropanoate (2a). When the
reaction was carried out at room temperature under 8 atm of

[Ir(cod)Ch,] / (R)-1b OH O

EtOH, KOtBu, RT R OEt
2 (8 atm) 3

93-98% yield

up to 99.8% ee
TON up to 1,230,000

(R)-1a X =H
(R)1b X = 3-Me

N= X Ar= - (R1c X = 4-tBu

N/ (R)-1d X = 6-Me
(R)-1e X = 6-Et

(R)-1, SpiroPAP

Scheme 1. Asymmetric hydrogenation of (3-ketoesters with Ir/SpiroPAP
catalysts. cod =1,5-cyclooctadiene.
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Table 1: Asymmetric hydrogenation of ethyl 3-oxo-3-phenylpropanoate
(2a). Optimizing reaction conditions.

Table 2: Asymmetric hydrogenation of fB-ketoesters 2 with Ir/(R)-1b.F!
o 8 atm H, o

o) OH
KIr(cod)Cl}] / (R)-1b
NP L ) AL N

o O 8 atm H, OH O
©)UKOB Kir(cod)Cllz)/ (R)-1 ©/'\)Loa ) EIOH, KOy, RT :
KOBu, solvent, RT
2a 3a Entry R Product  t[h]  Yield [%]®  ee[%]
Entry Ligand Solvent t[h] Conv.[%]" Yield [%] ee[%]9 1 CeHs 3a 1.0 98 98
2 4-MeCgH, 3b 0.4 97 99.3
Lot e 2 @i mc ko owom o om
36 (R-1b  nPrOH 25 100 95 73 N 4-CICH, 3d 10 4 %
49 (R)}1b  iPOH 15 100 94 85 > 4-Breeh 3e 08 9% 9
5 (R-1b  toluene 15 03 40 99.2 6 3-MeCef, 3f 07 % 9.2
61  (R-1b EOH 30 100 95 %8 ! 3MeOCH, 38 9 %
78 (R-1b EtOH 07 100 98 98 8 3-BreeH, 3h 7% %
: 9 2-MeCH, 3i 1.0 94 99.8
8 (R)-1a  EtOH 20 100 o7 93 10 2MeOCH,  3j 08 94 99.5
2 (R)-1e  EtOH 25 100 o7 % 1 2-CIC,H, 3k 40 97 99.3
10 (R-1d  EtOH 1.5 100 9% 89 12 Pr 31 20 90 28
11 (R-1e  EtOH 1.5 100 9% 76
121 (R)-1b  EtOH 19 >99 98 98 [a] Reaction conditions were the same as those used for the reaction in
130 (R)-1b  EtOH 9 82 78 98 entry 1 of Table 1. [b] Yield of isolated product. [c] Determined by HPLC

[a] Reaction conditions: 1.5 mmol scale, [substrate] =2.1 m, [{Ir-
(cod)Cl};] (0.05 mol %), ligand (0.11 mol %), [KOtBu] =0.02 M, solvent
(2.0 mL), room temperature (25-30°C). [b] Determined by "H NMR
spectroscopy. [c] Yield of isolated product. [d] Determined by HPLC
analysis using a chiral stationary phase. The absolute configuration of
the product is S. [e] The hydrogenation product contains a certain
amount of intere-esterification product. [f] At 15°C. [g] At 50°C. [h] S/
C=100,000, 50 atm H, (initial). [i] S/C=1500000, at 50°C, 100 atm H,
(initial).

hydrogen with Ir/(R)-1b generated in situ from 0.05 mol %
[{Ir(cod)Cl},] and 0.11 mol% (R)-1b, the hydrogenation
product (S)-ethyl 3-hydroxy-3-phenylpropanoate (3a) was
obtained in 98 % yield and 98 % ee (Table 1, entry 1), along
with a small amount of (E)-ethyl 3-phenylacrylate (<2 %),
which was generated by elimination of the $-hydroxy group of
3a under the basic conditions. Solvent experiments showed
that the reaction was faster in a less bulky alcohol solvent and
that EtOH gave the best enantioselectivity (entries 1-4).
Enantioselectivity as high as 99.2% ee was obtained in
toluene, but, the conversion was quite low (entry S). The
reaction temperature had little effect on the enantioselectiv-
ity, but reducing the temperature lowered the reaction rate
(compare entry 1 with entries 6 and 7). Comparison of various
chiral SpiroPAP ligands indicated that the introduction of an
alkyl group at the 6-position of the pyridine ring of the ligand
reduced the enantioselectivity (compare entry8 with
entries 10 and 11); however, the presence of an alkyl group
at either the 3- or 4-position of the pyridine ring increased the
enantioselectivity (compare entry 8 with entries 1 and 9).
When the catalyst loading was lowered from 0.1 to
0.001 mol% (S/C=100000), Ir/(R)-1b worked well and
yielded the hydrogenation product (S)-3a in 98 % yield and
98 % ee within 19 hours at an initial hydrogen pressure of 50
atm (entry 12). When the catalyst loading was additionally
lowered to 0.000067 mol % (S/C =1500000), the reaction had
to be carried out at 50°C and at an initial hydrogen pressure
of 100 atm; (S)-3a was obtained in 78% yield with a
conversion of 82% (TON =1230000) and the same level of
enantioselectivity (entry 13).
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analysis using a chiral stationary phase (see the Supporting Informa-
tion); the absolute configuration of the product is S.

Under the optimal reaction conditions, various $-aryl p-
ketoesters (2a-k) were hydrogenated over Ir/(R)-1b at S/C =
1000 to afford the corresponding chiral f-hydroxy esters 3a-k
in high yield (93-98 %) and excellent enantioselectivity (95—
99.8% ee). The results listed in Table 2 indicate that the
electronic properties of the group on the phenyl ring of the [3-
aryl B-ketoester had little effect on the enantioselectivity;
however, ortho-chloro substitution resulted in a longer
reaction time (entry 11). The catalyst Ir/(R)-1b was less
efficient for the hydrogenation of (3-alkyl B-ketoesters such as
B-isopropyl B-ketoester (21; entry 12).

Catalytic asymmetric hydrogenation of -keto amides is
an efficient approach to the synthesis of optically pure chiral
B-hydroxy amides,"¥ which are useful building blocks for the
synthesis of biologically active compounds. For example, the
optically pure chiral f-hydroxy amide 5a (R =Me) has been
used in the enantioselective synthesis of the antidepressants
fluoxetine and tomoxetine!™™ (Scheme 2). We were delighted
to find that Ir/(R)-1b efficiently catalyzed the asymmetric

0] 0] 15 atm H2 OH O
Kir(cod)Cl},] / (R)-1b
—_—
WNHR EtOH, KOtBu, RT, 20 h NHR
. S/C = 1000 s

5a: R = Me, 93% vyield, 96% ee
5b: R =H, 91% yield, 98% ee

O
X
o X
(S)-fluoxetine (X = 4-CF3)
NHMe (S)-tomoxetine (X = 2-CHj)

O O 8 atm H, OH OH
[{Ir(cod)Cl},] / (R
O O EtOH/tol (2:1), KOtBu RT,20h O O
6 S/IC =

92% vyield, >99.9% ee, 92% de

Ref. [15]

(R=Me)

Scheme 2. Asymmetric hydrogenation of the [3-keto amides 4 and 1,3-
diketone 6.
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hydrogenation of 3-keto amides. For example, the 3-phenyl [3-
ketoamides 4 were hydrogenated to give the chiral 3-hydroxy
amides 5a and 5b in high yield (93 and 91 %, respectively)
with excellent enantioselectivity (96 and 98% ee, respec-
tively). Moreover, Ir/(R)-1b also efficiently catalyzed the
hydrogenation of 1,3-diketone 6 to afford the 1,3-dialkanol 7
in 92 % yield with greater than 99.9 % ee and a diastereomeric
excess of 92%.

In conclusion, we have developed a highly efficient
asymmetric hydrogenation of -aryl B-ketoesters catalyzed
by Ir/SpiroPAP complexes. The reaction provides a readily
accessible method for the synthesis of -hydroxy esters in
excellent enantioselectivity (up to 99.8% ee) and extremely
high TONs (up to 1230000), which represents the highest
level of efficiency in the asymmetric hydrogenation of {3-
ketoesters.

Experimental Section

General procedure for asymmetric hydrogenation of f-ketoesters at
S/C=1000: The catalyst precursor [{Ir(cod)Cl},] (0.5 mg, 0.75 pmol),
ligand (R)-1b (1.2 mg, 1.6 pmol), and anhydrous EtOH (1 mL) were
added to a 20 mL hydrogenation vessel under a nitrogen atmosphere.
The mixture was stirred for 1.0 h at 25-30°C to give a clear yellow
solution. The vessel was then placed in an autoclave and purged with
hydrogen by pressurizing to 1 atm and releasing the pressure. This
procedure was repeated three times and the solution was stirred for
1.0 h under 1 atm of H,. After releasing the pressure, the f-ketoester
(1.5mmol) and a solution of BuOK in EtOH (0.13 mmolmL ',
0.3 mL, 0.04 mmol) were added through the injection port. The
autoclave was then pressurized to 8 atm of H, and the reaction
mixture was stirred at room temperature (25-30°C) until no obvious
hydrogen pressure drop was observed. After releasing the hydrogen
pressure, the reaction mixture was concentrated in vacuum and
chromatographed on silica gel column using ethyl acetate/petroleum
ether (v/v=1:10) to afford the corresponding hydrogenation product.
The enantioselectivity of the product was determined by either GC or
HPLC analysis using a chiral stationary phase.
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