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CONSPECTUS: The asymmetric reduction of ketimines is an important method for the )Nsw (0@ g PP
preparation of amines in optically pure form. Inspired by the biological system using A o A
NAD(P)H, Hantzsch ester has been extensively employed as a hydrogen donor in com- .

bination with chiral phosphoric acid for the transfer hydrogenation of ketimines to furnish @[NX @[NVR
amines with high to excellent enantioselectivities. s R s
We focused on 2-substituted benzothiazoline as a hydrogen donor in the phosphoric acid

catalyzed transfer hydrogenation reaction of ketimines for the following reasons: (1)  Produets

benzothiazoline is readily prepared just by mixing 2-aminobenzenethiol and aldehyde, (2)

both reactivity (hydrogen donating ability) and enantioselectivity would be controlled by w1 ”/’{PMP *j{mp
tuning the 2-substituent of benzothiazoline, and (3) benzothiazoline can be stored in a AR AT CoEL TR
refrigerator under inert atmosphere without conceivable decomposition. Both the e e oup
2-position of benzothiazoline and the 3,3’-position of phosphoric acid are tunable in Ar”}'\CFm R’ﬁ{w Arr);,“\

order to achieve excellent enantioselectivity.

Benzothiazoline proved to be useful hydrogen donor in combination with chiral phos-
phoric acid for the transfer hydrogenation reaction of ketimine derivatives to afford the corresponding amines with high to
excellent enantioselectivities by tuning the 2-substituent of benzothiazoline. Ketimines derived from acetophenone,
propiophenone, a-keto ester, trifluoromethyl ketone, and difluoromethyl ketone derivatives proved to be suitable substrates.
Benzothiazoline could be generated in situ starting from 2-aminobenzenethiol and aromatic aldehyde in the presence of ketimine
and chiral phosphoric acid and successfully worked in the sequential transfer hydrogenation reaction. The reductive amination of
dialkyl ketones also proceeded with high enantioselectivities. Use of 2-deuterated benzothiazoline led to the formation of
a-deuterated amines with excellent enantioselectivities. The kinetic isotope effect (ky/kc = 3.8) was observed in the competitive
reaction between H- and D-benzothiazoline, which explicitly implies that the cleavage of the C—H (C—D) bond is the rate-

determining step in the transfer hydrogenation reaction.

Benzothiazoline yielded products with higher enantioselectivity in the transfer hydrogenation reaction of ketimines, particularly
ketimines derived from propiophenone derivatives, than Hantzsch ester. DFT study elucidated the mechanism, as well as the
difference in selectivity, between benzothiazoline and Hantzsch ester. The chiral phosphoric acid activates ketimines and
benzothiazoline by means of the Bronsted acidic site (proton) and the Brensted basic site (phosphoryl oxygen), respectively, to

accelerate the hydride transfer reaction.

1. INTRODUCTION

Amines are an important class of structural motifs found in a vast
array of natural products and biologically active compounds.
The asymmetric hydrogenation of the carbon—nitrogen double
bond (abbreviated as C=N bond hereafter) represents one
of the most straightforward strategies for the construction of
chiral amines.'™® In the last several decades, we have witnessed
remarkable advances in the transition metal catalyzed asym-
metric hydrogenation of ketimines. Despite those advances, its
application has been limited particularly in the pharmaceutical
industry due to inherent shortcomings, for example, the
presence of metal contaminants and the high cost of removing
trace metals from products. Inspired by naturally occurring
hydrogenation processes mediated by nicotinamide adenine
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dinucleotide (NAD(P)H), Rueping,” List," and MacMillan""
independently reported the transfer hydrogenation of keti-
mines by the use of Hantzsch ester'>"? as the hydrogen donor
in combination with chiral phosphoric acid to afford the
corresponding amines with high to excellent enantioselectiv-
ities. The combination of Hantzsch ester and chiral phosphoric
acid proved to be useful for a range of enantioselective
reduction reactions of C=N bonds (Scheme 1).'47 Although
Hantzsch ester is an efficient hydrogen donor,”’” the develop-
ment of a new type of versatile organic hydrogen source was still
in demand.

Received: November 17, 2014
Published: January 22, 2015

DOI: 10.1021/ar500414x
Acc. Chem. Res. 2015, 48, 388—398


pubs.acs.org/accounts
http://dx.doi.org/10.1021/ar500414x

Accounts of Chemical Research

Scheme 1. Transfer Hydrogenation of Ketimines by Use of
Hantzsch Ester as Hydrogen Donor Catalyzed by Chiral
Phosphoric Acid
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Benzothiazoline exhibits reducing ability by releasing molec-
ular hydrogen to form more stable benzothiazole. Chikashita and
co-workers reported the reduction of a,f-unsaturated carbonyl
compounds in the presence of a stoichiometric amount of a
Lewis acid by use of benzothiazoline as the reducing agent as
early as in the 1980s (Scheme 2).**° However, this pioneering

Scheme 2. Benzothiazoline as Reducing Agent for the
Reduction of a,f-Unsaturated Carbonyl Compounds
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research failed to attract much attention over the last 20 years,
and consequently, the utility of benzothiazoline had not been
extensively investigated.

We hypothesized that benzothiazoline has unique features
that contribute to the high enantioselectivity in the transfer
hydrogenation: (1) reactivity (hydrogen-donating ability)
would be controlled by tuning the electronic properties of the
2-substituent, and (2) the 2-substituent would improve the
stereoselectivity because it is positioned geminal to the trans-
terable hydrogen. Based on those ideas, we reported the transfer
hydrogenation of ketimines derived from acetophenone de-
rivatives by means of chiral phosphoric acid in 2009 (Scheme 3).

Scheme 3. Benzothiazoline-Mediated Transfer
Hydrogenation of C=N Bond
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Subsequently, applications for the reduction of various types of
molecules containing the C=N bond were developed. We
discuss herein the transfer hydrogenation of the C=N bond by
use of benzothiazoline as the hydrogen donor.*
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2. PERFORMANCE IN TRANSFER HYDROGENATION
OF C=N BOND

2.1. Synthesis of Benzothiazolines

Benzothiazolines 1a—1f were readily prepared in good yields by
the condensation of 2-aminobenzenethiol with a variety of alde-
hydes in ethanol (Scheme 4). The ease of structural modification

Scheme 4. Synthesis of Benzothiazolines
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at the 2-position is a beneficial advantage of benzothiazoline over
Hantzsch ester because both benzothiazoline and phosphoric acid
are tunable, thereby achieving high enantioselectivity. Although
benzothiazoline has an N,S-acetal moiety and potentially under-
goes autoxidation, it has reasonable stability that enables storage
at 0 °C under an inert atmosphere for several months without
appreciable decomposition.

2.2. Brgnsted Acid Catalyzed Reductive Amination of
Aldehydes

The reductive amination of aldehydes was initially tested to
assess the reducing ability of benzothiazoline.>* Optimization of
the reaction conditions revealed that in the presence of benzo-
thiazoline 1a, 20 mol % TFA promoted the reductive amination
of benzaldehyde with p-anisidine, furnishing the corresponding
amine in 93% yield at room temperature. A range of aromatic
aldehydes bearing either electron-rich or electron-deficient
groups proved to be suitable substrates (Scheme S, 2a—2f).
The aldimine derived from cinnamaldehyde exclusively under-
went 1,2-reduction (2g). Heteroaryl aldehyde and aliphatic
aldehyde also gave products in good chemical yields by prolong-
ing the reaction time (2h, 2i). The reaction was compatible with
other anilines than p-anisidine (2j—21).

Subsequently, a one-pot reduction process was developed,
which relied on the formation of both benzothiazoline and imine
in situ. The reaction was carried out with aldehyde, aniline, and
2-aminobenzenethiol. With 2-aminobenzenethiol as the pre-
cursor of the reducing agent, the reductive amination proceeded
readily with a variety of aldehydes, giving the corresponding
amines in good yields (Scheme 6).

2.3. Asymmetric Transfer Hydrogenation of Ketimines

The asymmetric reduction of imine is a highly eflicient approach
for the preparation of amine in an optically pure form. We inves-
tigated the enantioselective transfer hydrogenation of ketimines
by use of benzothiazoline as the hydrogen donor in combination
with chiral phosphoric acids.*>~*' Phosphoric acid 3 (TRIP)
exhibited the higghest catalytic activity in the presence of
benzothiazoline.** It is noted that TRIP (3) frequently pro-
vides the best stereocontrol in the benzothiazoline-mediated
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Scheme 5. Reductive Amination of Aldehydes Scheme 7. Improvement of Enantioselectivity by Modifying
2-Substituent of Benzothiazoline
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enantioselective transfer hydrogenation. The enantioselectivity

can be further fine-tuned by modifying the 2-substituent of ben- /©/ /©/

zothiazoline. The enantioselectivities were variable with the use ON HY HY

of different benzothiazolines 1la—f (Scheme 7). Increasing the 2 \©/\ O/\

steric hindrance from phenyl (1b) to 2-naphthyl group (1d)

improved the ee value to 97%. 4i: 27 h, 97%, 97% ee 4j: 30 h, 80%, 98% ee
With benzothiazoline 1d in hand, the substrate scope was

defined. Excellent ee values (95—98% ee) as well as high chem- /@

ical yields were obtained in all the cases examined (Scheme 8). HN HN/©/

Even the reduction of aliphatic ketimine proceeded smoothly H :

without any loss of enantioselectivity (4§). ©/\
Benzothiazoline could be generated in situ in the transfer

hydrogenation reaction. A three-component reaction involving 4ak: 24 h, 92%, 98% ee 41: 24 h, 93%, 97% ee
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ketimine, 2-naphthalenecarbaldehyde, and 2-aminobenzenethiol
furnished corresponding amine 4b in high yield with excellent
enantioselectivity (Scheme 9).

Scheme 9. Transfer Hydrogenation of Ketimine by Use of
in Situ Generated Benzothiazoline

NPMP o
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2.4. Enantioselective Reductive Amination of Aliphatic
Ketones

Ketimines derived from dialkyl ketones are, in general, unstable
and difficult to isolate in pure form. Thus, the enantioselective
reduction of ketimines, particularly those derived from aliphatic
ketones, is nontrivial. In this regard, enantioselective reductive
amination is an efficient approach to obviate the need for the
isolation of dialkyl ketimines.

The reductive amination was carried out with benzylacetone,
p-anisidine, and benzothiazoline 1b in benzene in the presence of
a catalytic amount of chiral phosphoric acid (S mol %) and S A
MS at room temperature.* During the screening for phosphoric
acid, TRIP (3) once again exhibited the highest catalytic activity,
giving Sa with 97% ee.** When this reaction was performed at
20 °C instead of rt, the enantioselectivity of Sa was not affected
but the yield was slightly improved from 76% to 87%. The
applicability of the reactions to a range of aliphatic ketones and
anilines was subsequently explored (Scheme 10). Methyl
ketones bearing various substituents on the carbonyl group
reacted smoothly to afford corresponding amines Sa—f in good
yields with excellent enantioselectivities. Both electron-rich and
electron-deficient anilines were suitable substrates, giving amines
5g—i in satisfactory yields. Sterically hindered methyl ketones
also adapted well to the reaction conditions, and products 5j and
Sk were obtained with 97% ee. In contrast, ethyl ketone gave
corresponding amine Sl in low yield with moderate enantiose-
lectivity.

Recently, Enders and co-workers reported the asymmetric
synthesis of trans-1,3-disubstituted tetrahydroisoquinolines via
a reductive amination/aza-Michael addition sequence.*> The
performance of benzothiazoline 1g in the reductive amination
step catalyzed by TRIP (3) was superior to that of Hantzsch ester
with respect to the enantioselectivity (Scheme 11).

2.5. Asymmetric Transfer Hydrogenation of Ketimines
Derived from Propiophenones

Although the enantioselective reduction of ketimines derived
from acetophenone derivatives by organocatalysis as well as
metal catalysis has been extensively studied, the reduction of
ketimines derived from propiophenone derivatives is under-
investigated. We studied the enantioselective transfer hydro-
genation of ketimine derived from propiophenone and found
that the combination of 2-naphthylbenzothiazoline 1d and TRIP
(3) was the most efficient.* Corresponding amine 6a was
obtained in 85% yield with 98% ee. The reaction has a broad

Scheme 10. Asymmetric Reductive Amination of Aliphatic
Ketones
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substrate scope (6b—6p): electron-rich and electron-deficient
aryl and heteroaryl substrates, such as 2- and 3-thienyl, were
compatible with the reaction conditions. The protocol was
applied to a range of ketimines derived from propiophenones
to afford the corresponding amines with high to excellent
enantioselectivities (Scheme 12). In sharp contrast, the use of
Hantzsch ester under identical conditions led to a significant
deterioration of the enantioselectivities. This was the first time
that the performance of benzothiazoline and Hantzsch ester in
the asymmetric transfer hydrogenation of ketimines was
systematically compared.
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Scheme 11. Reductive Amination/Aza-Michael Addition
Sequence
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Scheme 12. Asymmetric Transfer Hydrogenation of

Ketimines Derived from Propiophenones
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2.6. Asymmetric Transfer Hydrogenation of Trifluoromethyl
and Difluoromethyl Ketimines

Fluorinated compounds have attracted much attention in
academia and industry in the past decade. A general and efficient
method for the preparation of fluorinated compounds, which was
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based on the transfer hydrogenation by use of benzothiazolines,
was developed in order to meet the growing demand for new and
structurally diverse trifluoromethylated and difluoromethylated
amines for pharmaceutical and agrochemical purposes.*’

In the asymmetric transfer hydrogenation of trifluoromethyl
ketimine, screening for chiral phosphoric acid catalysts and
benzothiazolines revealed that catalyst 8 and the more electron-
deficient 4-nitrophenyl benzothiazoline 1¢ were the most effective
to furnish corresponding trifluoromethylated amine 7a in 89%
yield with 96% ee (Scheme 13). In sharp contrast, use of Hantzsch

Scheme 13. Distinct Differences in Reactivity between Two
Reducing Agents
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| R
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2
s N

Hantzsch ester
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4%, 45% ee

1c
(1.2 equiv, 24 h)
89%, 96% ee

ester as the reducing agent under identical reaction conditions
gave a trace amount of 7a (4% yield) with poor enantioselectivity
(45% ee).

Satisfactory outcomes of the transformation were achieved
with a variety of trifluoromethyl ketimines. In the case of
electron-rich/electron-deficient aryl and heteroaryl ketimines,
products with 96—98% ee were furnished (Scheme 14).

Scheme 14. Asymmetric Transfer Hydrogenation of
Trifluoromethyl Ketimines
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The asymmetric reductive amination of trifluoromethyl
ketones was also successfully achieved. Subjection of a mixture
of trifluoromethyl ketone and p-anisidine to the standard

DOI: 10.1021/ar500414x
Acc. Chem. Res. 2015, 48, 388—398


http://dx.doi.org/10.1021/ar500414x

Accounts of Chemical Research

conditions in the presence of a dehydrating agent (MgSO,)
gave rise to the corresponding trifluoromethylated amines with
93—96% ee, which was similar to the case of preformed trifluo-
romethyl ketimines (Scheme 15).

Scheme 15. Asymmetric Reductive Amination of
Trifluoromethyl Ketones

1c (1.2 equiv)

R'" “CF, MeO MgSOy, (1 equiv) R1/\CF3
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= 3-MeOCgH, 79: 82% yield, 93% ee
R1 = 2-Naphthy! 7h: 95% vyield, 96% ee

In addition to trifluoromethylated amines, difluoromethylated
amines are also important scaffolds particularly in biologically
active molecules. However, the asymmetric reduction of diflu-
oromethyl ketimines had not been achieved with satisfactory
enantioselectivity.***” Under identical reaction conditions to the
transfer hydrogenation of trifluoromethyl ketimines, difluor-
omethyl ketimines also proved to be suitable substrates.*® In the
presence of phosphoric acid 8 and benzothiazoline 1¢, both aryl-
and heteroaryl-containing difluoromethyl ketimines underwent
transfer hydrogenation to furnish difluoromethylated amines
with high enantioselectivities (Scheme 16).

Scheme 16. Asymmetric Transfer Hydrogenation of
Difluoromethyl Ketimines
1c (1.2 equiv)

PMP (R)-8 (5 mol%)
N 5A MS

CF,H mesitylene

rt, 24-49 h

89%, 93% ee 86%, 92% ee 74%, 92% ee 45%, 93% ee

70%, 93% ee 69%, 92% ee 66%, 92% ee 63%, 91% ee

2.7. Asymmetric Transfer Hydrogenation of a-Imino Esters

a-Amino acids are widely found in natural products and
biological systems and extensively utilized as building blocks in
biochemistry and pharmaceutical chemistry. The reduction of
a-imino esters is one of the most direct approaches to afford
a-amino esters, the precursor of @-amino acids. Apart from the
original efforts for the asymmetric reduction of a-imino esters by
means of chiral phosphoric acid and Hantzsch ester by Antilla>!
and You,”** comparable results from our group indicated that
benzothiazoline was just as competent for the reduction of
a-imino esters, yleldmg the corresponding a-amino esters with
high enantiopurity.>*

The experiments were carried out in the presence of TRIP (3)
and benzothiazoline 1b. The type of ester was crucial: whereas
ethyl ester furnished a reduced product with 58% ee, methyl ester
resulted in a product with 93% ee. Interestingly, the ee value was
improved to 98% by decreasing catalyst loading from 10 to 1 mol %.
Then, a series of a-imino esters bearing different functional groups
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were examined and found to produce corresponding a-amino
esters 9 in excellent yields and enantioselectivities (Scheme 17).
The reduction of an aliphatic imino ester also proceeded

Scheme 17. Asymmetric Transfer Hydrogenation of @-Imino
Esters
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\©/\COZMe O/\COZMe
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COzMe ©ﬂcozlv|e

9i: 90%, 97% ee 9j: 96%, 96% ee

.|Z

“Result of reductive amination of a-keto ester shown in parenthesis.

smoothly without compromising the enantioselectivity (9h).
Both N-phenyl- and N-4-chlorophenylimines proved to be suit-
able substrates (9i,j). Compound 9a could also be successfully
synthesized by the reductive amination of a-keto ester, fur-
nishing 9a in 97% yield with 97% ee.

In order to demonstrate the synthetic utility of the method,
benzothiazoline 1b was generated in situ and used in the gram-
scale reduction in the presence of 0.5 mol % TRIP 3. The
three-component reaction starting from 1.08 g of a-imino
ester, benzaldehyde, and 2-aminobenzenethiol furnished the

DOI: 10.1021/ar500414x
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corresponding a-amino ester 9a without compromising yield and
enantioselectivity (Scheme 18).

Scheme 18. Gram-Scale Reduction by Use of in Situ
Generated Benzothiazoline

NPMP

CHO NH,
come (" L
SH

4 mmol (1.08 g) 6.4 mmol 6.4 mmol
(R)-3 NHPMP
(0.5 mol%, 15 mg) -
CO,Me
mesitylene,
50°C, 28 h
9a

81% (0.88 g), 96% ee

2.8. Readily Removable Hydrogen Source

The difficulty of separating the products from the pyridine
derivative generated by the dehydrogenation is one of the
disadvantages in the transfer hydrogenation by use of hydrogen
donor. In order to resolve this issue, additional functional groups
were introduced into benzothiazolines to modify their chemical
or physical properties. Hydroxy-attached benzothiazolines
1h—1k and carboxy-attached benzothiazoline 11 were synthe-
sized (Figure 1). It was found that 1h—1k and the resulting

y HO " OH H
N N N
L CL o
S S S
1h 1i 1j

H H
N O OH N
Cr- oo
S S
1k 11

Figure 1. Readily removable benzothiazolines.

byproduct benzothiazoles were precipitated in organic solvents,
whereas 11 and its byproduct were readily eliminated by washing
with aqueous basic solution. As a result, benzothiazoles along
with excess benzothiazolines could be removed by simple
treatment in a workup procedure.

The performance of benzothiazolines 1h—11 in the asym-
metric transfer hydrogenation of ketimines and @-imino esters is
demonstrated in Schemes 19 and 20, respectively. Benzothiazo-
line 1k proved to be the most efficient reducing agent for the
reduction of ketimines in the presence of TRIP (3) (Scheme 19).%°
All aryl and cyclohexyl ketimines gave rise to the corresponding
amines in good yields with excellent enantioselectivities. Ben-
zothiazoline 1j exhibited the highest selectivity in the reduction
of a-imino esters (Scheme 20).°* A range of a-imino esters
underwent transfer hydrogenation by the combined use of 1j and
TRIP (3) to furnish chiral a-amino esters in a highly enan-
tioselective manner regardless of the electronic features of the
substrates. Notably, these results were comparable to those
obtained by the use of non-hydroxy-attached benzothiazolines
1b and 1d (Schemes 8 and 17). The advantage of hydroxy-
benzothiazolines is 3-fold: (1) the benzothiazole byproduct
appears as a precipitate in the reaction and is readily removable
by filtration, (2) further purification by chromatography is
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Scheme 19. Transfer Hydrogenation of Ketimines by Use of
Hydroxy-benzothiazolines

1k (1.5 equiv)

NeMp  (R)-3 (5 mol%) NHPMP
R! mesitylene R
50 °C, 24-30 h
NHPMP

NHPMP NHPMP

sallesalNon

4a: 92%, 97% ee 4b: 82%, 96% ee 4c: 78%, 95% ee

NHPMP NHPMP NHPMP

4e: 84%, 92% ee 4h: 81%, 96% ee 4j: 75%, 96% ee

Scheme 20. Transfer Hydrogenation of a-Imino Esters by Use
of Hydroxy-benzothiazolines

1j (1.5 equiv)

NR2 (R)-3 (1 mol%) NHR?
R SCO,Me mesitylene  R'CO,Me
50 °C, 24-30 h

HN HN
©/\C02Me Cone
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: _OMe /©/0Me
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MeO E

9d: 96%, 90% ee 9f: 88%, 90% ee

o™ o
HN HN HN

F\©A002Me OﬂCOZMe ©A002Me

9g: 95%, 96% ee 9h: 77%, 96% ee 9i: 92%, 95% ee

facilitated due to the presence of a polar hydroxy group, and (3)
application of the polymer-supported benzothiazoline is
expected due to the facile modification of the hydroxy group.
Preliminary studies of carboxy-attached benzothiazoline 11
demonstrated that 11 also possessed good reducing ability and
could efliciently accomplish the reduction of a-imino esters and
aldimines, as well as the reductive amination of aldehydes.*® The
introduction of the carboxy group significantly facilitated the
removal of residual benzothiazoline and benzothiazole by simply
washing with 10% aqueous NaOH solution. This eco-friendly
approach reduced the volume of organic solvents used for the
purification process and offered a convenient access to amines.

2.9. Enantioselective Transfer Deuteration of Ketimines

Because deuterated compounds are an important class of mate-
rials that are used in a number of scientific areas and occasionally
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exhibit better stability or bioavailability than their hydrogen
analogues, the incorporation of deuterium into molecules is of
great significance. Although many practical methods for the
deuteration have been documented, asymmetric deuteration is
underexplored.”” Inspired by the accomplishments in the
transfer hydrogenation with benzothiazoline as the reducing
agent, we developed an efficient access to the optically active
deuterated amines by use of deuterated benzothiazoline, which
was readily accessible from D-aldehyde.>®

Upon treatment of ketimines with 2-deuterio-2-(2-naphthyl)-
benzothiazoline (10) in the presence of TRIP (3) in mesitylene
at 50 °C, the transfer deuteration proceeded to give the corre-
sponding a-deuterated amines 11 with excellent enantioselectivi-
ties (95%—98% ee) regardless of the electronic characters of the
different substituents (Scheme 21). Deuterium was incorporated

Scheme 21. Asymmetric Deuteration of Ketimines by Use of

2-Deuteriobenzothiazoline
H
@E%‘ i
S

10 (1.4 equiv)

NPMP  (R)-3 (2 mol%)

D, .NHPMP
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R 5A MS
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50 °C, 20-26 h
D: NHPMP D: NHPMP
11a: 99%, 98% ee  11b: 90%, 98% ee
D, NHPMP D, NHPMP

11c: 93%, 98% ee 11d: 91%, 97% ee
D, NHPMP D, NHPMP

11e: 71%, 98% ee
D, NHPMP

11f: 97%, 97% ee

D, .NHPMP
/©>\ ozN\©>\
O,N
11g: 77%, 95% ee  11h: 84%, 97% ee

at the position « to nitrogen. The kinetic isotope effect (kyy/kp =
3.8) was observed in the competitive reaction between H- and
D-benzothiazolines, which explicitly implies that the cleavage of
the C—H (or C—D) bond is the rate-limiting step in this transfer
hydrogenation reaction (Scheme 22).

The deuteride reduction was also successfully applied to
a-imino esters (Scheme 23). 2-Deuterio-2-phenylbenzothiazo-
line 12 proved to be the most efficient hydrogen donor. The
electron-rich, electron-deficient, and heterocyclic substrates gave
the corresponding @-amino esters 13 with excellent enantiose-
lectivities.

3. COMPUTATIONAL STUDY FOR MECHANISTIC
ELUCIDATION

DEFT studies of the chiral BINOL—phosphoric acid catalyzed

asymmetric transfer hydrogenation of ketimine and a-imino

ester with benzothiazoline enabled the elucidation of the reaction

mechanism, as well as the origin of the stereocontrol.>® The chiral

395

Scheme 22. Competition Experiments between H- and
D-Benzothiazolines

H

N H
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Scheme 23. Asymmetric Deuteration of @-Imino Esters by Use
of D-Benzothiazoline
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BINOL—phosphoric acid activates ketimine and benzothiazoline
by means of the Bronsted acidic site (proton) and the Bronsted
basic site (phosphoryl oxygen), respectively, to accelerate
hydride transfer. This reaction mechanism, which involves a
two-point catalyst—substrate interaction, is very similar to that
reported in the transfer hydrogenation of ketimines with
Hantzsch ester. ™% In both cases, the bifunctionality of
BINOL—phosphoric acid plays a significant role in the simulta-
neous activation of ketimines and the hydride source (Figure 2).
The results of the deuteride reduction and the KIE experiment
(Scheme 22) support the mechanism.

— % —

02) >
S0 -

TH. f/)\R3

L Ar — L
(a) Benzothiazoline hydrogenation

(b) Hantzsch ester hydrogenation

Figure 2. Reaction mechanism of the BINOL—phosphoric acid
catalyzed transfer hydrogenation of ketimine with (a) benzothiazoline
and (b) Hantzsch ester.

On the basis of the two-point catalyst—substrate interaction
mechanism, there are eight possible transition states (TSs) corre-
sponding to the enantiofacial selection (leading to major and
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minor enantiomers, favored TS and disfavored TS), two geo-
metric conformations of the imino group (anti and syn con-
formations of ketimine), and two absolute configurations of
benzothiazoline (S and R). In the relatively more stable
diastereomeric TSs, syn-ketimine is preferred to anti-ketimine
because of conformational matching with the compact chiral
space constructed by the 3,3’-substituents of BINOL—phosphoric
acid (Figure 3). The steric interactions with the sterically

Favored TS

Disavored TS

Figure 3. Diastereomeric transition states in the BINOL—phosphoric
acid catalyzed transfer hydrogenation of ketimine.

demanding 2,4,6-(i-Pr);C¢H, groups at the 3,3’-positions are
responsible for the high stereocontrol. The N-aryl group of
ketimine and the 2-substituent of benzothiazoline (R!) are
oriented toward the empty pocket of BINOL—phosphoric acid
in the favored TS. In contrast, these substituents of the substrates
are located close to the 2,4,6-(i-Pr);C4H, groups to induce large
repulsive interactions in the disfavored TS. These computational
results well account for the 2-substituent effect of benzothiazo-
line, in which the 2-naphthyl group exhibited higher
enantioselectivity (97% ee) than the phenyl group (92% ee) as
the 2-aryl substituent of benzothiazoline. Sterically fine-tuning
the 2-aryl substituent of benzothiazoline increases the repulsive
interaction with the 2,4,6-(i-Pr);C¢H, groups in the disfavored
TS to enhance the enantioselectivity. The steric effect of
Hantzsch ester is approximately the same on each diastereomeric
TS due to its C,-symmetric structure. Such differences in
steric effects between unsymmetrical benzothiazoline and
C,-symmetric Hantzsch ester result in the major advantage of
benzothiazoline.

4. CONCLUSION

In this Account, we have summarized the achievements of
benzothiazolines as the reducing agent in the chiral phosphoric
acid catalyzed transfer hydrogenation of the C=N bond.
Applications include (1) the reductive amination of aldehydes
and the enantioselective reductive amination of aliphatic ketones,
(2) the asymmetric reduction of ketimines and trifluoromethyl/
difluoromethyl ketimines, as well as a-imino esters, and (3) the
asymmetric transfer deuteration of ketimines. The remarkable
advantages of benzothiazolines are also referred to easy synthesis
and modification. Based on that, hydroxy- and carboxy-attached
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benzothiazolines were developed to simplify the purification
process. Moreover, theoretical studies were conducted to
elucidate the reaction mechanism, as well as the origin of the
high enantioselectivity. Benzothiazolines are expected to have
diverse applications in the future, particularly in the reduction of
unsaturated functional groups other than the C=N bond and
transition metal catalyzed reductions.®>**
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