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Abstract: The combination of a chiral phosphoric acid with an irid-
ium complex affords a catalyst that allows for highly enantioselec-
tive hydrogenation of imines. Mechanistic studies suggest that the
hydrogenation proceeds through a ternary transition state at the
hydride-transfer step, in which the organocatalyst interacts with
both the hydride donor and acceptor.
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Over the past few decades, the preparation of chiral
amines has attracted a great deal of attention because of
their importance in fine chemical, agrochemical and phar-
maceutical products.! Among the approaches reported so
far, the atom-economic, transition-metal-catalyzed asym-
metric reduction with hydrogen gas is one of the most ef-
ficient and convenient methods.?? However, in contrast to
the great success enjoyed in the asymmetric hydrogena-
tion of olefins and ketones,* imines are more challenging.
This may be due to the poisoning effect of the substrate
and product on the catalysts and/or the formation of E/Z
isomeric mixtures of imines. Nonetheless, a variety of chi-
ral transition-metal catalysts have been exploited for the
asymmetric hydrogenation of imines, with well-known
examples including chiral phosphine— and chiral di-
amine-metal complexes.' Apart from the transition-
metal-catalytic systems, organo—Brensted acids have
been demonstrated to be highly enantioselective catalysts
for transfer hydrogenation of imines with Hantzsch esters
by the groups of List, Rueping and MacMillan.>¢ In such
an organocatalytic reduction, the imine is protonated by a
chiral phosphoric acid, with the resulting chiral anion di-
recting the facial attack of the hydride at the iminium cat-
ion. However, deriving the hydride from a Hantzsch ester
and generating pyridine derivatives as a byproduct limit
the application of these reactions. It is still highly desir-
able to have more economic and efficient catalytic sys-
tems capable of highly enantioselective reduction of
imino bonds, particularly those attached to alkyl groups.

Recently, the combination of transition-metal complexes
with organocatalysts has become one of the most active
and exciting topics in catalysis.” Such combinations may
allow for reactivity and selectivity patterns that are inac-
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cessible within the individual field of homogeneous or or-
gano catalysis. Many excellent examples have appeared in
the literature, testifying to this assertion.” Over the past
few years, part of our research has concentrated on devel-
oping better catalysts for imino reduction.® One of the
strategies we pursued was to exploit metal-organo coop-
erative catalysis to benefit asymmetric imine hydrogena-
tion. Herein, we provide a brief account of our recent
work in this aspect.

In 2008, we found that a chiral rhodium(IIl) complex,
[Cp*Rh(TsDPEN-H)(H,0)][SbF¢], demonstrated excel-
lent catalytic ability in asymmetric hydrogenation of cy-
clic imines.’ It is, however, ineffective for the reduction of
acyclic imines. For example, it only afforded 3% ee in the
asymmetric hydrogenation of the model substrate 4-meth-
oxy-N-(1-phenylethylidene)benzenamine (1a). Changing
the metal from rhodium to iridium led to a higher ee of
22%.'% Considering the ability of chiral phosphoric acids
in inducing asymmetry in transfer hydrogenation of acy-
clic imines with organic hydride donors,>® we then ex-
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Scheme 1 Asymmetric hydrogenation of imines by combining a chi-
ral iridium catalyst with a chiral phosphoric acid

plored a variety of phosphoric acids in the iridium-
catalyzed hydrogenation (Scheme 1).

Combination of 4 with 3 led to the protonation of the lat-
ter, turning it from an inactive neutral complex into a cat-
alytically active cation. In particular, combining the 16e
complex 3a (1 mol%) with the chiral phosphoric acid 4e
(2 mol%) afforded 2a in 94% yield and 97% ee under the
hydrogenation conditions shown in Scheme 1.!! The re-
duction was thought to proceed through an ionic path-
way,'? involving metal-organo cooperative catalysis as a
key element in the catalytic cycle (Scheme 2). The iridi-
um—phosphate complex activates H,, resulting in the for-
mation of the Ir(IlI)-H hydride and protonated 1a. The
phosphate anion pairs with the iminium cation, thereby in-
fluencing the face-selective addition of the hydride to the
imino C=N bond. Indeed, dramatic changes in enantiose-
lectivities (from 17% to 97% ee values) and reversal of the
configuration of the amine product (4a, 4b: R-product;
4c—e: S-product) were observed on altering the steric bulk
of the chiral phosphoric acids or the configuration of the
diamine ligand (Scheme 1), showing the chirality of the
metal catalyst needs to match that of its counteranion. On
the basis of our more recent study, the hydride-transfer
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Scheme 2 Proposed mechanism for the asymmetric hydrogenation
catalyzed by 3-4 (4 =4 -H)
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step in Scheme 2 is likely to involve complex interactions
between the phosphate, the hydride and the iminium cat-
ion, with the former hydrogen-bonding with the latter two
species.

Using the 3a—4e combination as catalyst, a series of acy-
clic imines 1 were hydrogenated and the results are sum-
marized in Scheme 3. As can be seen, the imines were
successfully hydrogenated via this cooperative catalytic
system, affording excellent yields and enantioselectivi-
ties. Of particular note are the aliphatic imines 1t-v,
which yielded the corresponding amines 2t—v with up to
95% ee. It is also worth noting that the catalyst tolerates
various functional groups.

With the success in asymmetric hydrogenation of acyclic
imines, we next turned our attention to direct asymmetric
reductive amination (DARA) of prochiral ketones.!3
Since isolated imines are not always easy to synthesize
due to their instability, it is more convenient and econom-
ical to prepare chiral amines by way of DARA. Delight-
fully, the iridium—phosphoric acid combination was also
effective for DARA. Selected examples are given in
Scheme 4. A great variety of ketones, including aryl ke-
tones Sa—h with electron-donating or electron-withdraw-
ing groups and aliphatic ketones Si-1, were aminated via
this reaction, affording >90% ee in general. This was the
first report of a catalyst which is effective in the DARA of
both aryl ketones and aliphatic ketones. The phosphoric
acid plays multiple roles in the reaction, promoting the
imine formation and its subsequent hydrogenation.'3* The
presence of the acid also suppresses the hydrogenation of
ketones into alcohols, presumably due to its interaction
with both the iminium cation and the catalyst, bringing the
two into close proximity (see below). More recently, an
excellent paper was reported by Zhao and co-workers,'*
who developed the first asymmetric amination of alcohols
via cooperative catalysis coupled with hydrogen borrow-
ing.

The success in the asymmetric hydrogenation of imines
prompted us to search for a more efficient catalytic sys-
tem. The importance of the chiral Breonsted acid and the
chirality match between the metal catalyst and acid sug-
gested to us that it might be possible to combine a chiral
organocatalyst with an achiral metal catalyst, or vice ver-
sa, for highly enantioselective hydrogenation.!> The chiral
phosphate would be expected to form ion pairs with the
protonated imine, and when approaching an achiral metal
hydride, face discrimination could occur, leading to enan-
tioselective hydride delivery. This appeared to be feasible,
since chiral phosphoric acids had been demonstrated to be
able to induce the enantioselective attack of an achiral or-
ganic hydride at an imine by hydrogen bonding.!® We
therefore set out in 2008 to examine the appropriate chi-
ral-achiral combinations, initially focusing on asymmet-
ric imine hydrogenation.!>® While our research was in
progress, Rueping!” and Beller** and their co-workers re-
ported in 2011 on the combination of chiral organocata-
lysts with achiral metal catalysts for the asymmetric
hydrogenation of quinolines and imines, respectively.

© Georg Thieme Verlag Stuttgart - New York
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Scheme 3 Examples of hydrogenation with 3—4. Reagents and conditions: 1 (0.5 mmol), 3a (1 mol%), 4e (2 mol%), toluene (2 mL), H, (20
bar), 20 °C, 12 h. ® Isolated yield. ® Enantioselectivity, determined by HPLC. ¢ 3b was used as the catalyst.

After a great deal of trial and error, we were able to iden-
tify a class of easily accessible achiral [Cp*Ir(diamine)]
complexes C (Figure 1), which, when combined with chi-
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Scheme 4 Examples of DARA. Reagents and conditions: 5 (0.6
mmol), p-anisidine (0.5 mmol), 3a (1 mol%, for 5a—h) or 3b (1 mol%,
for 5i-1), 4e (6 mol%), toluene (2 mL), 4 A MS (200 mg), H, (5 bar),
35 °C, 15-24 h. # Isolated yield. ® Enantioselectivity, determined by
HPLC.
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ral phosphoric acids 4, give rise to high enantioselectivity
in the asymmetric hydrogenation of acyclic imines.'®!”
Our endeavor revealed that the R! substituent on the eth-
ylenediamine ligand plays a critical role in the asymmetric
induction. For example, the combination of C; (1 mol%)
and 4e (2 mol%) led to only 50% ee and 10% conversion
in the hydrogenation of 1a. In sharp contrast, full conver-
sion and 97% ee were obtained by replacing C; with C; or
C,.

O Ir CiR=H
NI N R CoR - Et
\ / 03 R=Bn
C4 R= 4-MGCSH4CH2
C5 R= 4-MeOC6H4CH2
Cg R = 4-F3CCgH4CH,
C; R =2-MeOCgH4CH,

| Cs R =4-Me

o9
SN CoR=4-F5C
S=N N° Ph ¢igR=35-(Fs0);

Figure 1 Achiral [Cp*Ir(diamine)] complexes examined for the
achiral—chiral combinations

A wide range of imines were hydrogenated with C;—4e or
C,—4e. The enantioselectivities obtained were similar to
those achieved with the chiral combination (Scheme 3).
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There are, however, examples where the achiral—chiral
couple gave significantly higher ee values, particularly for
some imines bearing electron-withdrawing substituents
(Scheme 5).

OMe / OMe
N C3 (1 mol%); 4e (1 mol%)
| toluene, H, (20 bar),
X 20°C, 12h /
I
R
=

4-Br, 98% ee
4-CN, 96% ee
4-
3-

-NO,, 96% ee
N02 92% ee

Scheme 5 Selected examples of asymmetric hydrogenation with
Ci;—4e

The advantage of the achiral-chiral combination is further
illustrated in the asymmetric hydrogenation of more chal-
lenging aliphatic ketone-derived imines. Selected exam-
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Scheme 6 Examples of asymmetric hydrogenation of alkyl imines.
Reagents and conditions: 7 (0.15 mmol), C, (1 mol%), 4e (1 mol%),
toluene (0.7 mL), H, (20 bar), 20 °C, 12 h. ® Isolated yield. ® Enantio-
selectivity, determined by HPLC.

T

H2 1a

ples obtained with the C,—4e catalyst are found in Scheme
6. As can be seen, the catalyst is capable of discriminating
an ethyl group from a butyl or a propyl group in a highly
enantioselective manner. However, the enantioselectivity
decreased progressively when the R! substituent in the im-
ine 7 was moved from the ortho to the meta and then the
para position.

It should be mentioned that although this achiral—chiral
catalytic system affords better results than those with the
chiral—chiral combination, it is not efficient in the DARA
of ketones under the conditions employed. The reason is
not immediately clear; but, the turnover may be limited by
the step of imine formation.

We expended a lot of effort in order to gain insight into the
mechanism of this achiral—chiral catalytic system, aiming
in particular to answer the question: how was the asym-
metry induced by, or how did the chirality transfer from,
the chiral organocatalyst? Detailed studies were carried
out with the model hydrogenation of 1a by Cg and 4e. By
using high-pressure 2D-NMR spectroscopy, diffusion
measurements, and NOE-constrained computation, we
were able to show that the reaction of H, with the iridi-
um(IIl)—chiral phosphate complex is nonstereoselective,
affording all four possible Ir-H hydrides, and it is the hy-
dride-transfer step that determines the enantioselectivity
observed (Scheme 7). We concluded that a ternary transi-
tion state is likely to be formed in the hydride-transfer
step, which is responsible for the enantioselective hydride
transfer, and that out of the four isomeric hydrides, it is the
minor cis-SySy-isomer that forms the productive ternary
complex with the phosphate and an iminium cation,
through which the imino bond is reduced. DFT/PM6 mod-
eling indicates that the phosphate binds to both the cis-
SiSy-isomer and the iminium cation [1a]* through hydro-
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Scheme 7 Mechanism showing how the chiral organocatalyst 4e induces asymmetry in the hydrogenation of imine 1a with the achiral iridium

catalyst Cg
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gen bonding and CH =w-interactions, allowing the hydride
to add only to the re-face of the imino bond (Scheme 7)."°

Whilst the chiral phosphate is highly effective in chirality
relay, it is worth noting that its bulkiness retards the hy-
dride transfer and hence the reaction rate. We also showed
that in the absence of an imine substrate, the benzyl group
in the cationic iridium catalyst undergoes cyclometalation
with the iridium atom, forming a catalytically inactive
complex.'®

In summary, we have developed an efficient methodology
for the asymmetric hydrogenation of imino bonds. The
success of the strategy hinges on the cooperative catalysis
between a hydrogen-activating iridium complex and
asymmetry-inducing chiral phosphate. Exactly how the
cooperative catalysis occurs has been mapped out, with
the phosphate being shown to interact selectively with
both the hydride donor and acceptor at the transition state
of hydride transfer.
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