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Abstract: A new catalytic system has been developed for the
asymmetric hydrogenation of p-secondary-amino ketones
using a highly efficient P-chiral bisphosphine-rhodium com-
plex in combination with ZnCl, as the activator of the catalyst.
The chiral y-secondary-amino alcohols were obtained in 90—
94% yields, 90-99 % enantioselectivities, and with high
turnover numbers (up to 2000 S/C; S/C = substrate/catalyst
ratio). A mechanism for the promoting effect of ZnCl, on the
catalytic system has been proposed on the basis of NMR
spectroscopy and HRMS studies. This method was successfully
applied to the asymmetric syntheses of three important drugs,
(S)-duloxetine, (R)-fluoxetine, and (R)-atomoxetine, in high
yields and with excellent enantioselectivities.

Over the last half century, remarkable progress has been
made in the area of asymmetric hydrogenation and it remains
an important topic of research because of its great potential
for industrialization."? Among the many substrates, f-amino
ketones have attracted considerable attention®* because of
their use in the preparation of chiral y-amino alcohols, species
widely used as ligands and pharmaceutical intermediates.”
Unlike the extensive research on p-tertiary-amino ketones,"!
only a few studies have focused on the asymmetric hydro-
genation of B-secondary-amino ketones for the preparation of
chiral y-secondary-amino alcohols.***4 However, procedures
involving B-secondary-amino ketones have higher efficiency
and greater atom economy than those involving their tertiary
counterparts in the syntheses of a number of important drugs
such as (§)-duloxetine, (R)-fluoxetine, and (R)-atomoxetine
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(Figure 1).1! A reason for the challenges facing the hydro-
genation of B-secondary-amino ketones is probably due to the
difficulty in finding an efficient catalyst system which has both
high catalytic activity and stereoselectivity.
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Figure 1. Important drugs prepared from chiral y-secondary-amino
alcohols.

Over the last several years, our research has focused on
the asymmetric hydrogenation of several types of substrates.”!
During our continuing research interest in the synthesis of the
above-mentioned drug molecules, we have made encouraging
progress towards the asymmetric hydrogenation of B-tertiary-
amino ketones, a route through which (R)-fluoxetine and (R)-
atomoxetine could be synthesized with excellent enantiose-
lectivities."¥ However, the application of this method to
thienyl-substituted substrates was unsuccessful, probably due
in part to the additional coordination ability of the sulfur
atom. To realize the synthesis of (S)-duloxetine and improve
the process efficiency, we have been searching for an efficient
catalytic system for the asymmetric hydrogenation of -
secondary-amino ketones with both excellent enantioselec-
tivity and high yield and turnover number.

Electron-rich P-chiral bisphosphine ligands, including
BisP*, Miniphos, QuinoxP*, and BenzP*, have been utilized
since 1998 in the Rh-catalyzed asymmetric hydrogenation of
enamides with remarkably high stereoselectivities and reac-
tivities.®! Considering their similar coordination configura-
tions, these ligands were tested in the Rh-catalyzed asym-
metric hydrogenation of -methylamino ketones. Initially, 3-
(methylamino)-1-(thiophen-2-yl)propan-1-one hydrochloride
(1a-HCIl) was used as a model substrate (Table 1). The
hydrogen chloride is required to stabilize the free -methyl-
amino ketone. In the absence of hydrogen chloride, the free
1a is unstable and can undergo a facile elimination to give an
a,B-unsaturated ketone which subsequently undergoes a con-
secutive Michael addition and cyclization with 1a to give
compound 3a. Hydrogenations involving the direct use of
freshly prepared la are also unsuccessful. However, the
hydrogenation of 1a-HCl also failed when performed under
H, pressure (25 atm) and at room temperature. Only in the
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Table 1: Screening of ligands and optimization of reaction conditions.!
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(S,S)-QuinoxP* (R R)-BisP* (S,S)-Miniphos (S, S)-BenzP*

Entry Ligand Base Additive Yield of 2a  ee of 2a
(S/€) (equiv)  (3a/4a) [%]"  [%]"

1 QuinoxP* (200) K,CO, None 24 (24/6) 93

2 BenzP* (200)  K,CO, None 51 (5/14) 98

3 BisP* (200) K,CO;4 None 20 (30/0) n.d.

4 Miniphos (200) K,COs None 9 (55/18) n.d.

5 BenzP* (200)  Cs,CO,  None 95 (0/2) 98

6 BenzP* (500) Cs,CO; None 67 (13/7) 98

7 BenzP* (500) Cs,CO; ZnCl, (1.0) 98 (0/2) 99

8 BenzP* (500)  Cs,CO, ZnCl, (0.8) 97 (0/2) 99

9 BenzP* (500) Cs,CO; ZnCl, (0.6) 97 (0/3) 99

10 BenzP* (500) Cs,CO; ZnCl, (0.4) 97 (0/3) 99

11 BenzP* (500)  Cs,CO, ZnCl, (0.2) 76 (4/0) 98

12 BenzP* (1000) Cs,CO; ZnCl, (0.4) 96 (0/4) 99

13 BenzP* (2000) Cs,CO; ZnCl, (0.4) 65 (13/3) 99

149 BenzP* (2000) Cs,CO, ZnCl, (0.4) 89 (1/6) 99

[a] Conditions: Ta'HCI (0.2 m), [Rh(ligand) (cod)]SbFs, base (0.5 equiv),
ZnCl,, MeOH, H, (25 atm), RT, 20 h. [b] The yields were calculated from
'H NMR spectra. [c] The ee values were determined after acetylation by
HPLC using chiral columns. [d] 48 h. S/C=substrate/catalyst ratio.
cod =1,5-cyclooctadiene. n.d. = not determined.

presence of a base, such as K,CO;, could product 2a be
obtained in measurable yields. Initial screening of ligands
(Table 1, entries 1-4), using K,CO; as a base and with
a substrate/catalyst ratio of 200, showed that [Rh((S.S)-
BenzP*)(cod)|SbF; was the most efficient catalyst affording
2a with excellent enantioselectivity (98 % ) but with a moder-
ate yield of 51 % (entry 4). In this case, a considerable amount
of by-products 3a (5% ) and 4a (14 % ) were formed, of which
4a is produced from the hydrogenation of the above-
mentioned o,f-unsaturated ketone. Based on these results,
it can be concluded that: a)before hydrogenation, the
hydrogen chloride plays as an essential part in protecting
the amino group and thus stabilizing the substrate, and
b) during hydrogenation, a base is required to neutralize the
hydrogen chloride to release the amino group and activate the
substrate. Therefore, if the rate of hydrogenation of 1a is too
slow, large quantities of 3a and 4a will be produced resulting
in a low yield of 2a. To increase the yield of the desired
product 2a, the rate of hydrogenation must be increased: this
is the fundamental challenge in developing an efficient
catalyst and searching for optimized catalytic conditions.
First, different solvents and bases were screened using
[Rh((S,S)-BenzP*)(cod)]SbF, as a catalyst (see Table S1 in
the Supporting Information for details). MeOH and Cs,CO;
proved to be the best solvent and base, respectively, for the
reaction, affording the desired product 2a with not only an
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excellent enantioselectivity of 98 % but also the highest yield
of 95% (Table 1, entry 5). To evaluate the activity of the
catalytic system, we carried out the hydrogenation at a higher
S/Cratio (500) using [Rh((S,5)-BenzP*)(cod)]SbF, as the
catalyst and Cs,COj; as the base in MeOH. However, the yield
of 2a decreased from 95 % to 67 % and significant amounts of
by-products were generated (entries 6 versus 5). No further
improvement was achieved by altering the H, pressure and
reaction temperature. A possible reason for the low turnover
number may be due to the deactivation of the catalyst caused
by the accumulation of a less active species, such as a chloride-
bridged trinuclear rhodium complex.””! We envisaged that this
problem could be solved by competitive coordination, that is,
by introducing another metal which has a higher affinity for
the chloride ion than the rhodium atom and can therefore
extract the chloride. This will allow for the catalyst to be
reactivated. Thus, we investigated the effect of a number of
metal salts as additives for the reaction (see Table S1 for
details). To our delight, when ZnCl, (1.0 equiv) was added to
the reaction mixture, the yield increased to 98% with an
accompanying increase of ee to 99 % (Table 1, entry 7). The
reaction still completed smoothly when the loading of ZnCl,
was decreased from 1.0equivalent to 0.4 equivalents
(entries 7-10). Further decreasing the loading amount to
0.2 equivalents of ZnCl, lowered both the yield and ee value
(entry 11). Increasing the S/C ratio to 1000 also gave a sim-
ilarly good result in the presence of 0.4 equivalents of ZnCl,
(entry 12). The hydrogenation gave the desired product in
65 % yield and 99 % ee even at S/C =2000 (entry 13). Further
extending the reaction time to 48 hours increased the yield to
89 % with 99 % ee (entry 14).

To uncover more evidence for the competitive coordina-
tion, the catalyst system was studied using *'P NMR
spectroscopy (Figure 2) and HRMS (Figures S1 and S2).
The catalyst precursor [Rh((S,S)-BenzP*)(cod)|SbF, was

) N
5 il

c)

d) BN

87 85 83 81 79 77 75 73 71 69 67 65
8/ ppm

Figure 2. *'P NMR spectroscopic studies on the catalyst system. Spec-
tra of the complex [Rh((S,S)-BenzP*) (CD;0D),]|SbF a) before and
b) after hydrogenation for 30 min under H, (25 atm) at room temper-
ature and c) after subsequent addition of ZnCl,. Spectra of [Rh((S,S)-
BenzP*) (CD;0D),|SbF, d) after addition of CsCl and e) after subse-
quent addition of ZnCl,.
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rhodium catalyst is reactivated to

Me, /@ ®§ provide a higher turnover number.
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- trimer both the yield and ee value of the

Scheme 1. Proposed mechanism for the promoting effect of ZnCl, on the activity of the rhodium

complex in the asymmetric hydrogenation reaction.

smoothly converted into the solvent-coordinated complex
[Rh((S,S)-BenzP*)(CD;0D),]* (monomer structure in
Scheme 1; two signals at 6=81.2 and 79.9 ppm in Fig-
ure 2a).* This solvent-coordinated complex was then
added to an autoclave which contained 1a-HCl (4.0 equiv)
and Cs,CO; (2.0 equiv) in CD;0D. After hydrogenation for
30 minutes under 25 atm of H, at room temperature, the
resonance signals in the P NMR spectrum of the solvent-
coordinated complex [Rh((S,S)-BenzP*)(CD;OD),|" disap-
peared and two pairs of new signals appeared (major signals
appeared at 6 =76.7 and 75.4 ppm, with minor signals at d =
77.5 and 76.2 ppm in Figure 2b). The major resonance signals
can be attributed to the chloride-bridged trinuclear rhodium
complex (trimer in Scheme 1) which is more stable and has
lower catalytic activity.”! This trimer was confirmed by
examination of HRMS spectra in which a signal at m/
7 1225.1090 and its corresponding isotopic peaks are attrib-
uted to the complex [Rh;(p;-Cl),(BenzP*),]* (Figure S1). The
two minor signals are considered to be due to the chloride-
bridged binuclear rhodium complex (dimer in Scheme 1),
which is less stable and has a higher catalytic activity.'”’ When
ZnCl, was added to the above solution, the signals attribut-
able to the trimer almost vanished and the intensity of the
signals corresponding to the dimer increased (Figure 2¢). In
the HRMS spectra (Figure S2), signals attributable to the
dimer as [Rh,(u,-Cl),(BenzP*),]* at m/z 840.0657 and its
isotopic peaks and the signal for the monomer as [Rh-
(BenzP*)]* at m/z 385.0622 were detected. The trimer and
dimer were also formed when CsCl was directly added to
a solution of [Rh((S,S)-BenzP*)(CD;0D),]|SbF; (Figure 2d).
Similarly, the addition of ZnCl, to the above solution led to
the conversion of the trimer into the dimer as evidenced by
the *'P NMR spectra (Figure 2e).

From the above results, a mechanism for the promoting
effect of ZnCl, is proposed in Scheme 1. First, the cationic
solvated monomer is converted into the trimer and dimer in
the presence of Cl™ ions. The trimer is the major species in the
equilibrium between the trimer/Cl™ and dimer because of its
greater stability. The added ZnCl, then competitively coor-
dinates to the chloride ion!'!! and converts the less-active
chloride-bridged trinuclear rhodium complex (trimer) into
a chloride-bridged binuclear rhodium complex (dimer). The
dimer is less stable and more reactive and is directly
converted into a solvated Rh! monomer or a Rh™ monomer
by the oxidative addition of hydrogen.'”! In doing so, the
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hydrogenation increased after the
addition of ZnCl, (see the Supporting
Information for details).

With the optimized reaction con-
ditions in hand, we extended the
substrate scope of the hydrogenation reaction using a catalyst
loading of 0.2 mol %, that is with a S/C ratio of 500 (Table 2).
Changing the R group of the amine from Me to Et and Bn
(benzyl) did not significantly affect reactivity and enantiose-
lectivity (entries 1-3). A substrate with a heterocyclic 2-furyl
group could also be successfully hydrogenated to give the
desired product in 92% yield with 99% ee (entry 4). Other
substrates with substituted aryl groups could also be success-
fully hydrogenated in high yields and with excellent enantio-
selectivities (entry 5-20). A phenyl-substituted substrate
afforded a product with a slightly lower enantioselectivity
(entry 5), whereas aryl groups with 4-substituted electron-
withdrawing F, Cl, or Br substituents (entries 6-8) and
electron-donating Me or MeO substituents (entries 10

Table 2: BenzP*—Rh catalyzed asymmetric hydrogenation of various f3-
secondary-amino ketones."!

Ar H‘R Conditions ArWH‘R
(¢] HCI OH
1-HCI 2
Entry 1  Ar R Yield [%6]®  ee [%]
1 a 2-thienyl Me 94 99
2 b 2-thienyl Et 90 99
3 ¢ 2-thienyl Bn 92 97
4 d  2-furyl Me 92 99
5 e  CgHs Me 92 95
6 f  4-FCH, Me 93 99
7 g 4-CICH, Me 91 99
8 h 4-BrCsH, Me 92 99
9 i 4-CF,CeH, Me 91 94
10 i 4-MeCgH, Me 94 99
11 k 3-MeC¢H, Me 92 99
12 I 2-MeCeH, Me 93 98
13 m  4-MeOGCeH, Me 92 99
14 n 3-MeOC¢H, Me 92 98
15 o 2-MeOCH, Me 90 93
16 p 3,4 (MeO),CiH; Me 94 99
17 q  2,4-(MeO),CeH, Me 90 90
18 r 2-naphthyl Me 92 99
19 s 1-naphthyl Me 90 95
20 t 3,4-(methylenedioxy)CgH;  Me 94 99

[a] Conditions: T'HCI (1.0 mmol), [Rh((S,S)-BenzP*) (cod)]SbF

(0.2 mol %), Cs,CO; (0.5 equiv), ZnCl, (0.4 equiv), MeOH (5 mL), H,
(25 atm), RT, 20 h. [b] Yield of isolated product. [c] The ee values were
determined after acetylation by HPLC using chiral columns.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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and 13) could all be reduced with 99% ee. A substrate with
a more electron-deficient aryl group (CF;-substituted) was
reduced with a lower enantioselectivity of 94 % ee (entry 9).
Substrates with substituents located at different positions on
the aryl ring were reduced with varying ee values. Higher
enantioselectivities were achieved for substrates having aryl
rings substituted at the 4- and 3-positions, whereas those with
groups substituted at the 2-position were reduced with slightly
lower enantioselectivities (entries 10-15). A similar substitu-
ent effect can also be seen between substrates substituted with
3,4-(MeO),C¢H; and 2,4-(MeO),C¢H; groups (entries 16
and 17), and 2-naphthyl- and 1-naphthyl-substituted sub-
strates (entries 18 and 19). Finally, a substrate having a less
sterically hindered substituent, specifically a 3,4-methylene-
dioxy group on the aryl ring, could be reduced with excellent
enantioselectivity (entry 20).

The developed method was successfully applied to the
synthesis of three important chiral pharmaceuticals
(Scheme 2). (S)-3-(methylamino)-1-(thiophen-2-yl)propan-1-
ol ((S)-2a) and (R)-3-(methylamino)-1-phenylpropan-1-ol

[Rh((S,S)-BenzP*)(cod)]SbFg

H, (25 atm)
o) ZnCl, (0.4 equiv)
_ Cs,CO3 (0.5 equiv) - Ref.
~ N MeOH, RT, 48 h ef. [6d.e]
HCI S/C = 2000

transition-metal catalyst can be applied to other related
catalytic transformations.

Experimental Section

General procedure for asymmetric hydrogenation: Compound 1-HCI
(1.0 mmol), Rh[((S,S)-BenzP*)(cod)]SbF,; (0.002 mmol), Cs,CO,
(0.5 mmol), and ZnCl, (0.4 mmol) were added to an autoclave flask
and the system was evacuated and filled with hydrogen. After
repeating this operation three times, degassed methanol (5 mL) was
added and the hydrogen pressure was adjusted to 25 atm. After
vigorous stirring at room temperature for 20 h, the reaction mixture
was evaporated under reduced pressure. The conversion of substrate
into product was calculated from the "H NMR spectrum of the crude
product. The residue was passed through a short column of basic
Al,O; using CH,Cl,/MeOH (30:1 v/v) as the eluent to give product 2.
The ee was determined after acetylation by HPLC using chiral
columns.
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Scheme 2. Application of the ZnCl,-promoted bisphosphine-rhodium catalytic system

for the syntheses of three important chiral pharmaceuticals.

((R)-2e) were prepared in high yields and with excellent
enantioselectivities using our catalytic system with an S/C of
2000. These intermediates can be easily etherified using
reported methods!®4! to give (S)-duloxetine, (R)-fluoxetine,
and (R)-atomoxetine with retention of configurations.

In conclusion, we have developed an efficient catalytic
system using a P-chiral bisphosphine-rhodium complex and
ZnCl, as a catalyst activator for the asymmetric hydrogena-
tion of (3-secondary-amino ketones. The chiral y-secondary-
amino alcohols were obtained in high yields (90-94 % ), with
excellent enantioselectivities (90-99 % ), and with high turn-
over numbers (up to 2000 S/C). On the basis of HRMS and
NMR spectroscopic studies, a mechanism for the promoting
effect of ZnCl, on the catalytic system is proposed. Further-
more, the chiral pharmaceutical drugs (R)-atomoxetine, (R)-
fluoxetine, and (S)-duloxetine have been successfully pre-
pared with excellent yields and ee values and with retention of
configuration by application of this method. It is believed that
the concept of competitive coordination to reactivate the
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Competitive coordination: Chiral y-sec-
ondary-amino alcohols were obtained in

high yields and with excellent enantiose-

lectivities by hydrogenation of 3-secon-
dary-amino ketones. NMR spectroscopy
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and HRMS are used to investigate the
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ZnCl, on the bisphosphine-rhodium cat-
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