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Reaction of Glycine Schiff Bases with Tartrate-Derived Diammonium Salts
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Abstract: Catalytic asymmetric Mi-
chael and Mannich-type reactions of
glycine Schiff bases with chiral two-
center organocatalysts, tartrate-derived
diammonium salts (TaDiASs), are de-
scribed. On the basis of conformational
studies, optimized TaDiASs with a 2,6-
disubstituted cyclohexane spiroacetal
were newly designed. These TaDiASs
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Mannich-type reactions of glycine
Schiff bases with higher enantioselec-
tivity than previous catalysts. In the
Mannich-type reaction, aromatic N-
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Boc-protected imines (Boc=tert-bu-
toxycarbonyl) as well as enolizable
alkyl imines were applicable. As a syn-
thetic application of the catalytic asym-
metric Mannich-type reaction with the
optimized TaDiASs, we developed a
catalytic asymmetric total synthesis of
(+)-nemonapride, which is an antipsy-
chotic agent.

catalyzed the asymmetric Michael and

Introduction

a-Amino acids are important chiral building blocks that are
incorporated into natural compounds, medicinally relevant
compounds, and chiral ligands. There are many methods for
the preparation of optically active a-amino acids;!! among
them, asymmetric phase-transfer catalysis with the Schiff
base of fert-butyl glycinate 1a is a direct and atom-economi-
cal method (Scheme 1).”) In 1989, O’Donnell et al. devel-
oped a catalytic asymmetric phase-transfer alkylation of 1a

Ph__N._ CO,Bu cat* Ph.__N_x CO,tBu
T TT
Ph RX, base Ph R
1a 2

Scheme 1. Catalytic asymmetric phase-transfer reaction of the Schiff base
of tert-butyl glycinate.
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by using Cinchona alkaloid-derived catalysts to afford mon-
oalkylation product 2 in high yield with moderate enantiose-
lectivity.’! Later, Corey et al.) and Lygo and Wainwright®!
independently and dramatically improved the enantioselec-
tivity with new catalysts that contain the N-9-anthracenyl-
methyl substituent. Several groups introduced new catalyst
designs other than Cinchona alkaloid-derived catalysts,
such as the N-spiro binaphthyl derivatives developed by
Maruoka and co-workers.”* Although some of these cata-
lysts effectively catalyze phase-transfer reactions of a glycine
Schiff base with high enantioselectivity, there remains room
for improvement in terms of stability under basic conditions
and cost of catalyst preparation.

We recently developed a novel two-center organocatalyst
3 (TaDiAS=tartrate-derived diammonium salt) that is
easily prepared from inexpensive L-tartaric acid. A catalyst
library containing more than 70 TaDiASs was constructed,
and we found that these compounds efficiently catalyze
asymmetric phase-transfer alkylations,”*® Michael reac-
tions,”™*® and Mannich-type reactions!” of the glycine Schiff
base 1a. We also accomplished an enantioselective total syn-
thesis of the serine protease inhibitor aeruginosin 298A and
its analogues by using asymmetric alkylation with Ta-
DiASs.[

We previously performed conformational studies of (S,S)-
TaDiAS 3a (Scheme 2) to gain insight into the factors that
influence enantioselectivity.’! We assumed that sterically
congested acetal substituents would prevent an unfavorable
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Scheme 2. Structure of (S,S)-TaDiASs 3a and 3b.

approach of electrophiles to the enolate of a glycine Schiff
base. On the basis of this hypothesis, (S,5)-TaDiAS 3b,
which has an aromatic ring at the C3 position of the acetal
side chains, was developed for an asymmetric Mannich-type
reaction. Even with 3b, however the enantiomeric excess
was still moderate in the Mannich-type reaction (up to 82 %
ee) and was not further improved in the asymmetric Michael
reaction. Recently, we introduced the catalysts 3ca—cc
(Scheme 3), all of which contain a 2,6-disubstituted cyclo-
hexane spiroacetal, to affect the chiral environment more
strongly around the quaternary ammonium salts. (S,S)-
TaDiAS 3cb efficiently catalyzed the asymmetric Michael
reaction of a glycine Schiff base with an a,-unsaturated
ketone; we also accomplished a short synthesis of (+)-cylin-
dricine C with this process followed by tandem cycliza-
tion."**! Herein, we describe further exploration with 3ca-
cc in an asymmetric Michael reaction” and a Mannich-type
reaction!™ of a glycine Schiff base.

Results and Discussion

The synthesis of TaDiASs 3ca—cc is summarized in
Scheme 4. 2,6-Disubstituted cyclohexanone 5 was prepared
from cyclohexanone (4) in two steps. To construct the acetal
moiety, 5 and tartrate derivative 6 were treated with 1 equiv-
alent of TMSOTT in the presence of 10 mol % TfOH with-
out solvent. After conversion into methyl amide 8, the three
diastereomers 8a—c were separated by silica-gel chromatog-

Abstract in Japanese:
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Scheme 3. Structure of (S,5)-TaDiASs 3 ca—cc.
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Scheme 4. Synthesis of (S,5)-TaDiASs 3ca-cc. Reagents and conditions:
a) benzaldehyde, aq. NaOH, CTACI (10 mol %), room temperature, 2 h,
90%; b) Pd/C (10 mol %), H,, EtOAc, 4 h, 70%; c) 6, TMSOT{, TfOH
(10 mol %), 60°C, 48 h, quant.; d) MeNH,, THF, room temperature, 5 h,
98% (8a/8b/8c=3:1.5:1); e) LiAlH,, THF, reflux, 2 h; f) p-methylbenzyl-
bromide, K,CO;, CH;CN, room temperature, 2h, 81% (two steps);
¢) AgBF,, CH,Cl,, room temperature, 30 min, 92%. CTACl=hexadecyl-
trimethylammonium chloride, TfOH =trifluoromethanesulfonyl, TMS =
trimethylsilyl.

raphy. Each diastereomer was reduced with LiAlIH, and un-
derwent arylmethylation to produce the quaternary ammo-
nium salt. Finally, an exchange of the tetrafluoroborate
counterions with silver salt furnished the (S,S)-TaDiAS
products 3 ca—cc.

In contrast to the Michael reaction with o,f3-unsaturated
esters, the addition of glycine Schiff base 1a to a,p-unsatu-
rated ketones (enones) with TaDiAS 3a proceeded with
modest selectivity.”*® As shown in Table1, entryl,
10 mol % of 3a (the best catalyst for the Michael reaction in
a previous report”®!) gave Michael adducts with 60% ee. We
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Table 1. Effect of catalyst on the catalytic asymmetric Michael reaction
of 1a with methyl vinyl ketone.

Ph v N._COytBu

Ph

1a (S,5)-TaDIAS 3
.S)-TaDi
. o (10 mol %) Ph N._-CO,tBu
A Cs,CO3 (1.0 equiv) Ph i__COMe

9(1.5equvy) FhCL-30°C 10
Entry Catalyst t [h] Yield [%]® ee [%]™
1 3a 48 86 60
2 3ca 24 91 66
3 3cb 24 92 7
4 3ee 48 46 28
stel 3cb 48 87 73

[a] Yield of isolated analytically pure compound. [b] Determined by
chiral HPLC. [c] Reaction was performed at —40°C.

then examined the reaction with optimized catalysts 3ca—cc
under reaction conditions that were based on the previous
results (Table 1).®! When C,-symmetric (S,S)-TaDiAS 3ca
or 3cb was used as the catalyst, the enantioselectivity was
improved to 66 and 71 % ee, respectively (Table 1, entries 2
and 3). On the other hand, 3ce, which is not C,-symmetric,
catalyzed the reaction with low enantioselectivity (Table 1,
entry 4). The reaction with 3cb at lower temperature
(—40°C) gave improved enantioselectivity of 73% ee
(Table 1, entry 5).

In the alkylation of 1a previously reported by Lygo et
al,® the protecting group of the carboxylic acid affected the
enantioselectivity. We thus examined the effect of an ester
moiety with 10 mol % 3¢b at —40°C (Table 2). By changing
the glycine Schiff base from tert-butyl ester 1a to benzyl
ester 1b, the reaction was completed with 50 mol% of
Cs,CO;, and enantioselectivity was improved to 75% ee
(Table 2, entry 2). p-Chloro-substituted benzyl ester 1¢ had
a higher reactivity (Table 2, entry 3) than benzyl ester 1b;
the products were afforded in good yield with moderate
enantioselectivity (65 % ee). 2-Naphthylmethyl ester 1d and

Table 2. Effect of the ester moiety on the glycine Schiff base in the
catalytic asymmetric Michael reaction.

Ph v N__CO,R?

z NS

Ph

la—e (S.5)-TaDIAS 3cb

. 0 (10 mol %) Ph /N\:/C02R2
\* Cs,C04 (0.5 equiv) Ph X COMe
3 (1.5 equiv) PhCl, -40 °C 10a—e

Entry R’ t[h] Yield [% ] ee [%]"
1t fBu (1a) 48 87 73
2 benzyl (1b) 36 91 75
3 p-chlorobenzyl (1¢) 24 88 65
4 2-naphthyl (1d) 48 89 72
5 CHPh, (1e) 48 59 71
[a] Yield of isolated analytically pure compound. [b] Determined by

chiral HPLC. [c] 1.0 equivalent of Cs,CO; was used as the base.
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diphenylmethyl ester 1e were also reactive and gave the
product with almost the same enantioselectivity (Table 2,
entries 4 and 5). These results and the fact that 1b can be
readily prepared led us to choose benzyl ester 1b as the sub-
strate for further investigation.

With the best ester moiety in the glycine Schiff base, we
investigated the effects of the solvent (Table 3). Because of
the relatively high melting point of chlorobenzene (—45°C),
—40°C was the lowest temperature used in this system

Table 3. Effect of solvent on the catalytic asymmetric Michael reaction.

Ph v N._-COzBn
Ph
1 (S,S)-TaDiAS 3cb
,S)-TaDi c
. o (10 mol %) Ph /N\:/COZBn
\)K Cs,CO;3 (0.5 equiv) Ph i COMe
3 (1.5 equiv) 10b

Entry  Solvent T[°C] t[h] Yield [%]* ee[%]"
1 PhCl —40 36 91 75
2 PhCl/fBuOMe (7:3)  —50 48 96 70
3 PhCl/toluene (7:3) -50 48 80 74
4 PhCl/pentane (7:3) =50 24 98 73
5 3-fluorotoluene —40 48 97 77
6 3-fluorotoluene —60 48 99 78
7 1,3-difluorobenzene —40 48 91 72
8 1,3-difluorobenzene  —60 48 93 80

[a] Yield of isolated analytically pure compound. [b] Determined by
chiral HPLC.

(Table 3, entry 1). To perform the Michael reaction at a
lower temperature, a mixed-solvent system was examined at
—50°C. Table 3, entries 2—4 show that a number of mixed
solvents with chlorobenzene gave similar enantioselectivity.
Previous investigations revealed that halobenzenes were ef-
fective as solvents. The low polarity and dissolution ability
of the catalyst appeared to result in good reactivity and
enantioselectivity. Thus, 3-fluorotoluene and 1,3-difluoro-
benzene, which have lower melting points than chloroben-
zene, were examined. When 3-fluorotoluene was used as the
solvent, the enantioselectivity was improved to 77% ee at
—40°C (Table 3, entry 5) and 78 % ee at —60°C (Table 3,
entry 6). 1,3-Difluorobenzene gave a lower selectivity at
—40°C (72% ee; Table 3, entry 7) than chlorobenzene, but
when the reaction was performed at —60°C, Michael adduct
10b was afforded in good yield with further improved enan-
tioselectivity (80 % ee; Table 3, entry 8).

With these optimized reaction conditions, catalytic asym-
metric Michael reaction with highly functionalized dienone
11 was investigated (Scheme 5). Although the reactivity was
lower than that of methyl vinyl ketone, we were pleased to
observe clean formation of the monoaddition product. With
1.5 equivalents of Cs,CO; and 3-fluorotoluene as the solvent
at —40°C, 12 was obtained in 84 % yield and 82% ee. By
using a combination of this catalytic asymmetric Michael re-
action and tandem cyclization, we accomplished the short

Chem. Asian J. 2007, 2, 794 - 801
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(S,5)-TaDiAS 3cb

Ph 1b (10 mol %)
+
Cs,CO3 (1.5 equiv)
o o 3-fluorotoluene BnO.C N)\ Ph
\M/\C H -40°C, 66 h N2
5 6113 12 84%, 82% ee
11
CSA (3 equiv) n A
MgCl, (3 equiv) Z 0 ﬁtfps 2 o
1,2-dichloroethane N CL/\l:/r
50 °C 3
BnOC  CeHyg HO™ CeH13
tandem 13 (+)-cylindricine C (15)
cyclization

0 5 steps
CSA (3 equiv) e
DMSO
50 °C : E
BnOC CoHis HO™ CeHis
14 (-)-lepadiformine (16)

Scheme 5. Catalytic asymmetric Michael reaction with dienone 11 and its
application to the synthesis of (4)-cylindricine C (15) and (—)-lepadifor-
mine (16). CSA =camphor-10-sulfonic acid, DMSO = dimethyl sulfoxide.

synthesis of (+)-cylindricine C (15) and the formal synthesis
of (—)-lepadiformine (16).""

Catalytic asymmetric Michael reaction of 1b with methyl
acrylate was also investigated with the optimized TaDiASs
(Table 4). As expected, C,-symmetric (S,5)-TaDiASs 3ca

Table 4. Catalytic asymmetric Michael reaction of 1b with acrylates.
Ph YNVCOQBn
Ph

1b
(S,S)-TaDIiAS 3

. o (10 mol %) Ph /N\:_/COZBn
\)J\ORs Cs,C05 (0.5 equiv) Ph . _COR®
17a-d PRCI, =30°C 18a-d
(1.5 equiv)
Entry Catalyst R? t[h] Yield [%]® ee [%]™
1 3a Me 12 84 81
2 3ca Me 12 96 88
3 3cb Me 24 68 83
4 3ca Et 13 92 88
5 3ca Bn 11 96 87
6 3ca nBu 24 44 84
[a] Yield of isolated analytically pure compound. [b] Determined by

chiral HPLC.

and 3cb were more efficient than the previous catalyst 3a
(Table 4, entries 1-3). In this reaction, 3ca gave better enan-
tioselectivity than 3cb, which was the best catalyst in the
Michael reaction with methyl vinyl ketone. The scope and
limitations of the phase-transfer Michael reaction were ex-
amined with the best catalyst 3ca. Reactions generally pro-
ceeded in good yield and better enantioselectivity than with
3¢b (Table 4, entries 4-6).

Next, we examined the catalytic asymmetric Mannich-
type reaction of 1a with N-Boc-protected imine 19a, with
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3ca and 3cb (Table 5). The reaction was performed under
the optimized conditions previously reported®™ (in that
report, (S,5)-TaDiAS 3b was the best catalyst for the Man-

Table 5. Effect of catalyst on the catalytic asymmetric Mannich-type
reaction of 1a with N-Boc imine 19a.

Ph\( N._CO,fBu
Ph
1a
NBoc (S,S)-TaDiAS 3 NHBoc
(10 mol %) CO,tBu
* H
Cs,C03 (2.0 equiv) N _Ph
MeO PhF/pentane (4:1) MeO
19a (1.1 equiv) —45°C 20a Ph

Entry Catalyst ¢[h] Yield [%]® d.r. (syn/ant)® ee of syn [%]"

1 3b 48 95 95:5 82
2 3ca 12 96 99:1 90
3 3cb 24 76 98:2 72

[a] Yield of isolated analytically pure compound. [b] Determined by
HPLC analysis. [c] Determined by chiral HPLC. Boc = fert-butoxycarbon-

yl.

nich-type reaction). We found that 3ca was also effective in
this reaction (Table 5, entry 2). When 10 mol % of 3ca was
used, the reaction proceeded smoothly, and the syn product
was obtained in 12 h virtually as a single isomer (syn/anti=
99:1). The enantioselectivity was also improved to 90% ee.
On the other hand, 3¢b gave a lower reactivity and enantio-
selectivity than 3b.

In the Michael reaction, the structure of the ester moiety
of the glycine Schiff base strongly influences reactivity and
selectivity. Thus, we examined the effect of the ester moiety
in the Mannich-type reaction with 3ca (Table 6). The reac-
tion was accelerated when benzyl ester 1b was used as sub-
strate, although enantioselectivity was substantially lowered

Table 6. Ester effects of a glycine Schiff base in catalytic asymmetric
Mannich-type reaction.

PhY N._CO;R
Ph
1a-f
NBoc  (S.S)-TaDiAS 3ca NHBoc
(10 mol %) CO,R
* H
Cs,CO3 (2.0 equiv) No Ph
.
MeO PhF/pentaone (4:1) MeO
19a (1.1 equiv) —45°C 20a Fh
Entry R? t Yield d.r. ee of syn
[h]  [%]™  (synlant)®  [%]“
1 Bu (1a) 12 9 99:1 90
2 benzyl (1b) 6 89 99:1 56
30 1b 6 92 99:1 56
4l 1b 30 72 99:1 48
5 p-chlorobenzyl (1¢) 4 97 95:5 28
6 p-methoxybenzyl (1f) 26 66 99:1 49
7 CHPh, (1e) 12 94 99:1 64

[a] Yield of isolated analytically pure compound. [b] Determined by
HPLC analysis. [c] Determined by chiral HPLC. [d] 1.0 equivalent of
Cs,CO; was used as the base. [e] 0.5 equivalent of Cs,CO; was used as
the base.
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(Table 6, entry2). To gain insight into this unsatisfactory
result, we examined the Mannich-type reaction of 1b with
19a in detail and found that the reaction of 1b proceeded
even without catalyst 3ca. To prevent such background reac-
tions, the amount of Cs,CO; was decreased. As expected,
the reaction slowed due to the smaller amount of base pres-
ent, but the enantioselectivity was not improved (Table 6,
entries 3 and 4). Benzyl esters with electron-withdrawing
and electron-donating substituents (1¢ and 1f, respectively)
also reacted with 19a to afford Mannich adducts, albeit with
low enantioselectivity (Table 6, entries 5 and 6). Diphenyl-
methyl ester 1e was also reactive and gave products with
moderate enantioselectivity (Table 6, entry 7). Thus, we
chose 1a as a substrate for further investigation.

With 1a as the best substrate, we examined the scope and
limitations of N-Boc imines (Table 7). All the aromatic

Table 7. Scope and limitations of the catalytic asymmetric Mannich-type
reaction.

Ph\r/ N._CO,tBu
Ph
1a ss s3 NHBoc
(S,S)-TaDiAS 3ca
. NBoc (10 mol %) R* CO1Bu
R+ H Cs,CO03 (2.0 equiv) Ny Ph
. PhF/j :
19a—j pentane (4:1) 20a—j Ph
(1.1 equiv)
Entry R* T t Yield d.r. ee of syn
[°C] [h] [%]®  (synfant)® [%]"

1 4MeO-CH, (19a) —45 12 9 99:1 90
2 CeHs (19b) —45 36 66 99:1 79
3 4-Me-C¢H, (19¢) —45 12 92 99:1 88
4 3-Me-C,H, (19d) —45 36 94 99:1 73
5t 4-F-C¢H, (19¢) =30 21 94 97:3 81
6 4-CI-CH, (19f) -20 24 88 98:2 70
7 2-naphthyl (19g) —45 3 96 97:3 69
84 2-thiophenyl (19h) —30 24 89 9822 83
ol pPr (194) -30 12 95 >20:1 71
10 PhCH,CH, (19j) —-30 43 89 >20:1 75

[a] Yield of isolated analytically pure compound. [b] Determined by
HPLC analysis. [c] Determined by chiral HPLC. [d] Solvent=PhF.

imines 19a-h reacted with glycine Schiff base 1a catalyzed
by 10 mol% 3ca to afford Mannich adducts 20a-h in high
yield with higher diastereo- and enantioselectivity than the
previous catalyst 1b. Catalytic asymmetric Mannich-type re-
actions with enolizable aliphatic N-Boc protected imines 19i
and 19j were also performed.'! Although 5 equivalents of
Cs,CO; were required for good conversion, it is noteworthy
that the Mannich adducts were obtained with excellent dia-
stereoselectivity (syn/anti>?20:1) and relatively good enan-
tioselectivity (Table 7, entries 9 and 10). Although the enan-
tioselectivity of the reaction was still unsatisfactory, this is a
promising catalytic asymmetric reaction for producing a
wide range of chiral a,3-diamino esters.

The enantioselectivity of these reactions is attributed to
the fixation of the substrate around the two-cationic moiety

798 www.chemasianj.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

M. Shibasaki et al.

of (§,5)-TaDiAS. Preliminary molecular mechanics simula-
tions by using the Monte Carlo method on Cerius® (Accelrys
Inc.)™ suggested that the Z enolate of glycine Schiff base
1a is fixed between the two ammonium cations of (S,S)-
TaDiAS 3d (Figure 1).*® In a previous report, the obtained

b
Ph. _N
Me\N;—Ph 7 \%orsu
Me><o \—Ph Ph -
Me™ Y9, . Ph conformational search

/NLPh (Monte Carlo method)
Me followed by MM calculation
(S,5)-TaDiAS 3d

Figure 1. Results of the molecular mechanics (MM) simulations.

structure was further optimized by ab initio calculations, and
it was suggested that the Z enolate of 1a is fixed with (S,S)-
TaDiAS through several hydrogen bonds between the a-
methylene or methyne unit of the ammonium cation units
and the enolate oxygen atom and imine nitrogen atom of
1a."! Given the absolute configuration of both Michael and
Mannich adducts (S configuration), both reactions may pro-
ceed via our postulated transition states (Scheme 6). The

., Me\Np
RS

H™ j/o\tBu

3 l
Me _+ N
N F’h/k Ph\
electrophiles

Scheme 6. Proposed transition-state model.

benzyl moieties around one ammonium cation of TaDiAS
effectively covers the si face of the Z enolate of 1a, and the
electrophiles approach from the less-hindered face (re face)
to afford the products with S configuration.

On the other hand, the excellent diastereoselectivities ob-
served in the present Mannich-type reaction were obtained
without any effect from the catalyst. As shown in Scheme 7,
when the Mannich-type reaction was performed without cat-
alyst at 4°C, the diastereomer ratio was 94:6; reaction in the
presence of (S,5)-TaDiAS 3ca gave almost same result.

These results show that the reaction may proceed via the
nonchelate, acyclic transition-state model. To avoid steric re-
pulsion between the N-Boc and N-diphenylmethylene
groups of enolate 1a, the syn products would be afforded
preferentially (Scheme 8). Although we proposed that the
Z enolate of 1a is the active nucleophile in the presence of
(5,5)-TaDiAS, the syn products would also be obtained se-
lectively from the E enolate in the same manner.

Chem. Asian J. 2007, 2, 794 - 801
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NBoc  (S,S)-TaDIAS 3ca
PhYN\/COZtBu . (10 mol %)
Ph H o Cs,C0s (2.0 equiv)
MeO PhF, 4 °C
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NHBoc (0]
CO,tBU CID\)\NN@N&]
H z
N<_Ph Me
MeO Y MeHN OMe
20a Ph 21

Scheme 9. Structure of nemo-

[without 3ca: 24 h, quant., d.r.= 94:6J

napride (21).

Scheme 7. Catalytic asymmetric Mannich-type reaction with and without (S,5)-TaDiAS 3ca.

Phﬁ\g]m)\);omu \(
o)\o /k

I
tBu tBu

anti-20

Scheme 8. Transition-state models of the Mannich-type reaction.

Mannich adducts 20 with N-diphenylmethylene and N-
Boc groups can be readily and chemoselectively converted
into o,p-diamino acid products.” As an application of this
catalytic asymmetric Mannich-type reaction, and to demon-
strate its usefulness, a catalytic asymmetric synthesis of nem-
onapride (21) (Scheme 9) was developed. Nemonapride is
an antipsychotic agent developed by the Yamanouchi Phar-
maceutical Company and sold as Emilace from Astellas
Pharma Inc. in racemic form.'"" The racemic synthesis!'®
and an asymmetric formal synthesis'"” of nemonapride have
already been reported so far.

The asymmetric synthesis of nemonapride (21) began
with a catalytic asymmetric Mannich-type reaction with
alkyl imine 19k, which was prepared from 1,3-propanediol
in four steps (Scheme 10)."® Initial attempts to promote the
reaction of 1a with 19k under the optimized conditions (in
Table 7) gave the Mannich adduct 20k in low yield (26 %)
with moderate enantioselectivity (65% ee). Several investi-
gations of the reaction conditions revealed that a catalytic
amount of CsOH-H,O efficiently promoted the reaction at
—45°C and afforded 20k in 72% yield with 65% ee. Con-
version of 20k into 21 required the formation of a pyrroli-
dine ring system and deoxidation of the ester moiety. First,
the TBS and N-diphenylmethylene groups of 20k were re-
moved under aqueous acidic conditions. Formation of the
pyrrolidine ring system was performed by using the Appel
hydroxy activation protocol,'”l and subsequent benzylation
of the secondary NH group afforded the pyrrolidine core 22
in 78% yield (three steps). Recrystallization of 22 from
hexane three times gave optically pure 22 (>99% ee) in
36 % yield. The relative configuration of 22 was determined
to be cis based on NOE experiments. Thus, upon selective
irradiation of 2-H, an 8.2% enhancement was observed for
3-H (Scheme 11). On the other hand, a 7.8% enhancement
of 2-H was observed by irradiation of 3-H. Next, as the first
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Scheme 10. Catalytic asymmetric synthesis of (+)-nemonapride (21). Re-
agents and conditions: a) (S,5)-TaDiAS 3ca (10 mol%), CsOH-H,O
(30 mol %), PhF/toluene (7:3), —45°C, 36 h, 72%, 65% ee; b) aq. HCI
(1N), THF, room temperature, 1 h; ¢) CBr,, PPhs, iPr,NEt, CH,Cl,, 4°C,
30 min, then benzylbromide, 40°C, 12 h, 78 % (two steps); d) recrystalli-
zation from hexane (three times), 36 %, >99 % ee; e) LiAlH,, THF, 4°C,
2h, 98%; f)CS,, NaH, Mel, THF, room temperature, 16 h, 98%;
g) nBu;SnH, AIBN (50 mol %), toluene, reflux, 3 h, 67 %; h) CF;COOH,
CH,Cl,, 4°C to room temperature, 6 h, 99 %; i) CICO,Et, Et;N, CH,Cl,,
—20°C, 1 h, then 23, room temperature, 3 h, 67 %. AIBN =2,2"-azobisiso-
butyronitrile, TBS =tert-butyldimethylsilyl.

. 2% NHBoc
step for conversion of the ester
group into a methyl group, 22 73%( —Z—>
was reduced with LiAlH,. To tBuO,C Bn

deoxygenate the hydroxy
group, we initially examined
the reduction of the corre-
sponding mesylate without success. Because an aziridinium
intermediate was formed in the course of mesylation, the
corresponding mesylate could not be obtained. Several in-
vestigations showed that the deoxygenation of the hydroxy
group under Barton-McCombie conditions proceeded well
(67 % yield), and subsequent removal of the N-Boc group
gave the pyrrolidine core 23 in 99 % yield. The spectroscopic
data of 23, including the optical data, were identical to those
reported by Huang et al.'”! Finally, coupling of 24 with 23
gave (4)-nemonapride (21) in 67 % yield (two steps).

Scheme 11. One-dimensional
NOE correlation of 22.

Conclusions

We have performed the catalytic asymmetric Michael reac-
tion and Mannich-type reaction of a glycine Schiff base with
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optimized (S,5)-TaDiASs 3ca and 3cb, which were newly
designed based on conformational studies. The design was
successful, and 3c¢b was suitable for catalytic asymmetric Mi-
chael reaction with a,f-unsaturated ketones (up to 80 % ee).
(S,S)-TaDiAS 3ca was effective in the catalytic asymmetric
Michael reaction with acrylates (up to 88% ee) and the
Mannich-type reaction (up to 90% ee, syn/anti up to 99:1).
In the Mannich-type reaction, not only aromatic N-Boc-pro-
tected imines but also enolizable alkyl imines were applica-
ble. By using a catalytic asymmetric Mannich-type reaction
with alkyl imine 19k, we accomplished an asymmetric total
synthesis of (+)-nemonapride.

Experimental Section
General

Spectral data of all new compounds as well as detailed procedures for
the Michael reaction, Mannich-type reaction, and the synthesis of 3 ca—cc
and 21 are available in the Supporting Information.

Syntheses

Representative procedure for the catalytic asymmetric Michael reaction:
(8,5)-TaDiAS 3cb (15.0mg, 0.015mmol) and methyl vinyl ketone
(18.8 mL, 0.225 mmol) were added to a solution of 1b (49.4 mg,
0.15 mmol) in 1,3-difluorobenzene (1 mL, 0.15M) under Ar atmosphere.
The mixture was cooled to —60°C, and then Cs,CO; (24.4 mg,
0.075 mmol) was added. The reaction mixture was stirred at this tempera-
ture until 1b was consumed, the reaction was quenched by the addition
of water (3mL), and the mixture was extracted with Et,0 (2x5 mL),
washed with brine (5 mL), and dried over Na,SO,. After the solvent was
evaporated, the residue was purified by flash column chromatography
(silica gel, hexane/EtOAc=5:1) to give 10b (55.8 mg, 0.14 mmol, 93 %,
80% ee) as a colorless oil. [a]?=-63.6 (c=1.10mM, CHCL;, 80% ee);
FTIR (neat): #=1738, 1160, 698 cm™'; '"H NMR (500 MHz, CDCI3): § =
7.64-7.62 (m, 2H), 7.42-7.31 (m, 11H), 7.11-1.09 (m, 2H), 517 (d, J=
12.5 Hz, 1H), 5.12 (d, J=12.5 Hz, 1H), 4.13 (t, J=6.0 Hz, 1 H), 2.55-2.46
(m, 2H), 2.18 (dd, J=14.0, 7.0 Hz, 2H), 2.08 ppm (s, 3H); C NMR
(126 MHz, CDCI3): 6=207.8, 171.5, 171.0, 139.2, 136.1, 135.8, 1304,
128.7, 128.6, 128.5, 128.4, 128.13, 128.10, 128.0, 127.6, 66.4, 64.0, 39.5,
29.8, 27.5 ppm; LRMS (ESI+): m/z=422 [M+Na]*; HRMS (FAB+):
m/z caled for C,sH,NO;*: 400.1907 [M +H]*; found: 400.1902; HPLC
(DAICEL CHIRALPAK AD-H, hexane/2-propanol =20:1,
1.0 mLmin™"): t=13.6 (minor), 15.6 min (major).

Representative procedure for the catalytic asymmetric Mannich-type re-
action: Cs,CO; (65.2mg, 0.2mmol) was added to a solution of 19a
(25.9 mg, 0.11 mmol), 1a (29.5 mg, 0.1 mmol), and 3ca in fluorobenzene/
pentane (4:1, 1.0 mL) at —45°C. After 12 h, the reaction was quenched
by the addition of water. The water layer was extracted with EtOAc. The
combined organic layer was dried over Na,SO, and concentrated. The
residue was purified by flash column chromatography (silica gel, hexane/
diethyl ether =10:1) to give 20a (51.1 mg, 96 %) as a colorless amorphous
solid. [a]Z=-74.4 (c=1.04m, CHCI;, 90% ee); FTIR (KBr): #=23436,
2977, 2925, 1718, 1636, 1490, 1149, 781 cm™'; 'HNMR (500 MHz,
CDCL): 6=7.57 (d, J=7.4Hz, 2H), 7.40-7.27 (m, 6H), 7.08 (d, J=
8.5Hz, 2H), 6.76 (d, /J=8.6Hz, 2H), 6.56 (brs, 2H), 6.31 (brd, J=
8.9 Hz, 1H), 5.36 (brd, J=8.9 Hz, 1H), 4.10 (brs, 1H), 3.76 (s, 3H), 1.46
(s, 9H), 1.44 ppm (s, 9H); *C NMR (126 MHz, CDCl,): 6 =172.0, 169.1,
158.5, 155.1, 138.9, 136.1, 133.0, 130.4, 128.8, 128.4, 128.2, 128.0, 127.7,
127.2, 113.5, 81.8, 79.2, 70.2, 56.2, 55.2, 28.4, 27.9 ppm; elemental analysis:
caled (%) for C;,H;N,O5: C 72.43, H 7.22, N 5.28; found: C 7228, H
7.34, N 5.17; HPLC (DAICEL CHIRALPAK AD-H, hexane/2-propa-
nol=95:5, 1.0mLmin™"): #=9.1 (minor), 11.5 (trans), 12.2 (trans),
26.0 min (major).
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