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Abstract: A thiourea-catalyzed asymmetric Michael addition of activated methylene compounds to a,f-
unsaturated imides derived from 2-pyrrolidinone and 2-methoxybenzamide has been developed. In the
case of 2-pyrrolidinone derivatives, the reaction with malononitrile proceeded in toluene with high
enantioselectivity, providing the Michael adducts in good yields. However, the nucleophiles that could be
used for this reaction were limited to malononitrile due to poor reactivity of the substrate. Further examination
revealed that N-alkenoyl-2-methoxybenzamide was the best substrate among the corresponding benzamide
derivatives bearing different substituents on the aromatic ring. Indeed, several activated methylene
compounds such as malononitrile, methyl a-cyanoacetate, and nitromethane could be employed as a
nucleophile to give the Michael adducts in good to excellent yields with up to 93% ee. The results of
spectroscopic experiments clarified that this enhanced reactivity can be attributed to the intramolecular
hydrogen-bonding interaction between the N—H of the imide and the methoxy group of the benzamide
moiety. Thus, the key to the success of the catalytic enantioselective Michael addition is dual activation of
the substrate by both intramolecular hydrogen bonding in the imide and intermolecular hydrogen bonding
with thiourea 1a, as well as the activation of a nucleophile by the tertiary amine of the bifunctional thiourea.

Introduction

The catalytic asymmetric formation of a carbesarbon bond
is one of the most challenging fields in organic chemistry. From
the viewpoint of the availability of substrates and the versatility
of enantiomerically enriched addition products, asymmetric
Michael addition of enolate equivalents toS-unsaturated
carbonyl acceptors has been extensively stutliédnsiderable
effort has been directed to the development of Lewis acid-
promoted addition of enol silyl ethers to,f-unsaturated
carbonyl compounds (Mukaiyam#lichael reaction) through
the use of various types of chiral ligan8Direct catalytic
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asymmetric Michael additions of aldehydes, ketones, and 1,3-
dicarbonyl compounds attract considerable attention due to their
simple manipulation and high atom economy, and successful
results have recently been reported by several gréups.
However, the acceptors used in these Michael additions of 1,3-
dicarbonyl compounds generally have been limited to erfofes
and nitroalkene$ Similarly, although organocatalysts possessing
chiral secondary amingsr thiourea® have been shown to be
efficient catalysts for the Michael reaction with such acceptors,
there have been no reports on their application otg-
unsaturated acid derivatives. Therefore, the development of
general and highly enantioselective versions witB-unsatur-
ated acid derivatives still remains a challenging goal. Two
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groups independently achieved initial breakthroughs on these
problemst®Kanemasa discovered a catalytic double-activation
method using chiral Lewis acid and achiral amine catalysts for
the enantioselective Michael reaction of 1-alkenoyl-3,5-di-
methylpyrazole with several nucleophiles such as nitromethane
and cyclohexadione derivati¢eJacobsen also reported that the
Salen-Al complex-catalyzed Michael addition of malononitrile
and 2-substituted cyanoacetates dgs-unsaturated imides
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3225. (h) Nakajima, M.; Yamamoto, S.; Yamaguchi, Y.; Nakamura, E.;
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Tetrahedronl 997, 53, 11223-11236. (d) Funabashi, K.; Saida, Y.; Kanai,
M.; Arai, T.; Sasai, H.; Shibasaki, Mletrahedron Lett1998 39, 7757.
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G.; Prabagaran, NDrg. Lett 2001, 3, 389. (g) Allingham, M. T.; Howard-
Jones, A.; Murphy, P. J.; Thomas, D. A.; Caulkett, P. WTBtrahedron
Lett 2003 44, 8677.
(7) (a) Brunner, H.; Kimel, BMonatsh. Chem1996 127, 1063. (b) Ji, J.;
Barnes, D. M.; Zhang, J.; King, S. A.; Wittenberger, S. J.; Morton, H. E.
J. Am. Chem. S0d 999 121, 10215. (c) Barnes, D. M.; Ji, J.; Fickes, M.
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Figure 1. Hydrogen-bond interaction with thiourda

proceeded with high enantioselectivifyQuite recently, Evans
developed the Ni(ll)-catalyzed conjugate reactioneketo
esters with unsaturateédracyl-1,3-thiazolidine-2-thionéd.How-

ever, because there have been no reports concerning the
asymmetric reaction without a metallic catalyst, we investigated
the thiourea-catalyzed asymmetric Michael reaction of 1,3-
dicarbonyl compounds tax,5-unsaturated carboxylic acid
derivatives based on our previous results with nitroolefis.
We expected that an imide moiety could be activated by
bifunctional thioured a*34through a hydrogen-bonding inter-
actiort>6in a manner similar to that of the nitro group (Figure
1). A similar concept was successfully applied by Schreiner to
the thiourea-catalyzed DietlsAlder reaction of chiralN-alk-
enoly-1,3-oxazolidinone with cyclopentadielieln practice, we
developed the first organocatalyst-mediated enantioselective
Michael reactions of malononitrile tiN-alkenoyl-2-pyrrol-
idinone!3 Further examination of this reaction revealed that
N-alkenoyl-2-methoxybenzamide was a more reactive substrate
thanN-alkenoylpyrrolidinone and the corresponding benzamide
derivatives, and several activated methylene compounds such
as malononitrile, methyd-cyanoacetate, and nitromethane could
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Betancort, J. M.; Barbas, C. F., IlDrg. Lett 2001, 3, 3737. (c) Betancort,
J. M.; Sakthivel, K.; Thayumanavan, R.; Barbas, C. F., Tétrahedron
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4212,
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2002 124, 10012. (d) Wenzel, A. G.; Jacobsen, E.NAm. Chem. Soc.
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Int. Ed 2005 44, 6700. (m) Berkessel, A.; Cleemann, F.; Mukherjee, S.
Angew. Chem., Int. EQ005 44, 7466. (n) Wang, J.; Li, H.; Yu, X.; Zu,
L.; Wang, W.Org. Lett 2005 7, 4293. (o) Li, B.-J.; Jiang, L.; Liu, M.;
Chen, Y.-C.; Ding, L.-S.; Wu, Y Synlett2005 603. (p) Sohtome, Y.;
Hashimoto, Y.; Nagasawa, Kidv. Synth. Catal2005 347, 1643.
(15) (a) Curran, D. P.; Kuo, L. HI. Org. Chem1994 59, 3259. (b) Curran, D.
P.; Kuo, L. H. Tetrahedron Lett1995 36, 6647. (c) Schreiner, P. R.;
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2003 32, 289. (f) Wittkopp, A.; Schreiner, P. RChem.-Eur. J2003 9,
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Takemoto, Y.Org. Biomol. Chem2005 3, 4299.
For reviews on Brgnsted acid catalysis, see: (a) Pihko, Rniglew. Chem.,
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2004 126, 3418. (e) Thadani, A. N.; Stankovic, A. R.; Rawal, V.Ptoc.
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N.; Yamamoto, H.J. Am. Chem. SoQ005 127, 1080. (h) Matsui, K;
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Table 1. Enantioselective Michael Addition of Malonotrile 2a with Table 2. Reaction of a,5-Unsaturated Imide 3D in Various
o,f-Unsaturated Acid Derivatives 3A—G2 Solvent?d
o CH,(CN); 2a 6 O
1a (10 mol%) (NC);HC, H O CHy(CN)22a  (\c).HC, 4 O O
S 1a (10 mol%) S
Ph/\/U\H toluene Ph R Ph/\)LN ) Ph)\/u\N
3A-G rt 4A-G 3D SOhrltem D
entry  substrate (R) product time (h) yield (%)° ee (%)° concentration la time yield ee
N entry solvent (M) (mol %) (h) (%)° (%)°
T N ) M ow 0 - 1 MeOH 05 10 72 22 7
o 2 THF 05 10 120 57 62
)L 3 CH:CN 0.5 10 120 58 44
2 3 SN"p 4B 9% 89 83 4 CHCl, 0.5 10 72 77 81
\/ 5 toluene 0.5 10 60 93 87
[0} 6 toluene 0.5 5 120 94 88
33 S 46 120 59 81 7 toluene 05 1 168 50 86
\_/ 8 toluene 0.1 10 168 92 93
o)
N aThe reaction was conducted witla, 2a (2 equiv), and3D. ? Isolated
4 3 °N 4 60 93 &7 yield. ¢ Enantiomeric excess was determined by HPLC analysi®afsing
o a chiral column.
~N
5 3E "é 4E 140 42 58 zolidinone 3C, which possesses a cyclic urea moiety, as a
5 Michael acceptor, but both the chemical yield and the enanti-
6 3F ~ aF " o _ oselectivity decreased to afford the adddi€tin 59% yield with
N 81% ee (entry 3). In contrast, wiC, N-acylpyrrolidinone3D
I exhibited good reactivity t®a, providing the corresponding
7 3 N 4G 216 27 56 product4D in 93% vyield with the best enantioselectivity (87%
M'?'e Me ee) (entry 4).

The use oiN-acylpiperidinone3E and acyclic imide3G for

2 The reaction was Conduc_tedbwiﬂhi (10 mol 2&),2& (2 equiv), and the Michael addition reaction resulted in a significant decrease
agggé;:%'?n%ndeés'ayl_éog’r:g;)s'iés&egeé’ a"s?r'%' fgﬁ{:gf’g‘?&'ﬁ]gl"cess in both chemical yield and enantioselectivity (entries 5 and 7).

In contrast to the results witBD, the reaction of2a with

be used as a nucleophile to give the Michael adducts with up N-acylpyrrolidine-2,5-dioneF under the same conditions did
to 93% ee. We report here the details of the organocatalytic NOt occur atall, leading to recovery of the starting material (entry
enantioselective Michael reactions of different nucleophiles with 6)- With & good Michael acceptaN-acylpyrrolidinone3b, we
various o,f-unsaturated imides as well as a mechanistic examined the optimal reaction conditions for the Michael

investigation of Michael addition. addition (Table 2). The use of a polar solvent such as methanol
and acetonitrile significantly lowered the stereoselectivity.
Results and Discussion Among the solvents examined, toluene was the best solvent in
Investigation of the Reaction Conditions for the Thiourea- terms of chemical yield and enantioselectivity (entrlesﬁ;l.o
Catalyzed Asymmetric Michael Reaction of Malononitrile. The amount of the catalysia could be reduced to 1 mol %

Although we reported that the bifunctional thiourea-catalyzed without affecting the enantiosele_ctivity, but the chemical yield
Michael reaction of 1,3-dicarbonyl compounds such as methyl ©f the product was reduced (entries 6 and 7). Although the best
malonate ang8-keto esters with nitroalkenes proceeded with €nantioselectivity (93% ee) was obtained in a 0.1 M solution
high enantioselectivity of up to 93% &&bthe same reaction of the substrate, the reaction required a prolonged reaction time
with a,3-unsaturated acid derivatives gave no addition products. (7 d) (entry 8). ) )

To extend the synthetic utility of bifunctional thiourda in To overcome this problem, we reexamined Macylben-

the asymmetric reaction, we then undertook screening of properzamide derivativeSA—D and7A, which are considered to be
Michael acceptors other than nitroalkenes by using malononitrile POtential Michael acceptors for Lewis acid-catalyzed Michael
as a reactive nucleophile. For this purposg-unsaturated react_loné7 (Table 3). All rea_ctlons wgre carried outina 0.1 M
imides seem to have an ideal structure to form hydrogen bondsSelution of the substrate with 2 equiv @& and 10 mol % of

with the thiourea catalysta as shown in Figure 15 la As expected, the reaction 2 with 5A proceeded smoothly
We first investigated the Michael addition of malononitrile &nd was complete within 26 h, giving the corresponding adduct
2ato several types oft,f-unsaturated acid derivativeé—G 6A in 84% yield with 88% ee (entry 1). When the more electron-

(Table 1). The reaction @a (2 equiv) with3A—G (a 0.5 M deficient substratéB, bearing a 3,5-bis(trifluoromethyl)phenyl
toluene solution) was carried out at room temperature in the 9"0UP. Was subjected to the same reaction conditions, a miserable
presence of 10 mol % dfa. Although the conjugate addition resultl was obtallned in terms of chemical yield due to .the poor
of 2awith amide3A gave no desired product, the same reaction SCluPility of 5B in the reaction solvent (entry 2). Surprisingly,
with N-acyl-1,3-oxazolidinon@B5c was complete after 96 h, the electron-rich substratéA exhibited high reactivity in the
giving the .I\/I|chaell gdduc@B in 89% vyield (entries 1 and 2). (17) (a) Myers, J. K.: Jacobsen, E. . Am. Chem. Sod999 121, 8959. (b)

The enantioselectivity oiB was revealed to be 83% ee by Sammis, G. M.; Jacobsen, E. BL. Am. Chem. So@003 125 4442. (c)
HPLC analysis. We expected to enhance the hydrogen-bonding Sibi, M. P.; Prabagaran, N.; Ghorpade, S. G.; Jasperse,JCAP. Chem.

. X X X O Soc 2003 125 11796. (d) Vanderwal, C. D.; Jacobsen, EJNAmM. Chem.
interaction with thiouredla, and thus used-acyl-1,3-imida- Soc 2004 126, 14724,
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Table 3. Thiourea-Catalyzed Michael Addition of 2a with Table 4. Thiourea-Catalyzed Michael Addition of 2a—c with
N-Cinnamoylbenzamide Derivatives 5A—D and 7A2 Various a,f-Unsaturated Imides 7A—E?
O O CHyCN)2a (NC),HC, 4 O O 0O O 0 O
Nu-H2a-c  Nu H
J 1a (10 mol%) s 5
N L s N P NG taomoe) 3L
H toluene (0.1 M) H H toluene H
5A-D, 7A nt 6A-D, 8A MeO MeO
7A-E 8A-E, 9A-E, 10A-E
entry  substrate (Ar) product time (h) yield (%)°  ee (%)° 2a: Nu = CH(CN),, 2b: Nu = CH(CN)(CO,Me), 2¢: Nu = CH,NO,

A: R =Ph, B: R = p-FCgHs C: R = p-MeOCgHs D: R = Me,
E: R=TBSO(CH,)s

1 \© 6A 26 84 88
5A temp time yield ee
CFs entry 7 2 (°C) (h) product (%)° (%)°
1 7B 2a rt 7 8B 99 92
2 68 o 28 8 2 7C  2a r 24 8C 92 90
CF; 5B 3 7D 2a rt 3 8D 96 90
4 7E 2a rt 5 8E 95 93
5 TA 2b 80 52 9A 94d 82¢
3 8A 14 95 91 6 7B 2b 80 48 9B 91d 85°
Me0” N 7 7D 2 r 87 9D o 9=
OMe 8 7E 2b r 137 9E 96 92
9 A 2c 60 168 10A 56 87
10 7B 2c 60 168 10B 60 86
! t@ ¢ % - 1 7 2 m 135 10D 91 83
MeO 5C 12 7E 2 rt 256 10E 82 80
2The reaction was conducted witla, 2a—c (2—40 equiv), and’A—E.
5 " 6D 24 93 89 blsolated yield. Enantiomeric excess (ee) was determined by HPLC
© 5D analysis 08—10using a chiral column? Product was obtained as a mixture

of two diastereocisomer§.The ee values were estimated from ee of the
decarboxylated nitrile.

aThe reaction was conducted wifta (10 mol %), 2a (2 equiv), and
5A-D, 7A in toluene (0.1 M solution)? Isolated yield.c Enantiomeric 4). In contrast to the Michael addition witiracylpyrrolidinone
g())(lcueni;was determined by HPLC analysi$Af-D and8A using a chiral 3D mentioned abov&® the present reaction with 2-methoxy-
benzimides7A—E occurred smoothly to afford the desired
products8A—E within 3—24 h. Encouraged by this result, we
next investigated the Michael addition of other nucleophiles,
such as methyd-cyanoacetat2b, but the reaction was sluggish
even with 7A. After many experiments, the desired Michael
adducts9A and 9B were obtained in good vyield by simply

Michael addition; the reaction was complete after only 14 h,
and the desired produ@®A was obtained in 95% yield with
91% ee (entry 3). In contrast to this result, the reaction of 2,6-
dimethoxybenzimid&C led to significant decreases in both the
reaction rate and the enantioselectivity (entry 4). By comparing

the result of 2-methylbenzimid&D Wi'[h. that of 7A, the heating the reaction mixture at 8@ (entries 5, 6). It is
2-methoxy group was proved to play an important role for the o yorthy that the enantioselectivity of the produgss,B
gcceleratlon of the conjugatg reaction. We assumed that theremained fairly high (8285% ee) even at high temperature.
intramolecular hydrogen bond|r_1_g between NH and OMe_ groups |y contrast to the aromatic imid@#\,B, the reaction of aliphatic
of 7A enhanced the electrophilicity of thé-alkenoyl moiety  jiqes7D and7E with 2b occurred even at room temperature,

of the imide7A due to the decrease of electron density of the qiding 9D and9E with somewhat higher enantioselectivity
nitrogen atom as well as coplanar orientation of the 2-meth- (92% ee) (entries 7, 8). Furthermore, it was revealed that

oxybenzamide moiety (entries 3 and 5). These results demon-y;i o methanec could be used as a nucleophile for the Michael

strated that the_ 2-methoxybenzimi@é was the best choice  4qiion with imides7, whereas the reaction took place slowly
for a substrate n _aII _respects_ . even at 60°C. The corresponding Michael addud8A,B and
Sc_ope_ and leltat_lon O_f the Thlourea-Cat_alyzed As;_/m- 10D,E were produced in moderate to good yields with up to
metric Michael Reaction with 2-MethoxybenzimidesHaving  g744 ee (entries912). Consequently, we succeeded in the first
established the optimal reaction conditions for the enam'ose'organocatalyzed enantioselective Michael addition of methyl

Iectiv_e Michael reaction of malgnonitr?lﬁa, we ne>_<t screened a-cyanoacetat@b and nitromethan@c with 2-methoxybenz-
a series of substrat@®\—E bearing varioug-substituents and imides 7A,B and 7D,E by using bifunctional thioureaa

nucleophile2a—c. As illustrated in Table 4, 2-methoxybenz- The absolute configurations of the Michael addais 9B,

imides 7B—E underwent conjugate addition of malononitrile . . .
2ain the presence of catalveain hiah vield and ee. and these and 10A were determined by their transformation to known
P y& any ' compoundd 1,1121211agnd13'8 (Scheme 1). Treatment 88

results were almqst mdependen? of steric hlndranpe anq thewith a catalytic amount of Er(OT§)in methanol provided the
electronic properties of thg-substituents. The reactions with h 24 _ .

. - L corresponding methyl estéd ([o]**% = +17: ¢ 1.2, CHCN)
aryl-substituted imidegB and 7C proceeded with high enan- . . .
i o . g . in 96% yield. In the case @B, the obtained produ@B was
tioselectivity to furnish the addition addu@8 and8C, while . o : .

. converted into nitrilel2 in two steps according to the reported
the rate of the reaction was somewhat decrease@@ofR = o5 _ .
. . proceduré!? ([0]*> = +7: ¢ 1.1, CHCN). Based on a

p-methoxyphenyl) due to the electron-rich substrate (entries 1, comparison of their specific rotations with those of authentic
2). Similarly, imides7D and 7E bearing alkyl groups as the P P

ﬁ_SUbStltuent underwent a clean_reactlon as well, glylng the (18) Felluga, F.; Gombac, V.; Pitaco, G.; Valentin,Tetrahedron: Asymmetry
corresponding adduc8D and8E with 90—93% ee (entries 3, 2005 16, 383.
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Scheme 1. Transformation of Michael Adducts to Methyl Esters
11-13
EoTeMeon OO H | fogo® = +17
B 3 Me < oMe (€ 1:2 CHGCN)
n,3h lit.: [0]p?® = +19
96% F » (¢ 1.0, CHzCN)
NC H e [0]p?° = +7
B 1) Er(OT)5, MeOH S (¢ 1.1, CHyCN)
2) NaCl, DMSO, H,0 OMe it 0o = +11
’ s M2
reflux F 12 (1.1, CHaCN)
82%
ON—~ 1 O [o]o® =-13.3
10a ErOTHs MeOH (>>\/kOMe (c02, (.;,EICIa)
o lit.: [o]p=° = +8.7
96% 13 (c2, CHClg)
Table 5. 'H NMR and IR Experiments of Imides 5A, 7A, 5c, and
5D
imide IH NMR (CDCl;, 0.015 M) IR (CHCl;, 0.01 M)
5A 8.59 (NH) 3405 (N-H)
7.86 (Hy) 1680 (G=0)
7.95 (Hy) 1619 (G=C)
7A 10.30 (NH) 3330 (N-H)
7.86 (Hy) 1671 (G=0)
7.91 (Hy) 1619 (G=C)
5C 8.19 (NH) 3393 (N-H)
7.75 (H) 1679 (G=0)
7.89 (Hy) 1620 (G=C)
5D 8.21 (NH) 3391 (N-H)
7.76 (Hy) 1680 (G=0)
7.94 (Hy) 1618 (G=C)

samples 11, [a]®p = +19,¢ 1.0, CHCN; 12, [a]?% = +11,

c 1.1, CHCN),"athe absolute configurations @&B and 9B
were determined to bR andS respectively. The same treatment
of 10A as 8B afforded the corresponding methyl ester3
([a]?% = —13.3: ¢ 0.20, CHC}), whose configuration was
confirmed to beS by comparison of its specific rotation with
that of the authentic samplté,and those of the other adducts
8A, 8C—E, 9A, and 10B were presumed on the basis of the

5 (NH): 10.24 (10.22)
5 (Ho): 8.04 (8.06)
5 (HB): 8.23 (8.30)

1

Me
Figure 2. *H NMR of a 1:1 mixture oflaand7A in tolueneels (0.02 M)
(the values in parentheses are chemical shiftgAfwvithout 1a).

was supported biH NMR spectroscopic experiments, as shown
in Figure 21° The chemical shift of the imide NH of 7A was
gradually shifted downfield with an increase in the ratidlaf
to 7A. Whenlawas mixed with7A (1a/7A = 1/1), the chemical
shift of N—H was shifted from 10.22 to 10.24 ppm. In contrast,
the chemical shifts of Hand H; of 7A were gradually shifted
upfield with an increase in the amount d. This implies that
the acidic protons (NH) ofla interacted with two carbonyl
oxygens of the imid&A, as shown in Figure 22

To obtain further information about the reaction mechanism,
we carried out kinetic studies on the Michael reaction. When
the reaction was carried out with a large exces2afplotting
In([7A])/[7A%) versus time gave a straight lin&{= 0.9988,
A in Figure 3), which indicates that the reaction is first-order
with respect to7A. Although the order with regard to nucleo-
phile 2a could not be determined due to the poor solubility of
the substrat&’A, when the order with regard to the catalyst
was also examined by plotting the kinetic rate constégy)(
against the loading dfa (B in Figure 3), the reaction was shown
to be first-order with respect tba. In addition, Figure 3 shows
the relationship (MichaelisMenten plot) between the substrate
concentration [g of 7A and reaction rate (VM/min) (C in
Figure 4). This result unambiguously indicates that equilibrium
between catalysia (or a binary complex ofla and malono-
nitrile 2a) and substrat&A exists in the thiourea-catalyzed
Michael addition. Therefore, the reaction constant€@f Vimax
andkeqtWere calculated from the LineweaveBurk plot (R2 =

above results. Consequently, these results indicated that ally 9936 p in Figure 4):Ky = 0.300 M, Vinax = 4.42 x 1072
nucleophiles tend to attack the Michael acceptors from the samep/min ,kcat= 0.442 minm?, keafKy = 1_’47 (1/Mmin).

side in the presence dfa, regardless of the functional groups
of the nucleophiles.

Mechanistic Studies. To gain insight into the different
reactivity of the imides’A and5A—D, we performed experi-
ments using IR andH NMR spectroscopy. The results are
summarized in Table 5. Although almost all of tHe NMR
signals such as the vinylic protons {ldnd H) of 5A, 5C,D,
and7A possessed similar chemical shifts; the signal of thé-N
proton of 7A was observed downfield as compared to those of
5A and5C,D. In addition, the stretching absorption of the-N
bond in the IR spectrum ofA (0.01 M) appeared at a slightly
lower wavenumber (3330 cm) than those obA and5C,D
(3391-3405 cn1l). On the basis of these facts, we speculated
that intramolecular hydrogen bonding between the imigeHN
moiety and the methoxy group was formed in the caséAyf
by which theo,S-unsaturated carbonyl moiety of 2-methoxy-
benzimide7A would be more reactive as a Michael acceptor
than the other imides. To identify additional hydrogen bonding
between 2-methoxybenzimid&sand thiouredla, we took the
1H NMR spectra of7A in the presence of different amounts of
la. In contrast to nitroolefif&P and N-Boc imines!3ac the
formation of a substratecatalyst complex'A-1ain tolueneds

On the basis of these results, we propose a ternary complex
of catalystla, malononitrile2a, and imide7 as a plausible
transition state (Figure 5). Successive interaction of malononitrile
2a and 2-methoxybenzimid@ with catalystla took place
through the deprotonation &a by the tertiary amine ofla
and the coordination df to the thiourea moiety dfa, producing
ternary compleXA, which is composed dfa, 7, and the anion
of malononitrile2a. Consequently, the activated nucleophile
attacks the imid& from the front of ternary comple&, giving
the R)-adduct8 predominantly. This proposed mechanism is
consistent with the experimental results described above.

1,2-Nucleophilic Addition of Hard Nucleophiles to the
Michael Adducts. To transform the obtained Michael adducts
into advanced compounds, a wide range of reactions have been
developed®1217 However, these reactions have required a
catalytic amount of additional Lewis acids or a stoichiometric

(19) A similar phenomenon was observed on tHeNMR titration studies of
malononitrile 2a with thioureala. The chemical shift of the methylene
protons of malononitrile2a was shifted from 0.92 to 0.95 ppm by the
addition of 1.0 equiv of thioureda in tolueneds (0.02 M).

(20) At this stage, it is not clear why the chemical shifts of &hd H; of 7A
shifted upfield with an increase of additional amountslaf The same
upfield-shifts were observed in tHél NMR spectra of5A and5C.
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Figure 3. Kinetic studies on the Michael reaction of malonoti@a to imide 7A in the presence ofa
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Figure 4. Michaelis-Menten and LineweaveiBurk plots of the Michael reaction dfa with 7A.
CFg Table 6. Thiourea-Catalyzed Transformation of Imides 4D, 6A,
S 6C, and 8A into Various Carboxylic Acid Derivatives 14A—D
H
P CN oN
FaC N W e Ncw i XH Ne— H ©
N=C o PN Ph N)J\Ar 0 N
2a,7 >=C=N,'\‘H:/ M N 1a (10 mol%) Ph X
1a — H NS e — .38 toluene
-— H o O 1a 4D, 6A, 6C, 8A 14A-D
Ph)\(U\NJD 14A: X = OMe, 14B: X = OBn, 14C: X = NHBn, 14D: X = NMe(OMe)
H,
intramolecul ar H Q entry substrate reaction conditions product yield?
hydrogen-bonding Me 1 4D MeOH (neat), 60C, 24 h 14A 82
ternary complex A 2 6A MeOH (neat), rt, 24 h 14A 94
. . . . . - - 6C MeOH (neat), rt, 24 h 14A 88
I7—‘/gqtrﬁ 5. IPIat:s_:bI; r_ea;:rt‘lon mechaanIm of the Michael addition of imide 4 8A MeOH (neat), rt, 24 h 14A 87
with malonotrile2a in the presence afa 5b 8A MeOH (neat), rt, 24 h 14A 9
) ) ) ) 6 8A BnOH (neat), rt, 88 h 14B 89
amount of bases. From an atom-economical point of view, it 7 8A BnNH; (2 equiv), rt, 3h 14C 77
would be desirable to develop a new method for the subsequent 8 8A  MeNHOMe (3 equiv), 60C,20h 14D 75

reaction, which does not demand additional catalyst. The
bifunctional thiourea catalysta was designed on the basis of
a mechanism of hydrolytic enzymes such as serine proféase.
This means that the thiourda might catalyze the transforma-
tion of the imides to other carboxylic acid derivativégn
Therefore, we next explored the one-pot transformatiof? of
into carboxylic acid derivatives such as ester, amide, and
Weinreb amide by tandem Michael addition of soft nucleophile
and 1,2-nucleophilic addition of a hard nucleophile. Because
we have already developed the asymmetric Michael addition
of malononitrile2ato imides?, a key to the success of one-pot
transformation would be the second reaction of the Michael
adducts8 with hard nucleophiles (Table 6). Therefore, we first
examined the reaction of several Michael adddds6A, 6C,
and8A with methanol as a hard nucleophile. The reaction was

a|solated yield.? Without thiourea catalysta.
carried out in methanol in the presence of 10 molé&sin the
case of4D, the reaction required heating at 8C to go to
completion and provided the methyl estefA in 82% yield
(entry 1). In contrast to this result, the same reaction of
benzimides6A, 6C, and8A proceeded at room temperature to
give the desired produd#A in good yields, respectively (entries
2—4). Distinct from the Michael addition of soft nucleophiles,
these benzimides exhibited almost the same reactivities to
methanol. However, the yield #4A was low without thiourea
catalyst 1a, while the reaction occurred slowly (entry 5).
Similarly, benzyl alcohol could be employed as a nucleophile
for this transformation, affording the corresponding e4#4B
in 89% vyield (entry 6). Although the amid&4C could be
obtained by treatment A with benzylamine (2 equiv) in

(21) Wharton, C. W. IrComprehensie Biological CatalysisSinnott, M., Ed.; toluene at room ter_nperatur(_a, the reaction Mm-dlmethyl-
Academic Press: London, 1998; Vol. 1, pp 345/9. hydroxyamine required heating at 8G to furnish the desired
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Scheme 2.  One-Pot Transformation of 7A into 14A, 14C, and
14D

(0] (0]
Ph/\)J\H

7a MeO

1) CH,(CN), 2a cN
1a (10 mol%)
toluene, rt, 14h  NC—\ H o
I R S :

2) Nu-H, rt or 60°C Ph
Nu-H = MeOH: 14A (85%)
Nu-H = BnNH,: 14C (65%)
Nu-H = MeNHOMe: 14D (65%)

Nu
14

Weinreb amidel4D. Having established the optimal reaction
conditions for the 1,2-nucleophilic addition of hard nucleophiles,
we finally undertook the one-pot reaction af-unsaturated
imide 7A with malononitrile2aand methanol (Scheme 2). After
the Michael addition oRato 7A under the standard conditions,

acceptors in terms of reaction rate and stereoselectivity. Among
them, N-alkenoyl-2-methoxybenzamid&sis the best Michael
acceptor. The high reactivity afcan be attributed to intramo-
lecular hydrogen bonding between the imide N moiety and

the methoxy group of the benzamide. The reaction can be
applied to a variety ofy,f-unsaturated imidegA—E bearing

aryl and alkyl groups as g-substituent, with high enantiose-
lectivity. Furthermore, the Michael addition of other carbon-
nucleophiles such as methydcyanoacetat2b and nitromethane

2c with 7A—E also proceeds at elevated temperature, giving
the corresponding Michael adducts with good enantioselectivity.
Subsequent treatment of the obtained Michael adducts with hard
nucleophiles such as alcohol, amine, aN-dimethylhy-

methanol was added to the reaction mixture and the resulting droxyami.n.e in the presence of thiourgta promotes the 1,2-
mixture was stirred at room temperature to provide the desired Nucleophilic addition into imides to afford the corresponding

methyl ested4A in 85% yield. Similarly, the one-pot reactions
of 7A with BnNH, and MeNHOMe proceeded efficiently, giving
the corresponding adductdC and14D in good yields. In this

ester, amide, and Weinreb amide in good yield. Thus, different
soft and hard nucleophiles can be introduced\talkenoyl-2-
methoxybenzamides in a highly regio- and enantioselective

way, we succeeded in the tandem reaction of enantioselective™anner by using a single chiral catalyst.

Michael addition of soft nucleophile and the 1,2-nucleophilic

addition of a hard nucleophile with a single chiral organocatalyst.

Conclusion
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We successfully developed the first highly enantioselective KAKENHI (16390006).

organocatalytic Michael addition of several soft nucleophiles

2a—c with a,f-unsaturated imideglD and 7A—E using a
bifunctional thioureala. Although the pyrrolidinone moiety of
o,B-unsaturated imide4D is demonstrated to play a key role
in the Michael reaction of malononitril2a, the N-alkenoyl-
benzamide derivative§ and 7 are more promising Michael
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