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ABSTRACT: Benzothiazoline is an efficient reducing agent
for the chiral BINOL-phosphoric acid catalyzed enantioselec-
tive transfer hydrogenation of ketimines and a-imino esters to
afford the corresponding amines with high enantioselectivities.
DFT studies (MO05-2X/6-31G*//ONIOM(B3LYP/6-
31G*:HF/3-21G)) revealed the reaction mechanism and the
origin of the high enantioselectivity in the present BINOL-
phosphoric acid catalyzed transfer hydrogenation of ketimines
and a-imino esters using benzothiazoline. The reaction
mechanism is similar to that reported in the asymmetric
transfer hydrogenation of ketimines using Hantzsch ester.
Phosphoric acid simultaneously activates ketimine (a-imino
ester) and benzothiazoline to form cyclic transition structures.

The high enantioselectivity is attributed to the steric interaction between the substituents at the 3,3’-positions of BINOL-
phosphoric acid and substrates. In contrast to the C,-symmetrical Hantzsch ester, the readily tunable 2-aryl substituent of
unsymmetrical benzothiazoline plays a significant role in the steric interaction, influencing the asymmetric induction. This feature
is responsible for the advantage of benzothiazoline over Hantzsch ester.

B INTRODUCTION

The enantioselective organocatalytic hydrogenation of keti-
mines' and q-imino esters” has attracted considerable interest
due to its straightforward approach for the preparation of
optically pure amines and a-amino acid derivatives. In this
reaction, various chiral phosphoric acids® have recently
emerged as efficient chiral Bronsted acid catalysts that activate
ketimines and @-imino esters. Rueping et al.'"***" and List et
al’® developed the asymmetric transfer hydrogenation of
ketimines using chiral BINOL-phosphoric acid bearing bulky
aryl substituents at the 3,3’-positions. The bulky aryl
substituents were necessary for the high enantioselectivity in
this reaction. By using an analogous chiral phosphoric acid,
MacMillan et al.'® and List et al'” reported the reductive
amination of a wide range of ketones. Antilla et al.** and You et
al®® independently reported the asymmetric transfer hydro-
genation of q-imino esters, which is an attractive route to
optically pure a-amino acids. In those reactions, the reducing
agent was limited to Hantzsch ester, a widely known synthetic
mimic of nicotinamide adenine dinucleotide (NADH). DFT
computational studies of the present hydrogenation of
ketimines using Hantzsch ester afforded much insight into
the reaction mechanism. Goodman et al.* and Himo et al.’
interpreted the reaction mechanism of the chiral BINOL-
phosphoric acid catalyzed asymmetric transfer hydrogenation of
ketimines using Hantzsch ester. In their elegant computational
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approach, the reaction mechanism and asymmetric induction
were explained by a cyclic transition state (TS): the Bronsted
acidic site (proton) electrophilically activated ketimines,
whereas the basic site (phosphoryl oxygen) formed a hydrogen
bond with Hantzsch ester. On the other hand, Akiyama et al.
recently developed benzothiazoline as a novel biomimetic
hydrogen source in the phosphoric acid catalyzed enantiose-
lective hydrogenation of ketimines and a-imino esters (Scheme
1).° The synthetic utility of benzothiazolines lies in their
potential to control both reactivity and stereoselectivity by
tuning their electronic and steric properties (e.g., substituent
effect of R®). In a manner similar to Hantzsch ester
hydrogenation, the bulky aryl substituents at the 3,3’-positions
of BINOL-phosphoric acid were essential for the high
enantioselectivity. Therefore, the simultaneous activation of
the imino group and benzothiazoline by BINOL-phosphoric
acid was predicted and a cyclic TS would promote this reaction.
Such a bifunctional activation process via a hydrogen-bonding
interaction has emerged as an important paradigm of
organocatalysis. We herein theoretically investigated the
reaction mechanism and the origin of the high enantioselec-
tivity observed in the chiral BINOL-phosphoric acid catalyzed
benzothiazoline hydrogenation of ketimines and a-imino esters.
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Scheme 1. BINOL-Phosphoric Acid Catalyzed
Enantioselective Hydrogenation of Ketimines and a-Imino
Esters with Benzothiazolines

catalyst (2 - 10 mol%):

N N A
r
= O~ OO0
©:3>_ s R
24
3(2eq.) g oH
N’P'vIP catalyst un-PMP I I Ar

"z

- 1a: Ar = 2,4,6-(i-Pr)3CgH,
1 2 toluene or mesitylene N

RT "R® foluene #ESYIEN® RI™R2  4b; Ar = 9-anthryl

PMP: 4-MeOCgH,

(R" R?, R3) = (Ph, Me, Ph): 92% ee (1a), 62% ee (1b)
(R" R?, R3%) = (Ph, CO,Me, Ph): 93% ee (1a)

_ %~
S H~N)
03 Y=
AR
<o\ o7 > <o\ Pe
P 1 N
‘oL R o
o O\H ’r/)\RZ \(,:l/)\Rz
| |
L PP L PMP _

Proposed transition state  cf. DFT-optimized transition structure*>

B CHEMICAL MODEL AND COMPUTATIONAL
METHODS

Previous DFT calculations™® of the Hantzsch ester hydrogenation
suggested that the present benzothiazoline hydrogenation should also
proceed via a cyclic TS through two hydrogen bonds. The Bronsted
acidic site (proton) would activate the imino groups, whereas the
Lewis basic site (phosphoryl oxygen) would abstract the proton to
induce hydride transfer and aromatization of benzothiazolines. In the
simplified chemical model, the benzene rings of BINOL-phosphoric
acid and benzothiazoline were removed to reduce computational cost,
and biphenol-phosphoric acid (cat), ketimine (El), and thiazoline
(Nu) were used. To elucidate the bifunctionality of BINOL-
phosphoric acid, two possible pathways (path 1, monocoordination
model; path 2, dicoordination model) of the benzothiazoline
hydrogenation were first compared using the simplified chemical
model (Scheme 2). Focusing on the 3,3’-substituent effect of the
phosphoric acid catalyst, 2,4,6-(i-Pr);C4H,- and 9-anthryl-substituted
BINOL-phosphoric acids were employed (1a, Ar = 2,4,6-(i-Pr);CcH,;
1b, Ar = 9-anthryl) for the transfer hydrogenation of ketimine (2a)
with benzothiazoline (3). The substituent effect on the a-imino ester
(2b) was also addressed. A realistic chemical model based on the ideal
transition structure of the simplified chemical model was used to
investigate steric interaction and asymmetric induction. All calculations
were performed with the Gaussian 03 package.” Geometries were fully
optimized by ONIOM (B3LYP/6-31G*:HF/ 3-21G)?® calculations and
characterized by frequency calculations. For the realistic chemical
models, single-point energy calculations of the ONIOM-optimized
structures were evaluated at the M05-2X/6-31G* level.>*° According
to our previous reports,'" the 3,3'-substituents (Ar) and the benzene
rings of the catalyst and the substrates (and also the ester group in 2b)
were calculated at the lower level layer in the ONIOM calculation to
reduce computational cost (blue color in Figure 1). Free energies were
also computed for the gas phase. Solution-phase energies were
evaluated by single-point energy calculations using M05-2X/6-31G*
with the polarizable continuum model (PCM, toluene, & = 2.379).12

B RESULTS AND DISCUSSION

Two pathways (path 1, monocoordination model; path 2,
dicoordination model) in the simplified chemical model were
first explored. Zwitterionic complexes CPmi'® (Scheme 2, path
1) and CPi (Scheme 2, path 2) are reversibly formed from cat,
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Scheme 2. Possible Reaction Mechanisms of the Phosphoric
Acid Catalyzed Benzothiazoline Hydrogenation
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Figure 1. Chemical models.

El, and Nu through the protonation of El in their neutral
hydrogen-bonding complexes. The intramolecular nucleophilic
attack of Nu (TS and TSm) yields a product. In both pathways,
the two possible diastereomeric TSs (TSr and TSs) correspond
to the absolute configuration of Nu. The phenyl group of Nu is
arranged in a nearly antiperiplanar (TSr) or synclinal (TSs)
fashion with respect to the C=N bond of El, respectively."*
The energy profile has the following features: (1) path 2 is
energetically more favored than path 1, and (2) TSr is more
stable than TSs in both reaction pathways (Figure 2). The
energetically preferred dicoordination model (path 2) is due to
the bifunctional cooperativity of the phosphoric acid moiety,
which is found in several phosphoric acid catalyzed asymmetric
reactions.*>' !> Almost the same two P—O bonds (TSr, 1.512,
1.508 A; TSs, 1.513, 1.504 A) are observed in path 2, and
hence, the negative charge is delocalized over the O—P—O
fragment. In contrast, the two P—O bonds of TSms and TSmr
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Figure 2. Energy profiles of the monocoordination model (Scheme 2,
path 1) and dicoordination model (Scheme 2, path 2). The potential
energy of the sum of cat, Nu, and El is set to 0. Free energies are
shown in parentheses.

in path 1 are regarded as a P=0 double bond (TSmr, 1.490 A;
TSms, 1.487 A) and a P—O single bond (TSmr, 1.530 A;
TSms, 1.531 A). The dicoordination transition structure is well
stabilized by the resonance stabilization of the O—-P-O
fragment in combination with the hydrogen-bonding inter-
action between the substrates and the catalyst (Figure 3). The
two NH moieties of TSr or TSs are directed toward cat via the
hydrogen-bonding network, and hence, the absolute config-
uration of Nu very much affects the NH—O coordination
structures in TS. Depending on the absolute configuration of
Nu, one NH moiety is located either close to (TSr) or far away
from (TSs) the other NH moiety. TSr provides an effective

(a) dicoordination model

Figure 3. 3D structures of TSr, TSs, TSmr, and TSms (C, gray; O,
red; N, blue; P, orange; S, yellow; cat and El, ball and stick model; Nu,
tube model). Bond lengths are in A. Relative energies (kcal/mol) are
shown in parentheses.
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coordination structure for two hydrogen-bonding interactions
(1.646, 1.697 A) and is relatively stable compared to TSs
(1.639, 1.729 A).

It was experimentally confirmed that the asymmetric
induction in the present reaction was very much affected by
the substituents at the 3,3’-positions of BINOL-phosphoric
acids. The sterically demanding 2,4,6-(i-Pr);C4H, groups at the
3,3'-positions would construct an appropriate asymmetric
environment that would yield the highest enantioselectivity
for both ketimines and a-imino esters. This indicates that the
present benzothiazoline hydrogenation of ketimines and a-
imino esters would proceed through a similar transition
structure. To elucidate the major factor contributing to the
asymmetric induction in the benzothiazoline hydrogenation of
ketimines and a-imino esters, possible diastereomeric transition
structures leading to the major and minor enantiomers were
explored on the basis of the promised dicoordination model
(e.g, TSr and TSs). In the realistic chemical model for the
benzothiazoline hydrogenation of 2a or 2b catalyzed by 1a or
1b (TS-A, 1a and 2a; TS-B, 1b and 2a; TS-C, 1a and 2b),
there are eight possible transition structures corresponding to
the enantiofacial selection (leading to major and minor
enantiomers, TSa and TSf), two geometric conformations of
the imino group (anti and syn conformations with respect to
the two phenyl groups, TS,,; and TSsy,,), and two absolute
configurations of benzothiazoline (S and R, TSs and TSr)
(Scheme 3). In the case of 2a, the relative energies of the four
diastereomeric transition structures leading to the major
enantiomer (TSa-A and B, left in Scheme 3) show a matched
or mismatched pair between the geometric conformation of 2a
and the absolute configuration of 3.' Whereas anti ketimine
and (S)-benzothiazoline constitute a matched pair (e.g,
TSas,,;-A and -B), syn ketimine is matched to (R)-
benzothiazoline (e.g, TSar,,-A and B). The reverse tendency
for the matched configurations of ketimine and benzothiazoline
was observed in the four diastereomeric transition structures
leading to the minor enantiomer (TSF-A and -B, right in
Scheme 3). In spite of the thermodynamic stability of anti
ketimine, the most energetically favored transition structures
include syn ketimine (TSer,,-AB and TSfs,,-AB). The
sterically compact syn ketimine is preferred to anti ketimine in
combination with the suitably configured benzothiazoline for
fitting into the relatively small chiral space of BINOL-
phosphoric acid."” TSPs,,-A is 4.9 kcal/mol higher in energy
than TSary,-A. This is qualitatively consistent with the
experimentally observed high enantioselectivity. When the
2,4,6-(i-Pr);C¢H, group is replaced by the 9-anthryl group, the
relative energy difference between TSar,,-B and TSfs,,-B
decreases dramatically to 1.5 kcal/mol, in good agreement with
the experimental results, in which the enantioselectivity is
reduced from 92% ee (1a) to 62% ee (1b). This indicates that
the energy difference between TSar,,, and TSfs,,, affecting the
stereoselectivity would be dominated mostly by the steric
interaction at the 3,3’-positions of BINOL-phosphoric acid. In
the case of 2b, a similar tendency of the relative stability in TSa
is observed, and TSar,,,-C is the most stable in TSa-C. On the
other hand, the ester group of 2b affects the relative stability of
TSP, and TSPs,,,;-C is the most stable in TSB-C. TSar,,-C is
5.3 keal/mol lower in energy than TSfs,,;-C. Almost the same
energy difference between the most energetically favored TS
and TSP observed in both TS-A and TS-C is in good
agreement with the same level of enantioselectivity observed
experimentally (2a, 92% ee; 2b, 93% ee). Benzothiazoline
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Scheme 3. Schematic Structures and Relative Energies (kcal/
mol) of Eight Possible Transition States”
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ketimine. The steric effect of Hantzsch ester in the lower right-
hand quadrant should be approximately the same on each
TSas,, TSPryn diastereomeric TS due to its C,-symmetric structure (purple

TS-A (1a, 2a): 53(54) 122(12.0) curve in Figure Sb). These differences in the steric effects

TS-B (1b, 2a); 2.8(3.2) 9.4 (9.0) ) L .
TS-C (1a, 2b): 69(6.8) 150 (14.9) between unsymmetrical benzothiazoline and C,-symmetric
Hantzsch ester result in the major advantage of benzothiazo-

“Relative solution phase energies (PCM, toluene) are shown in line.

parentheses. The steric repulsion between the 9-anthryl group and the
phenyl groups of the substrates is also found in TSfs,,-B, but
would be racemized through the ring-opening and -closing its destabilizing effect is relatively small (Figure S2 in the
reactions under the present experimental conditions. Therefore, Supporting Information). The insufficient chiral space of 1b for
(R)-benzothiazoline would preferentially react and the reaction the asymmetric induction in the present reaction induces
would proceed via the most stable TSar,y,. unfavorable steric interactions with the substrates, even in the
Structural analysis of the most stable TSa and TSP for series most stable TSar,,-B. Such unfavorable steric interactions
A—C probed the steric interactions that would be regarded as deform the catalyst structure, which would be more flexible
the major factors controlling the stereoselectivity. The phenyl than the substrate structure. The dihedral angle around the
groups of 2a and 3 are oriented toward the empty pocket of 1a chiral axis of the BINOL unit is larger in TSar,,-B (6 = 58.3°)
in TSar,,-A (Figure 4). In contrast, the sterically demanding than in TSarg,-A (6 = $3.5°). It remains unchanged in
2,4,6-(i-Pr);C4H, group is responsible for the unfavorable steric TSPs,,-B (6 = 58.9°) and becomes larger in TSfs,,-A (6 =
interactions (purple curve in Figure 4) with the phenyl groups 56.6°). The deformation of the catalyst structure destabilizes
of the substrates in the less stable TSfs,-A. It is noteworthy TSar,,-B to decrease the relative energy differences of the
that the 2-phenyl group of 3 is located close to the 2,4,6-(i- diastereomeric transition structures. In a manner similar to that
Pr);C¢H, group at the lower right-hand quadrant in TSPs,,-A for TSar,,-A, the phenyl groups of 2b and 3 are also oriented
to induce a repulsive interaction. According to the matched toward the empty pocket of 1a in TSar,,-C. On the other
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Figure S. Schematic representations of steric interactions in the
diastereomeric transition structures for two reducing agents: (a)
benzothiazoline; (b) Hantzsch ester.

hand, TSfs,,-C is less stable than TSfs,,,;-C because of the
repulsive interaction between the ester group of 2b and the
phenyl group of 3. As a result, TSfs,,;~C becomes the most
stable TS in TSP, leading to the minor enantiomer (Figure 6
and Figure S3 (Supporting Information)).

Bl CONCLUSION

DFT studies of the chiral BINOL-phosphoric acid catalyzed
asymmetric transfer hydrogenation of ketimine and a-imino
ester with benzothiazoline were carried out to reveal the
reaction mechanism as well as the origin of the high

Two Ph groups
located in enpty pocket

TSar,-C

(0.0, 0.0)

TSBSuui-C
(5.3,4.9)

Figure 6. 3D structures and schematic representation models of
TSar,,-C and TSfs,,;-C (3,3'-substituents of BINOL-phosphoric
acid, ball model; substrates, tube model). Relative energy differences
(kcal/mol) are shown in parentheses. Relative solution-phase energies
(PCM, toluene) are shown in italics.
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enantioselectivity. The reaction mechanism is similar to that
reported in the transfer hydrogenation of ketimines with
Hantzsch ester, in which the bifunctionality of the phosphoric
acid plays a significant role in the simultaneous activation of
ketimines and Hantzsch ester. In the present BINOL-
phosphoric acid catalyzed benzothiazoline hydrogenation, the
Brensted acidic site (proton) electrophilically activates
ketimines, whereas the basic site (phosphoryl oxygen)
coordinates benzothiazoline to accelerate hydride transfer. It
is noteworthy that syn ketimine is preferred to anti ketimine in
TS because of the compact chiral space constructed by the
substituents at the 3,3’-positions of BINOL-phosphoric acid.
The matched or mismatched pair between the geometric
conformation of the imino group and the absolute config-
uration of benzothiazoline depends on the enantiofacial
selection. High enantioselectivity is achieved by the steric
interaction with the 3,3’-substituents of BINOL-phosphoric
acid. In contrast to C,-symmetrical Hantzsch ester, unsym-
metrical benzothiazoline induces a matched or mismatched pair
of substrate orientations in TS. The present TS model readily
explained the major advantage of sterically and electronically
tunable benzothiazoline. The repulsive interaction between the
2-aryl substituent of benzothiazoline and the 3,3'-substituents
of BINOL-phosphoric acid exists only in the energetically
disfavored TS leading to the minor enantiomer. This indicates
that modification of the 2-aryl substituent of benzothiazoline
would affect the stereochemical outcome of the product.
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