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Asymmetric Hydrogenation of N-Alkyl Ketimines with Phosphine-Free,
Chiral, Cationic Ru-MsDPEN Catalysts**

Fei Chen,™ Tianli Wang,"”! Yanmei He,"”! Ziyuan Ding,™ Zhiwei Li,"”! Lijin Xu,"” and
Qing-Hua Fan*!"!

Optically pure amines are an important type of building
block for the synthesis of many pharmaceutical and agro-
chemical substances,!! examples include Sertraline,”’ NPS
R-568,° and Cinacalcet.). Among the various methods of
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synthesizing chiral amines, which include metal- and organo-
catalyzed transfer hydrogenation™® and hydrosilylation,”
asymmetric hydrogenation of the corresponding prochiral
imines represents one of the most direct, efficient, and
“green” approaches for attaining optically active amines.®
Although considerable progress has been made in the last
few decades, the asymmetric hydrogenation of imines, par-
ticularly acyclic imines, remains a major challenge, in con-
trast to the advancements achieved in the asymmetric hy-
drogenation of olefins or ketones.”! This is probably due to
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the formation of an E/Z isomeric mixture of imine sub-
strates and the poisoning effect of the resulting amines on
the catalyst.[%!

In recent years, a variety of chiral metal catalysts, includ-
ing Ti, Zr, Rh, Ru, Ir, and Pd complexes,'*"* have been suc-
cessfully employed in the asymmetric hydrogenation of
imines. For example, the chiral titanocene catalysts devel-
oped by Buchwald et al. were found to be particularly effec-
tive in the hydrogenation of cyclic imines.'" Recently, a va-
riety of iridium complexes with chiral P,P!"* or PN ligands!*!
have proven to be exceptionally efficient in the hydrogena-
tion of ketimines. However, most of these catalysts are only
effective for N-aryl ketimines. Successful examples in the
hydrogenation of N-alkyl ketimines, particularly with Ru-
catalysts™ are rare.’ In 1975, Scorrano et al. first reported
the Rh-diphosphine complex catalyzed asymmetric hydro-
genation of the N-benzylimine of acetophenone in
22% ee.'' Since then, a variety of rhodium complexes of
chiral phosphorous ligands have been investigated in this re-
action."*1 Among them, the best result (94 % ee) was ob-
tained in the hydrogenation of the N-benzylimine of aceto-
phenone by using a Rh complex of sulfonated bis(diphenyl-
phosphino)pentane (BDPP) in a two-phase system, as re-
ported by de Vries et al.l'"! However, this catalytic system
still suffers from low catalytic activity and very limited sub-
strate scope. Most recently, some iridium complexes were
found to be effective catalysts in the hydrogenation of N-
alkyl ketimines."¥*!41 One of the most notable examples
was reported by Ding et al. in the hydrogenation of a variety
of acyclic N-alkyl ketimines, in >90% ee, by using a PN-
ligand-modified Ir complex.['¥

In comparison with chiral phosphorus ligands, chiral dia-
mine ligands are more readily available and air stable.l'’!
Their Ru complexes, such as Ru"-TsDPEN (TsDPEN = N-
(p-toluenesulfonyl)-1,2-diphenylethylenediamine), have
proven to be powerful catalysts for the asymmetric transfer
hydrogenation of aromatic ketones and imines.’! Most re-
cently, Noyori etal. reported that a chiral n’-arene/
TsDPEN-Ru" complex (1b) can be used for the asymmetric
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hydrogenation of ketones under slightly acidic condi-
tions."”1¥ Later, we found that this Ru catalyst catalyzes the
asymmetric hydrogenation of quinolines in ionic liquids with
excellent enantioselectivity and reactivity.'”! Based on our
proposed mechanism (Scheme 1),*?! we envision that this
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Scheme 1. The asymmetric hydrogenation of 2-methylquinoline catalyzed
by chiral TSDPEN-Ru" and the possible intermediate.!'”!

catalyst could also be used to enantioselectively hydrogenate
imines. At the same time, Xiao et al. demonstrated that a
cationic Cp*Rh"™-TsDPEN (Cp* =pentamethylcyclopenta-
dienyl) complex is an efficient catalyst for the asymmetric
hydrogenation of cyclic imines in the presence of
AgSbF.”"l Furthermore, they found that a combination of
an Ir-diamine complex together with a chiral phosphate
anion efficiently hydrogenates a variety of acyclic N-aryl
imines in excellent enantioselectivities.?'>! Most recently,
Ikariya et al. reported that a Cp*Ir complex of an N-sulfo-
nylated diamine can efficiently catalyze the asymmetric hy-
drogenation of acyclic ketimines in the presence of silver
salts in up to 78 % ee.”

Despite these impressive achievements, N-alkyl ketimines
remain very challenging substrates in terms of catalytic ac-
tivity and enantioselectivity. As a continuation of our
ongoing endeavor to develop effective catalysts for the
asymmetric hydrogenation of heteroaromatic compounds
and imines,"”*! we report, herein, the use of cationic Ru-di-
amine complexes for the asymmetric hydrogenation of a
broad range of often-problematic N-alkyl ketimines, even
under solvent-free conditions, affording chiral amines in up
to 99 % ee.

First, we examined the asymmetric hydrogenation of the
N-benzylimine of acetophenone (5a) catalyzed by (R,R)-1b
(2 mol %) in methanol. To our delight, the reaction proceed-
ed smoothly, affording (R)-N-benzyl-N-(1-phenylethyl)-
amine (6a’) in quantatitive yield and 63% ee (Tablel,
entry 1). Higher enantioselectivities were observed in
either 1-butyl-3-methylimidazolium hexafluorophosphate
([BMIM]PF;) or dichloromethane, but the reaction was
found to be sluggish in these solvents (Table 1, entries 2 and
3). The addition of AgSbF, showed no positive effect on the
reactivity or enantioselectivity (Table 1, entry 4). After care-
ful examination of the reaction mixture, some of the imine
substrate (2-22 %) was found to have decomposed into ben-
zylamine, which may have a strong inhibitory effect on the
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Table 1. The asymmetric hydrogenation of N-benzylimine of acetophe-
none (5a).l"!

R\N,Bn ‘
©)\ Ru-catalyst X'R"u\N/Ts
HzN .
H,, solvent, additive \ﬁ “"Ph
6a: R=Boc
6a’:R=H
(R,R)-1: X = Cl (1a)
X = OTf (1b)
. P =4
X’R|U\N-Ms TfO~Ir. TfO}Qh
HoN /\
R,R)-2 O l:th 2 P "Ph e Ph
2 X = . o)
§3I56 ()2d);beF6T(2(e); )lé/?rFF4 ((2f))' (RR)-3b (R.R)-4b
Entry Catalyst Solvent T[h] Conversion [%]* ee[%]"
1 1b MeOH 15 >99 63
2 1b [BMIM]PF, 48 34 (2) 77
3 1b CH,Cl, 48 30 (8)1 79
4 1la CH,Cl, 48 53 (22) 78
5 1b CH,(Cl, 10 >99 86
6 2b CH,Cl, 10 >99 89
7 3b CH,Cl, 10 >99 68
8 4b CH,(Cl, 10 >99 27
9 2¢ CH,CL, 10 >99 89
10 2d CH,Cl, 10 >99 93
11 2e CH,Cl, 10 >99 92
12 2f CH,(Cl, 10 >99 95
13 2f CICH,CH,Cl 10 >99 96
14 2f toluene 10 >99 96
15(l 2f CH,Cl, 10 25 (13)14 49
16 2f solvent free 15 >99 91
171 2f solvent free 48 >99 89

[a] Reaction conditions: 5a (0.2mmol) in solvent (I1mL) or 5a
(2.5 mmol) under solvent-free conditions, catalyst (2 mol%), H,
(50 atm), stirred at 40°C for the specified period of time. (Boc),O
(1.1 equiv) was added as an additive except for entries 1-3, which did not
have an additive, and entry 4, which used AgSbF, (0.08 equiv) as the ad-
ditive. [b] The conversions were determined by 'H NMR spectroscopy of
the crude reaction mixture. [c] The enantiomeric excesses were deter-
mined by HPLC with a chiral AD-H column. [d] Data in parentheses are
the percentage of decomposed imine, as determined by 'H NMR spec-
troscopy. [e] With catalyst (0.1 mol % ). [f] With catalyst (0.05 mol % ).

catalyst (Table S1, entry 2 in the Supporting Information)."l
Thus, (Boc),O ((Boc),O =di-tert-butyl dicarbonate) was uti-
lized to eliminate inhibition by this byproduct through in
situ protection of the resulting primary amine.”! As expect-
ed, full conversion and high enantioselectivity were ob-
served in the presence of (Boc),O (0.2-1.1 equiv; Table 1,
entry 5 and Table S1 in Supporting Information).
Subsequently, encouraged by this exciting result obtained
for the hydrogenation of 5a with (R,R)-1b in the presence
of (Boc),O (1.1 equiv), we investigated the effect of differ-
ent catalysts and other reaction conditions on this reaction
(Table 1 and Tables S1-4 in the Supporting Information).
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After a survey of a variety of catalysts for the hydrogenation
of 5a (Table S2 in the Supporting Information), catalyst 2b
was found to be the optimal catalyst in terms of both re-
activity and enantioselectivity (Table 1, entry 6). Notably,
both of the Ir- and Rh-catalysts showed much lower enantio-
selectivities under otherwise identical reaction conditions
(Table 1, entries 7 and 8). Furthermore, it was found that
weakly coordinating counterions influenced the enantiose-
lectivity, and a higher enantioselectivity was obtained with
BArF~ as the counterion (Table 1, entries 6 and 9-12).! In
addition, the solvent effect was studied and the results are
sumarized in Table S3 in the Supporting Information. It was
found that weakly polar solvents, such as CH,Cl,,
CICH,CH,(CI, and toluene, are suitable for to obtain high
enantioselectivities (Table 1, entries 12-14). Interestingly,
the reaction can be carried out under solvent-free condi-
tions.”*?] Remarkably, in comparison with the reaction in
CH,Cl,, significantly higher reactivity and enantioselectivity
were observed if the hydrogenation was carried out at a sub-
strate/catalyst ratio of 1000:1, under solvent-free conditions
(Table 1, entry 15 vs. entry 16). Even if the catalyst loading
was reduced to 0.05 mol %, the reaction still gave the prod-
uct in full conversion and 89 % ee after prolonged reaction
time (Table 1, entry 17). To the best of our knowledge, this
is the highest turnover number for an asymmetric hydro-
genation of N-alkyl ketimines.

Under the optimized reaction conditions, a variety of acy-
clic N-benzyl ketimines were efficiently hydrogenated in the
presence of (R,R)-2f (1.0 mol %) to afford the correspond-
ing chiral Boc-protected N-benzylamines with unprecedent-
ed high enantioselectivities (86-97 % ee, Table 2, entries 1-
16). It was found that the introduction of an electron-donat-
ing or electron-withdrawing group on the N-benzyl ring had
no apparent effect on the enantioselectivity (Table 2, en-
tries 1-3). However, an electron-withdrawing substituent on
the o-phenyl ring of the ketimines decreased both the re-
activity and the enantioselectivity (Table 2, entries 7 and
10). Notably, the hydrogenation of the ketimine of propio-
phenone (5d), which had an E/Z ratio of 2:1, afforded the
corresponding Boc-protected amine in 91% ee (Table 2,
entry 4). The highest enantioselectivity (97 % ee) was
achieved in the hydrogenation of 2-thiophene ketone imine
(5p; Table 2, entry 16). Notably, most of these substrates
can be efficiently hydrogenated in the presence of 0.2 mol %
catalyst, under solvent-free conditions, in excellent enantio-
selectivities that are only slightly lower than those obtained
in 1,2-dichloroethane.

It should be noted that Ru complex 2 f was also an effec-
tive catalyst for the hydrogenation of exocyclic N-alkyl keti-
mines. As shown in Table 3, the N-benzyl ketimine derived
from indanone (7a) was hydrogenated in the presence of
(R,R)-2f (2 or 1 mol%) at 40°C to afford the corresponding
Boc-protected amine in up to 98% ee (Table 3, entry 1).
Similarly, hydrogenation of N-alkyl ketimines derived from
tetralone analogues gave the corresponding N-benzyl-, N-
isobutyl-, or N-methyl-1,2,3,4-tetrahydronaphthalen-1-amine
derivatives in 92-97 % ee (Table 3, entries 2-5).
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Table 2. The asymmetric hydrogenation of acyclic N-benzyl ketimines
with 2 £ in 1,2-dichloroethane or under solvent-free conditions.

! 1
R H, (R.R)-2f, (Boc),0 Boc~y-R

Ar)I\RZ A

CICH,CH,Cl or solvent free ~ Ar~ R?

5a-p 6a-p
.B
Nl/\©\ ,\1, Bn N‘ n
R
R .
5a-d 5e-j 5k-m

5a:R=H, R?=Me

o N 5e: R =Me; Sh: R=Cl 5k: R = Me
5b:R=0OMe R®=Me sf. R=OMe;5:R=Br 5l R=OMe
5c:R=F,RZ=Me  5g:R=F;5:R=NO,  5m:R=Cl

5d: R=H, R2=Et

e e B
N.
Me0:©)\ S Z "Bn
MeO
5n 50

5p

Entry Imine (E/Z ratio) Yield [% ™! ee [% ]
1 Sa (12:1) 95 (99) 95 (93)
2 5b (11:1) 93 (96) 94 (90)
3 Sc(12:1) 92 (98) 95 (91)
4 5d(2:1) 93 (97) 91 (90)
5 Se (12:1) 93 (98) 9 (91)
6 S£(20:1) 93 (97) 94 (91)
7 5g (25:1) 90 90
8 5h (22:1) 92 (97) 93 (91)
9 5i (40:1) 93 (97) 9 (90)

10 5 (35:1) 90 (95) 86 (84)

11 Sk (11:1) 92 (96) 92 (92)

12 51(28:1) 91 (97) 94 (89)

13 5m (22:1) 92 91

14 5n (16:1) 92 (95) 95 (89)

15 50 (16:1) 9 9

16 5p (>100) 96 (98) 97 (95)

[a] Reaction conditions: substrate (Sa-p; 0.2 mmol) in 1,2-dichloroethane
(1 mL) or under solvent-free conditions (2.5 mmol), catalyst ((R,R)-2f; 1
mol %), H, (50 atm), (Boc),O (1.1 equiv), stirred at 40°C for 10 h, except
for entries 7 and 10, which were stirred for 20 h. [b] Isolated yields in 1,2-
dichloroethane. Data in parentheses correspond to the reactions conduct-
ed under solvent-free conditions. [c] The enantiomeric excesses were de-
termined by HPLC with a chiral AD-H column. [d] Data in parentheses
were obtained with catalyst (0.2 mol%) after 20 h under solvent-free
conditions.

These remarkable results prompted us to apply our new
protocol to the synthesis of (+)-cis-(15,45)-1-methylamino-
4-(3,4-dichlorophenyl)tetralin (Sertraline), a chiral anti-
depressant drug,? as an example of the N-alkyl amine class
of biologically important compounds. To our delight, the
asymmetric hydrogenation of racemic imine precursor 7f in
the presence of catalyst (R,R)-2f (1 mol%) afforded the
chiral amine isomers cis-8f and trans-8f in 62 and 98 % ee
and a ratio of approximately 3:2 (Table 3, entry 6). Encour-
aged by these results, we then employed enantiopure imine
(S)-7f as the substrate for the hydrogenation. It was found
that catalyst (R,R)-2f showed frans diastereoselectivity
(80:20 d.r.), affording each isomer in >99% ee (Table 3,
entry 8). Significantly, catalyst (S,5)-2f exhibited extremely
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Table 3. The enantioselective hydrogenation of exocyclic N-alkyl keti-
mines catalyzed by ruthenium complex 2 £

1 1
N,R Boc\N,R
! Hy, 2f
(CHy), (CHy),
X C|CH20H2CI, (BOC)ZO X
Ta-f 8a-f
I
.R
Nan N‘
Co
X
7a 7b-e al
7b: R =Bn, X = CHy; 7¢: R=/Bu, X = CH, cl
7d:R=Me, X=CH,;7e:R=Bn, X=0 7f
Entry Imine! Yield [% ]t ee [%]1¢!
1 7a 96 98 (94)
2 7b 95 96 (95)
3 Tc 96 93 (91)
4 7d 95 92 (87)
5 Te 96 97 (96)
6 (£)-7¢ 98 (60:40) 62 (1R4R); 98 (1R 4S)
7 (%)-7¢ 98 (60:40) 68 (15,4S); 98 (1S4R)
8 (8)-7¢ 98 (20:80) >99 (18,4S5); >99 (1R4S)
9 (8)-7¢ 98 (>99:1) >99 (18, 4S); >99 (1RA4S)

[a] Reaction conditions: substrates (0.2 mmol) in 1,2-dichloroethane
(I1mL), (R,R)-2f (2 mol%) for entries 1-5, (R,R)-2f (1 mol%) for en-
tries 6 and 8, and (S,5)-2f (1 mol%) for entries 7 and 9, H, (50 atm),
(Boc),O (1.1 equiv), stirred at 40°C for 10 h. [b] The E/Z ratios of imines
7a—f were >100:1. [c] Isolated yields. The cis/trans ratios of 8 f (in paren-
theses) were determined by "H NMR spectroscopy of the crude reaction
mixture. [d] The enantiomeric excesses were determined by HPLC with a
chiral AD-H column. [e] Data in parentheses were obtained at a sub-
strate/catalyst ratio of 100:1.

high cis selectivity (>99:1 d.r.) and afforded Boc-protected
Sertraline [(15,45)-8 f] in enantiopure form in nearly quanti-
tative yield (Table 3, entry 9). In addition, the reaction pro-
ceeded smoothly in the presence of 2f (1 mol%) on a 0.5 ¢
scale at high concentration (8.25m). After cleavage of the
Boc protecting group by HCI under very mild conditions,
optically pure Sertraline hydrochloride was obtained in
90 % overall yield, >99 % ee, and >99% d.r. (Scheme 2).

- Boc~pN~

N
L (S:5)2f (1 mol%)
seloiweeee
(Boc)ZO (1.1 equiv) HCI (4 N)
CH,CICH,CI (0.2 mL) 90% isolated yield
O 40°C, 10 h O (two steps)
cl cl cl

>99% ee
cl cl >99% d.r. cl
0.5 gram

sertraline

Scheme 2. The synthesis of Sertraline hydrochloride.

In summary, we have shown that a phosphine-free, chiral,
cationic Ru-MsDPEN (2f; MsDPEN = N-(methanesul-
fonyl)-1,2-diphenylethylenediamine) complex is a highly ef-
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ficient catalyst for the enantioselective hydrogenation of a
broad range of often-problematic N-alkyl ketimines (up to
99 % ee). N-Benzyl ketimines can be efficiently hydrogenat-
ed under more environmentally friendly solvent-free condi-
tions at low catalyst loadings (as low as 0.05 mol%). This
new method provides a more practical and greener synthetic
approach to the preparation of optically active amines, par-
ticularly N-alkyl amines, such as Sertraline. An investigation
into the underlying mechanistic aspects that account for the
high enantioselective control is in progress.

Experimental Section

Typical procedure: A glass-lined stainless-steel reactor (50 mL) equipped
with a magnetic stir bar was charged with Ru catalyst 2f (2.8 mg,
0.002 mmol), the corresponding imine (0.2 mmol), and (Boc),O
(1.1 equiv) in 1,2-dichloroethane (1 mL), under a nitrogen atmosphere, in
a glovebox. The autoclave was closed and, after purging with hydrogen
gas several times, the final pressure of hydrogen gas was adjusted to
50 atm. The reaction mixture was stirred at 40°C for the specified period
of time. Then, the hydrogen gas was carefully released and the conver-
sion was determined by "H NMR spectroscopy. The reaction mixture was
filtered through a short pad of silica and eluted with a mixture of di-
chloromethane and petroleum (1:1, v/v) to give the pure products. The ee
of the product was determined by HPLC through a chiral AD-H column.
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