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Abstract: We synthesized a new class of bifunctional catalysts bearing a thiourea moiety and an amino
group on a chiral scaffold. Among them, thiourea le bearing 3,5-bis(trifluoromethyl)benzene and
dimethylamino groups was revealed to be highly efficient for the asymmetric Michael reaction of
1,3-dicarbonyl compounds to nitroolefins. Furthermore, we have developed a new synthetic route for
(R)-(—)-baclofen and a chiral quaternary carbon center with high enantioselectivity by Michael reaction. In
these reactions, we assumed that a thiourea moiety and an amino group of the catalyst activates a nitroolefin
and a 1,3-dicarbonyl compound, respectively, to afford the Michael adduct with high enantio- and
diastereoselectivity.

Introduction Jacobsen et al. found that chiral urea derivatives catalyzed the

Urea and thiourea derivatives have been intensively inves- Strécker reaction, Mannich reaction, hydrophosphonylation of
tigated in the area of molecular recognition because of their IMines, and PictetSpengler reaction, affording the products

strong hydrogen bonding activijThey can be used to recog- with high enantiomeric exce$®.' Nagasawa et al. reported that
nize carboxylic acid? sulfonic acidb nitratel® etc., through their chiral urea derivatives promoted Michael reaction of
multihydrogen bondings. Recently, several groups reported thatpyzrolldlne toa,-unsaturateg-lactone with low to moderate
urea and thiourea not only recognized organic compounds but®€"’ They also found that bis-thiourea catalyzed the Baylis
also activated them as an acid catalyétCurran et al. reported ~ Hillman reaction with up to 90% e#.Although both research
that addition of a urea derivative improved diastereoselectivity 9"0UPS used urea derivatives as a simple acid, the activity of
of allylation of a-bromosulfoxide with allyltributylstannarf. ureas as acids is rather weaker than that of metallic Lewis acids.
Schreiner investigated the effect of urea derivatives on reactivity 1 "erefore, application of urea derivatives to enantioselective

and selectivity of DielsAlder reaction of enones with eactions seems to be limitéd. _
cyclopentadiend®e Concerning enantioselective reactidrs Michael reaction of nitroolefins represents a convenient access
to nitroalkanes that are versatile intermediates in organic

(1) (a) Kelly, T. R.; Kim, M. H.J. Am. Chem. Sod.994 116, 7072-7080. i i i i i i
(6] Wilcox, C. &.: Kim, E.. Romano, D » Kuo. L. H.. Burt, A L.: Curran, syn_the63|§_.'l'_he nlt_ro f7unct|onallty can be egsﬂy t_ransformed into
D. P. Tetrahedron1995 51, 621-634. (c) Linton, B. R.; Goodman, M. amine® nitrile oxide; ketone or carboxylic aciél hydroger?

S.; Hamilton, A. D.Chem=—Eur. J.200Q 6, 2449-2455. (d) Etter, M. C; =K i H H i _
Urbaftzyk-Lipkowska, Z.; Zia-Ebrahimi, M.; Panunto, T. \&..Am. Chem. etc., providing a wide range o_f Synthetlca”_y Inter_eStlng COI’T_]
S0c.199Q 112, 8415-8426. pounds. Although the catalytic asymmetric versions of this

(2) (a) Okino, T.; Hoashi, Y.; Takemoto, Wetrahedron Lett2003 44, 2817 i i i i
2821, (b) Cliran. D. P.. Kuo, L. HL Org. Chem 1994 59, 3259-3261. react!on Were.a.lchleved, most reqwredl metal patglysts or strict
(c) Curran, D. P.; Kuo, L. HTetrahedron Lett1995 36, 6647-6650. (d) reaction condition$®14 Recently,L-proline derivatives have

Schreiner, P. R.; Wittkopp, AOrg. Lett 2002 4, 217-220. (e) Wittkopp, . . . :
A.. Schreiner, P. RChem=-Eur. J. 2003 9, 407-414. (f) Schreiner, P. R. been reported to afford enantiomerically enriched Michael

Chem. Soc. Re 2003 32, 289-296. (g) Maher, D. J; Connon, S. J.  adducts in good yielé® To achieve catalytic enantioselective
Tetrahedron Lett2004 45, 1301-1305.

(3) (a) Okino, T.; Hoashi, Y.: Takemoto, ¥i. Am. Chem. So@003 125 Michael reaction into nitroolefins with thioureas, we designed
12672-12673. (b) Okino, T.; Nakamura, S.; Furukawa, T.; Takemoto, Y.
Org. Lett.2004 6, 625-627. (5) For a review, see: Berner, O. M.; Tedeschi, L.; EndersEdr. J. Org.
(4) (a) Sigman, M. S.; Jacobsen, E. N.Am. Chem. Sod.99§ 120, 4901~ Chem.2002 18771894.
4902. (b) Sigman, M. S.; Vachal, P.; Jacobsen, EANgew. Chem., Int. (6) (a) Beck, A. K.; Seebach, @hem. Ber1991, 124, 2897-2911. (b) Maeri,
Ed. 200Q 39, 1279-1281. (c) Vachal, P.; Jacobsen, E. N.Am. Chem. R. E.; Heinzer, J.; Seebach, Debigs Ann1995 1193-1215. (c) Poupart,
Soc.2002 124, 10012-10014. (d) Vachal, P.; Jacobsen, E.Qtg. Lett. M. A.; Fazal, G.; Goulet, S.; Mar, L. TJ. Org. Chem1999 64, 1356~
200Q 2, 867—-870. (e) Su, J. T.; Vachal, P.; Jacobsen, EAly. Synth. 1361. (d) Barrett, A. G. M.; Spilling, C. DTetrahedron Lett1988 29,
Catal. 2001, 343 197-200. (f) Wenzel, A. G.; Jacobsen, E. N. Am. 5733-5734. (e) Lloyd, D. H.; Nichols, D. EJ. Org. Chem.1986 51,
Chem. Soc2002 124, 12964-12965. (g) Wenzel, A. G.; Lalonde, M. P; 4294-4295.
Jacobsen, E. NSynlett2003 1919-1922. (h) Joly, G. D.; Jacobsen, E. N. (7) Mukaiyama, T.; Hoshino, TJ. Am. Chem. Sod.96Q 82, 5339-5342.
J. Am. Chem. So@004 126, 4102-4103. (i) Taylor, M. S.; Jacobsen, E. (8) Pinnick, H. W.Org. React.199Q 38, 655-792.
N. J. Am. Chem. So@004 126, 10558-10559. (j) Sohtome, Y.; Tanatani, (9) Ono, N.; Miyake, H.; Kamimura, A.; Hamamoto, |.; Tamura, R.; Kaji, A.
A.; Hashimoto, Y.; Nagasawa, KChem. Pharm. Bull2004 52, 477— Tetrahedron1985 41, 4013-4023.
480. (k) Sohtome, Y.; Tanatani, A.; Hashimoto, Y.; Nagasawa, K. (10) (a) Hayashi, T.Synlett2001, 879-887. (b) Hayashi, T.; Senda, T.;
Tetrahedron Lett2004 45, 5589-5592. Ogasawara, MJ. Am. Chem. So@00Q 122, 10716-10717.
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Figure 1. Multifunctional organocatalysts.

new chiral bifunctional organocataly3t¥ (Figure 1) that have
both a thiourea moiety and an amino group on a chiral scaffold.
These bifunctional catalysts would be able to activate both
nitroolefins and nucleophiles simultaneously and could control
the approach of nucleophiles to nitroolefins. On the basis of
this concept, we have recently reported that novel bifunctional
catalysts realized Michael reaction of 1,3-dicarbonyl compounds
to nitroolefins with high enantioselectivity up to 93% ¥dn

this article, we investigated the structu@ctivity relationship

of thiourea catalysts in the Michael reaction and also the
adaptation ob-substituted3-ketoesters to the reaction to con-

struct contiguous stereogenetic centers containing an asymmetric

quaternary carbon. In addition, a plausible reaction mechanism
is proposed from these results.

Results and Discussion

Synthesis and Activity of Catalysts.We first synthesized
various thiourea derivativelka—n to examine the effects of (1)
the diamine moiety (cyclic or acyclic, n,’R (2) a functional
group of the aromatic ring (Y), and (3) substituents on the amino
group (R, R3) on the reactivity and selectivity of the reaction
(Figure 2). These catalysts could be prepared simply by
condensation of isocyanates/isothiocyanates with 1 equiv of
amines. Furthermore, we synthesized ureavhose K, would
be larger than that of the corresponding thiouted” We then
carried out Michael reaction ¢gf-nitrostyrene2a with 2 equiv
of diethyl malonate3a in toluene with 10 mol % of catalysts
(Table 1 and Figure 3). The reaction in the presence of TEA

(11) (a) Duursma, A.; Minnaard, A. J.; Feringa, B.1..Am. Chem. So2003
125 3700-3701. (b) Duursma, A.; Minnaard, A. J.; Feringa, B. L.
Tetrahedror2002 58, 5773-5778. (c) Alexakis, A.; Benhaim, C.; Rosset,
S.; Humam, M.J. Am. Chem. So@002 124, 5262-5263. (d) Rimkus,
A.; Sewald, N.Org. Lett. 2003 5, 79-80. (e) Luchaco-Cullis, C. A;;
Hoveyda, A. HJ. Am. Chem. So2002 124, 8192-8193. (f) Mampreian,
D. M.; Hoveyda, A. H.Org. Lett.2004 6, 2829-2832. (g) Choi, H.; Hua,
Z.; Qjima, 1.Org. Lett.2004 6, 2689-2691. (h) Watanabe, M.; Ikagawa,
A.; Wang, H.; Murata, K.; Ikariya, TJ. Am. Chem. So2004 126, 11148
11149.

(12) (a) Barnes, D. M.; Ji, J.; Fickes, M. G.; Fitzgerald, M. A.; King, S. A,;
Morton, H. E.; Plagge, F. A.; Preskill, M.; Wagaw, S. H.; Wittenberger, S.
J.; Zhang, JJ. Am. Chem. So2002 124, 13097-13105. (b) Ji, J.; Barnes,
D. M.; Zhang, J.; King, S. A.; Wittenberger, S. J.; Morton, H.JEAmM.
Chem. Soc1999 121, 10215-10216.

(13) Brunner, H.; Kimel, BMonatsh. Chem1996 127, 1063-1072.

(14) Very recently, Deng et al. reported enantioselective Michael reaction of
nitroolefins with malonates catalyzed by cinchona alkaloid derivatives. Li,
H.; Wang, Y.; Tang, L.; Deng, LJ. Am. Chem. SoQ004 126, 9906—

9907.

(15) (a) Andrey, O.; Alexakis, A.; Bernardinelli, @rg. Lett.2003 5, 2559—
2561. (b) Enders, D.; Seki, Aynlett2002 26—28. (c) List, B.; Pojarliev,
P.; Martin, H. JOrg. Lett.2001, 3, 2423-2425. (d) Mase, N.; Thayumana-
van, R.; Tanaka, F.; Barbas, C. F., I0rg. Lett.2004 6, 2527-2530. (e)
Ishii, T.; Fujioka, S.; Sekiguchi, Y.; Kotsuki, Hl. Am. Chem. So2004
126, 9558-9559.

(16) For a review of bifunctional catalysts, see: (a) Ma, J.; Caharérigew.
Chem., Int. Ed2004 43, 4566-4583. (b) Giger, H.Chem=—Eur. J.2001,
7, 5246-5251. (c) Shibasaki, M.; Sasai, H.; Arai, Angew. Chem., Int.
Ed. Engl.1997, 36, 1236-1256.

(17) Mitchell, J. M.; Finney, N. STetrahedron Lett200Q 41, 8431-8434.
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Table 1. Michael Reaction of 2a with Various Catalysts?
Et0,C” CO,Et 3a EtOC-COEt
. _NO 2 ~2
@/\/ 2 (2 equiv) NO,
catalyst (10 mol%)
toluene, rt
2a (R)-4a

entry additive time (h) % yield® % eec?

1 TEA 24 17 -

2 DBU 3 13 -

3 TEA+ la 24 57 -

4 1b 48 38 -

5 1c 48 43 -
6 1d 48 52 64
7 le 24 86 93
8 1f 48 69 74
9 1g 48 88 83
10 1h 48 78 84
11 1i 48 58 80
12 1j 24 72 72
13 1k 48 88 77
14 1l 48 76 87
15 im 48 38 89
16 1in 24 87 91
17 1o 24 14 35

aThe reaction was conducted wizla (1 equiv),3a (2 equiv), and toluene
in the presence of various additives (10 mol %) at room temperature.

bisolated yield ¢ Enantiomeric excess was determined by HPLC analysis
of 4a using a chiral columnd Absolute configuration was determined by

comparing the specific rotation @fa with that of literature dat&2®

CFy4
X
S n
1A =y
FsC N”N H H
H H
1a 1b-c
X R!
o)
. 1
Ar\NJJ\N\\KrH )k
e \R2 /N\
1d-n 1o

1b; Ar = 3-CF3CgHs, N =2
1c; Ar=3-CF3CgHy, n=3

1d; X = S, Ar = 3,5-(CF3),CgHs, R = Ph, Ph, R2 = Me
1e; X =S, Ar = 3,5-(CF3),CgH3, R! = (CHo)4, R2=Me
1f; X =S, Ar = 3-MeOCgH,, R = (CH,),, R2= Me

1g; X =S, Ar=3-CNCgHy4, R! = (CHy)4, R2 = Me

1h; X =S, Ar = 3-CF5CgHy4, R' = (CHy)4, R2 = Me

1i; X =S, Ar=Ph, R' = (CHy)s, R2=Me

1j; X =S, Ar = 2-CF5CgH4 R = (CH,),4, R? = Me

1k; X =S, Ar = 4-CF3CgHy, R' = (CHy)s, R2=Me

1I; X = S, Ar = 3,5-(CF3),CgHg, R' = (CH,),, R? = Pr
1m; X = S, Ar = 3,5-(CF3),CgHs, R' = (CH,)s, R2=Bn
1n; X = O, Ar = 3,5-(CF3),CgHg, R! = (CH,)4, R2 = Me

Figure 3. Structure of catalysts.

(10 mol %) provided the desired Michael adddet in only
17% yield (entry 1). Replacement of the base with a strong base
DBU did not improve the chemical yield (13%, entry 2). The
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low yield of 4awas attributed to decomposition @itrostyrene

2a by these bases. To activgtenitrostyrene with something
other than a base, thiouréawas added to the reaction mixture.
When 1a and TEA coexist in the reaction mixture, Michael
reaction was accelerated add was obtained in 57% yield
(entry 3). In contrast to our expectation of higher activity, achiral
bifunctional organocatalystsb and 1c gave almost the same
results as that of entry 3 (entries 4 and 5). In these cases, theg
two functional groups might not be fixed in proper positions
because of the conformational flexibility. Indeed, although chiral
catalystld, bearing 1,2-diphenylethylenediamine as the scaffold,
gaveda with 64% ee, catalysle bearing a rigid chair-form
structure, affordedain good yield with 93% ee (entries 6 and
7). The absolute configuration dfa was determined to bR Figure 4. X-ray analysis ofrac-1le

by comparing the Sp(?CIfIC rotation df?. Wlth. t_hat of literature Table 2. Enantioselective Michael Reaction of 2a with Malonates
datal?2 We next examined the catalytic activity of several cata- 3p—¢ in the Presence of 1e3

lysts 1f—i, which had differernt substituents (¥ CF;, CN, R2 5
OMe, H in Figure 2) on the meta position of the aromatic rings. Py 3b-o R'oc}com!

- NO. 1 1 i

Although these catalysts showed lower catalytic activity than ©/\/ 2 ROCT COR'@ iqut) NO,
le similar results in terms of chemical yield and ee were H H N
obtained except in the caselfpossessing an electron-donating 2a FoC NTN\O (R)-4b-0
group (entries 811). Similarly, the position of C&groups on S
the aromatic ring had a marginal effect on the chemical yield CF, 1€ (10 mol%)
and enantioselectivity efa (entries 10, 12, and 13). Concerning toluene, rt
the number of trifluoromethyl groups on the aromatic ring of .= 5 Rt R? ime(h)  yield®)  ees(%)
the catalyst (entries 7, 10, and 1l 1h, andli), the catalyst

. . . - 1 3b OMe H 9 89 86
1e bearing two CEgroups, showed the highest catalytic activity 2 3¢ OPr H 48 70 88
due to enhancement of the acidity of thiourea Il groups. 3 3 OBu H 48 trace -
When a bulkier alkyl group (B was introduced to the catalyst, 4 3 Me H 1 80 89
the chemical yield ofta decreased without affecting the ee of 5 o NCCHCN 025 8 25

micaty e aftecting 6 3g OCMeO H 24 88 46
4a (entries 14 and 15). It implied that steric hindrance of the 7 3h OMe Me 36 82 98
catalyst did not relate to the facial selectivity of nitroolefia, 8 i OMe OMe 28 89 94
but disturbed the approach of the nucleophil@#oln general, 1?) gjk 8'\E"te (,\)Imgoc 4é gi gg
the K, of the N—H groups of urea derivatives is smaller 11 3 OEt NHAC 24 72 33
than that of the corresponding thiourea. Though we specu- 12 3m OMe cl 1 >99 8%
lated that urealn would show lower activity tharle, the 13 3n  OEt Br 48 nr -

. . 14 30 OMe Ph 48 trace -

catalytic activity ofln was almost the same as thatlaf(entry
16). The unsatisfactory result with amide'® indicated the aThe reaction was conducted wita (1 equiv), nucleophiles (2 equiv),

importance of cooperative effect of two-NH groups in the and toluene in the presencelsf (10 mol %) at room temperaturélsolated
catalyst (entry 17) yield. ¢ Enantiomeric excess was determined by HPLC analys#susing

: a chiral columnd Absolute configuration was determined by comparing
Although it is known that the solubility of ureas and thioureas the specific rotation of4 with that of literature dat&® ©Absolute

; ; ; configuration was not determinetEnantiomeric excess was determined
in nonpolar sol\_/ents_ is low b_ecause of strc_)ng mtermqlecular after conversion tea (see Supporting Information).
hydrogen bonding, introduction of an amino group in the

thiou_rea would induce fqrmation of intramolecular hydrogen oactions with a series of malonatis—o using the best catalyst
bonding between the amino group (BRand the N-H groups le (Table 2). The size of ester groups of malonates had a
of the thiourea, leading to increasing solubility to nonpolar yarginal effect on the selectivity of Michael adducts, but the
solventstd Indeed, bifunctional thiouredsi—n became soluble large ester groups such ast-butyl ester decreased reactivity
in toluene. Analysis of the X-ray crystallographic structure of ot the malonates (entries—B). Acetylacetone3e, whose
racemic thiouredewould support the intramolecular hydrogen o-proton was more acidic than that of malonates, reacted with
bonding between the amino group and the thioured™Ngroup  g_nitrostyrene fo 1 h to afford 80% yield of Michael adduct
(H-N = 2.70 A, Figure 4). In addition, the X-ray crystal- 4e with 89% ee (entry 4). In contrast, malononitri$ and
lography oflewould indicate that amino groups and thiourea peldrum’s acid3g gave the corresponding addudtfsand 4g
N—H orient to the same direction. If thiourea and the amino , g504 yield and 88% vield, respectively, but the selectivity of
group interact with nitroolefins and nucleophiles, respectively, poth adducts was low (entries 5 and 6). The results suggest that
nucleophiles can approach nitroolefins in an ideal way. This the six-membered cyclic enol form of 1,3-dicarbonyl compounds
hypothesis agrees with the experimental result in Table 1, andmight be important for the good enantioselectivity.oHsub-
it encouraged us to employ the catalgstto Michael reaction  stituted malonates can be employed as a nucleophile in the
of various nucleophile8b—o to nitroolefin 2a Michael reaction, various products bearing a quaternary carbon
Michael Reaction with Symmetric 1,3-Dicarbonyl Com-
pounds. We next examined the scope of this class of Michael (18) Bordwell, F. G.; Ji, GJ. Am. Chem. S0od.991 113 8398-8401.

J. AM. CHEM. SOC. = VOL. 127, NO. 1, 2005 121
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center would be obtained. Barnes et al. had already carried out7able 3. Enantio- and Diastereoselective Michael Reaction of 2a
such reactions with magnesium catalysts, but the products wereV'th Ketoesters 5a—k in the Presence of 1e

obtained only in low to moderate selectivi§h. However, “NO RZCOYCOZR3 1e (10 mol%) R2R12030 ol

a-methyl malonatéh smoothly reacted witj§-nitrostyrene in PR Rl Towene . Dp NO

the presence dfeto provide Michael adducth in 82% yield 2a 5a-k (2 equiv) 6a-k

with 93% ee (entry 7). The-hydroxymalonate derivative3i temp. time yield®  dr° ce (%)

and3j also gave Michael adducts and4j in high yield with eniry s O () (%)  (RRS®  Tmaor

good to excellent selectivity (entries 8 and 9). In the reactions oo

with malonates bearing nitrogen substituents orotfposition, 1 AKog 05 o - 89

the selectivity of the products depended on the protecting groups 5a

of the nitrogen (entries 10 and 11). In the caseNsBoc 5 2 Q it > 99 iC) 89

a-aminomalonatesk, the reaction afforded the produdk in @MOB

81% vyield with 82% ee. Similarly, the reactivity of the MeO 00 sb

halogenated malonat@n and 3n depended on acidity of the 3 )’\ﬁ‘oa n 6 8 2278 91

malonates. Although-chloromalonat@m provided the desired 5¢

product4m quantitatively with 89% ee, the same reaction with 4 WOMe & 48 & o664 95

o-bromomalonate3n did not proceed (entries 12 and 13).

Unfortunately, the reaction with-phenylmalonat&o gave only o] 5d

a trace amount ofo. The absolute configurations 4b, 4c, 4i, 5 (yCOoMe 50 24 96 &7 93

and 4l were determined by comparing their specific rotations o 5e

with those of literature datéP to reveal that all products had 6 @oone 20 36 93 96/4 85

the sameR configuration. These results would indicate that the 5

reactions listed in Table 2 proceed through the same mechanism , ?_come w0 24 75 san7 89

and also that adequate acidity of malonate is crucial for good O

chemical yield but not high enantioselectivity. We succeeded o 59

in highly enantioselective Michael reaction Gfnitrostyrene 8 @,COZMe 50 3 96 57/43 93

2a with several malonates to construct a quaternary carbon 5h

center. 9 @@/o CoMe 2 o7 95/5 20
Application to Enantio-/Diastereoselective Michael Reac-

tion. Having succeeded in the Michael reactiorgafitrostyrene o) 5i

with symmetric 1,3-dicarbonyl compounds such as malonate, ~ '©  (CoMe 60 24 94 7/3 81

we next carried out the Michael reaction 24 with prochiral
1,3-dicarbonyl compounds (Table 3). We first investigated the

addition of c-unsubstitutedi-ketoestei5ab to f-nitrostyrene a|solated yield.” Determined by'H NMR. ¢ Relative configuration was

2a When ethyl aceoacetab@ (2 equiv) ang3-nitrostyrene were  getermined by'H NMR(NOE) or X-ray analysis? Enantiomeric excess
combined in toluene in the presence of 10 mol % of catdlgst was determined by HPLC analysis ®fusing a chiral columne Absolute

at room temperature. the Michael addition completed within configuration was determined by comparing the retention time of HPLC of
- L P . . . P 6 with that of literature dat&®
30 min, giving the desired produég in 91% vyield. Although

the dr of6a was low (55/45), the enantioselectivity was high  giastereoselectivity, but the enantioselectivity was maintained
(entry 1). The absolute configuration of the C3 positiorbef 4t 5 high level (entry 4). Therefore, we turned our attention to
was determined to ke by comparing the retention time of chiral cyclic ketoestese—j as a reacting partner (entries-50). It
HPLC analysis oba with that of literature dat&2® This result was revealed that 2-methoxycarbonycyclopentarmadded
indicated that the reaction of ketoesta with nitroolefin 2a to 2a to provide adducBe with 93/7 diastereoselectivity and
would proceed in .the same way as that of malonates. The 9304 e at-50°C. The scope of the reaction proved to be quite
B-ketoesteiSb bearing aryl groups could be used as a nucleo- proad with respect to ring size of the nucleophile: five- to seven-
phile to afford the addudib in good yield with high enantio-  mempered substrates as well as bicyclic compounds could be
selectivity (entry 2). We next investigated the diastereo- and employed to give the Michael adduds—i with good to high
enantioselective Michael addition by usingsubstituteds-ke- stereoselectivity with the exception of entry 8.

toestersc—j, which generates a configurationally stable qua-  Fyrthermore, the reaction was applied to cyclic 1,3-diketone

ternary ste_reocenter. To the best of our kn_owledge, there is n05j to give 6j in 94% yield with good stereoselectivity (93/7 df,
report of Michael reaction of ketoesters to nitroolefins construct- g194 ee). The relative configurations @&e and 6j were

ing a stereogenic quaternary carbon center with high diastereo-yetermined by comparing tiél NMR spectrum with that of

and enantioselectivity. We screened a variety of nucleophiles, jierature datd? and those ofsf and 6i were determined by
and the representative results are listed in Table 3, enti@®3  x_ray analysis. The relative configurations & and 6g were

The same reaction of ethyl 2-methylacetoaceateith 2ain determined by their NOE analysis of cyclic nitrones, which were
the presence of 10 mol % @fcompleted withn 6 h toprovide transformed fron6cand6g. The configuration of the remaining
the desired produdgc in 89% yield (entry 3). Although the  adqucts was presumed from these results. It should be noted

enantioselectivity of major produéc was still high (91% ee),  that acyclic 1,3-ketoesteBs,d afforded the major isome®,d
the ratio of two diastereomers was moderate (78/22). The use

of 5d bearing a bulky alkyl group led to a decrease of the (19) Deutsch, J.; Niclas, H.-J.; Ramm, M. Prakt. Chem1995 337, 23-28.
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Table 4. Enantio- and Diastereoselective Michael Reaction of AN
Nitroolefins 2b—o in the Presence of 1le NO, EI0:C” COEt E10.C-COEt
(2 equiv) NO.
E0,C”CO,Et (3a) R2 COR* 1e (10 mol%) e )
% 3
ANO; o . le(10mol%)  RY X 3 No, 2p toluene, rt, 5 d
CCjcone () toluene o R H 7p
2b-0 7b-0 68% , 86% de
55%/60% ee
entry RL(2) 3 yield (%, 7)2  drP(2RI2S)  ee’® (%)
1 4-MeOGH, (2b) 3a 85(7hb) - ot
2 2,6-(MeO)CeH3(20)  3a 87 (79 - 93 EtO,C” > COzEt EtOC-CO-Et
3 3,4-(OCHO)CeH3(2d) 3a 71 (7d) - 86 X Noz (2 equiv)
4 4-FGHa(2¢) 3a 87(7¢ - 92 1e (10 mol%)
5 2-BrGsHq (2f) 3a 96 (7f) - o4 toluene, rt
6 1-naphthyl 2g) 3a 95 (79 - 9 2q
7 iBu (2h) 3a 88(7h) - 81
8 pentyl @i) 3a  78(7) - 81 ) ] ) )
9 2-thienyl @j) 3a  74(7)) — 90 Synthesis of R)-(—)-Baclofen.y-Amino butylic acid (GABA)
ﬂ E’léﬁ"?ﬁ‘)"y' @K ga gg g :;) o5/ %%f plays an important role as an inhibitory neurotransmitter in the
- 4 J 130l

12 4-BrGHs(2m) 5 99 (7m) 97/3 o centr_al nervous syst_em (CN_S) of mamr_nallé‘hé, and the N
13 2-BrGeH4(2n) 5 94 (7n) 92/8 o5 deficiency of GABA is associated with diseases that exhibit
14" 2-thienyl Qo) 5/ 98(70) 99/1 90 neuromuscular dysfunctions such as epilespy, Huntington’s and

alsolated yield? Determined by!H NMR. ¢ Absolute and relative
configuration was determined by X-ray analysi€nantiomeric excess was
determined by HPCL analysis of using a chiral columng Absolute
configuration was determined by comparing the specific rotatiory of
with that of literature dat&2? f Absolute configuration was not determined.
9 The reaction was carried out a0 °C. " The reaction was carried out at
—20°C.

bearing & configuration, while cyclic 1,3-ketoesterse—j

Parkinson’s diseases, éfcBaclofen is a lipophilic analogue

of GABA, and it is widely used as an antispastic agent. Although
baclofen is commercialized in its racemic form, it has been
reported that its biological activity resides exlusively in the
(R)-enantiome?? We next applied our enantioselective Michael
reaction for the synthesis oR)-(—)-baclofen (Scheme 1). The
reaction of 4-chlorobenzaldehyde with nitromethane and sub-
sequent dehydration of the resultant alcoBoprovided ni-

provided the opposite diastereoisomers. (The reaction mechatroolefin 9, which was reacted with diethyl malone@a in the
nism of these reactions is discussed later.) This is the first reportpresence of 10 mol % ofe to afford the adduclO in 80%

of such highly diastereo- and enantioselective Michael addition
of ketoesters to nitroolefins.

Michael Reaction with Various Nitroolefins. We screened
various nitroolefins2b—o to reveal the scope and limitations
of this reaction (Table 4). The Michael reaction of the aryl-
substituted nitroolefin@b—g with malonate3a proceeded with
excellent enantioselectivities (884% ee, entries-16). Electron-
donating groups on the aryl group 266—d prolonged reaction
time, but did not affect the yield and selectivity (entries3).
Although the enantioselectivity of the reaction with the alkyl-
substituted nitroolefin2h,i slightly decreased (81% ee, entries
7 and 8), nitroolefin2j,k bearing heteroaryl groups reacted
with 3ato afford the desired addué@j,k in moderate to good
yield with high enantioselectivity (entries 9 and 10). Similarly,
we found that nitroolefins bearing aryl and heteroaryl groups
were effective reacting partners in the Michael addition with
cyclic -ketoestelsj (entries 11-14). The absolute configura-
tions of 7c—e, h, andi were determined by comparing the
specific rotation of adducts with that of literature d&d he
absolute and relative configuration @h was determined by
X-ray crystallographic analysis. In this way, it was revealed
that all Michael adducts with various nitroolefins have the same
absolute configurationR3as that of the adducts listed in Tables
2 and 3.

We next examined the Michael reaction@fsubstituted or
p-disubstituted nitroolefins. Although 3-nitro-1,2-dihydronaph-
thalene 2p reacted with malonat8a slowly to afford the
corresponding adductp with moderate selectivity (86% de,
55% ee, eq 1)a-methylS-nitrostyrene2q did not provide the
Michael adduct (eq 2). These results indicated that steric
hindrance of thes-position of nitroolefins drastically reduced
the reactivity.

yield with 94% ee. Furthermore, enantiomerically pure
(>99% ee) was obtained after single recrystallization from
Hexane/EtOAc. Reduction of the nitro group with nickel borite
and in situ lactonization gave lactoh#&in 94%. The ester group
of 11 was hydrolyzed and decarboxylated to affd® The
specific rotation ofl2was compared with that of literature céta
([a]3% —39.7 (c 1.00, EtOH), lit. p]?% —39.C° (c 1, EtOH)),
and, as expected, the absolute configuratioddfvas deter-
mined to beR. Lactam12was finally hydrolyzed with 6N HCI,
affording enantiomerically pureRj-(—)-baclofen as its hydro-
chloric salt with 38% overall yield in six steps from 4-chlo-
robenzaldehyde. Consequently, we succeeded in the synthesis
of (R)-(—)-baclofen by the simple procedure with high enan-
tioselctivity.

Reaction Mechanism.We finally evaluated the effects of
the solvent and catalytic amount to elucidate the reaction
mechanism (Table 5). In nonpolar solvents (toluene;@}},
leefficiently promoted the reaction witBa to afford the adduct
4ain moderate yield with high enantioselectivity (entries 1 and
2). In contrast, enantioselectivity d& was low in methanol as
a reaction solvent, since solvation of methanol to the nitro group
of 2amight disturb the hydrogen bonding &é with 2a (entry
3). Solvents such as THF and MeCN, which could form
hydrogen bonding withle reduced the activity ofle and
resulted in poor yields ofa (entries 4 and 5). When benzoyl

(20) (a) Bowery N. G.; Hill, D. R.; Hudson, A. L.; Doble, A.; Middemiss, N.
; Shaw, J.; Turnbull, MNature 198Q 283 92-94. (b) Silverman, R.
B.; Levy, M. A. J. Biol. Chem1981, 256, 11565-11568.

(21) Mann A.; Boulanger, T.; Brandau, B.; Durant, F.; Evrard, G.; Heaulme,
M.; Desaulles E.; Wermuth C.G. Med Chem1991 34, 1307-1313.
(22) Goka, V.N.; Schlewer, G.; Linget, J. M.; Chambon, J. P.; Wermuth, C. G.

J. Med. Chem1991, 34, 2547-2557.

(23) Olpe, H. R.; Deniiglle, H.; Baltzer, V.; Bencze, W. L.; Koella, W. P;
Wolf, P.; Haas, H. LEur. J. Pharmacol1978 52, 133-136.

(24) Schoenfelder A.; Mann, A,; Coz, S. Bynlett1993 63—64.
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Scheme 1. Total Synthesis of (R)-(—)-Baclofen?

9

o
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gg EtO NH
(80%, 94% ee) 2 (94%) 2a
cl Cl Figure 5. Recognition of nitroolefin with thiourea.
1"

>99% ee after single 0971 A
recrystallization L =0.0025x + 0.0134
0.8 y=0. X + 0.
(Hexane/AcOEY) . R2 = 0.9996
o & 0.7
HO2C 3 06
e, f g =
- . NH __~ NHp-HCI S o5t
(84%) (94%) g
al T 04
Cl
12 (R)-(-)-Baclofen 03
[0]p*° —39.7 (c 1.00, EtOH) 02t
lit. [a]p25 —39.0 (c 1, EtOH) o
" AT
aConditions: (a) MeN@ NaOMe, MeOH, room temperature, 15 h;
(b) MsCI, TEA, THF, room temperature, 1 h; (c) diethyl malonéte,
toluene, room temperature, 24 h; (d) Ni®H,O, NaBH;, MeOH, room 0 50 100 150time ("r‘f,)iﬂ) 250 300 350
temperature, 7.5 h; () NaOH, EtOH, room temperature, 45 h; (f) toluene,
reflux, 6.5 h; (g) 6N HCI, reflux, 24 h. 25
. B y = 0.0095x + 0.0831 %
Table 5. Effect of Solvents and Catalyst Loading? R2 = 0.9945
ROC.__CO,Et s 2
~_NO A
2 ROC” > CO,Et (3a, 5K) NO, é
1e, solvent & 15
2a 24h 4a, 6k 5
1
entry R solvent temp (°C) 1le (mol %) yield® (%) ee®d (%)
1 OEt  toluene rt 10 60 92 05
2 OEt CHCl rt 10 53 90 ’
3 OEt  MeOH rt 10 33 29
4 OEt MeCN rt 10 47 75
5 OEt THF rt 10 29 88 0 50 100 150 200 250 300
6 Ph toluene —-40 10 93 94 time (min)
7 Ph toluene —40 5 95 94
8 Ph toluene  —40 2 96 94 0.012 C
aThe reaction was conducted wita (1 equiv),3a, or 5k and various R2 = 0.9904 ]
solvents in the presence dfe at room temperaturé.isolated yield. 2001 |
¢ Enantiomeric excess was determined by HPLC analysieahd6k using <
a chiral columnd Absolute configuration was determined by comparing e
the specific rotation ofta and 6k with that of literature dat&2® g 0.008
= . r
acetate 5k was employed as a nucleophile, the reaction §
completed shortly, providing addugk in 93% yield with 94% g
ee (entry 6). It should be emphasized that Michael reaction could 0.006
be carried out with only 52 mol % of 1e without decreasing

chemical yield and enantioselectivity (entries 7 and 8). 0.004 . . .
To identify the hydrogen bonding between nitroole2smand 0.08 0.13 0.18 0.23

thiourea, we took théH NMR spectra oRain the presence of loading of 1e

several thioureas. Although there was little change inlthe

NMR spectrum ofle by mixing with 2a, the 'H NMR spec-
trum of a mixture of the bis-arylthiouredp and nitroolefin was shifted from 7.31 to 7.35 ppm. It implied that the acidic

2a revealed some information about the interaction 2af protons (H) of 1p interacted with two oxygens of the nitro group
with 1p through hydrogen bonding (Figure 5). The chemical in 2a
shifts of H* and H of 1p were gradually shifted to down- To obtain further information about the reaction mechanism,
field with increasing the ratio oBa to 1p. When 1p was we carried out kinetic studies on the Michael reaction. When
mixed with 3a (1p/3a = 1/3), the chemical shift of Hwas the reaction was carried out with a large exces3afplotting
shifted from 6.63 to 6.70 ppm, and the chemical shift &f H in In([2a]/[22a7]) versus time gave a straight linB{= 0.9959,

Figure 6. Kinetic studies on the Michael reaction 2& with 3a.
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bearingR configuration, with high selectivity. Although the

Figure 7. Observation of nonlinear effect diewith 4a reason for the high enantioselectivity is not clarified at this stage,

we assumed that the cyclohexyl scaffold of the catalyst would

s An j\ re_strict the approach (ﬂa_to 2a(Figure 8). Since the gener_ated
Ar\NJ\N\‘ N™ "N nitronate ha_s two negatively _c_harged oxygens on the mtr_ogen
H OH _N_ 2 g cH> N~ atom, the thiourea could stabilize the nitronate more effectively
3a M N i in complexD. Finally, the nitronate takes the proton from the
O{ o o—H amino group of the catalyst to provide the proddetalong
Et0” 7 “OEt Et0 L with the catalyst.
A OEt In the reactions of ketoesteb&—j with nitroolefin 2a, the
S absolute configurations of the C2 position of the products are
AF\NJ\N« determined by the size of the alkyl groups adjacent to each
R N Bﬂ carbonyl group of ketoesters, which restrict approach of
1e s s ketoester to nitroolefin (Figure 9). In the case of cyclic ketoester
A L Q A AL 5i with 2a, to avoid steric repulsion between the phenyl group
NTON NN of 2a and the cyclohexane ring @i, the Michael reaction
HoH AN g CH) N~ would proceed via transition stale giving the (R,3S) adduct
4a EtO,C O‘IN_+9 H<_ ‘T*O_H"' 6i. The proposed mechanism is compatible with the experimental
EtO,C EtO 0 results.
OEt Conclusion
In conclusion, we have prepared a variety of novel bifunc-
D tional organocatalysts that possess a thiourea moiety and an
L ¢ — amino group. We investigated the structdeetivity relationship
Figure 8. Transition-state models of Michael reactions of malonate. of these catalysts in the Michael reaction of 1,3-dicarbonyl
compounds to various nitroolefins to find that the catalyesis
Figure 6A), which indicates the reaction is first-ordera the best for the Michael reaction among these catalysts. Using

By the same procedure, it was determined that the reaction was) g we succeeded in the total synthesisR)E(—)-baclofen with
first-order in3a (Figure 6B). The order in catalyst was also 3 simple and mild procedure. In addition, we examined the
examined by plotting the kinetic rate constaki{ againstthe \ichael reaction ofi-substituteds-ketoesters t@-nitrostyrene
loading of1e (Figure 6C), which indicates that the reaction is  wjth 1eto construct contiguous stereogenetic centers containing
first-order inle an asymmetric quaternary carbon. In many cases, the Michael
Figure 7 indicated the relationship between the ee value of adducts were obtained with high enantio- and diastereoselec-
catalystleused in the Michael reaction and the ee value of the tivity. Finally, kinetic studies were investigated to propose the
Michael adduct. If the linear relationship is not followed, that reaction mechanism.
implies association of the chiral catalysts, which give a
diastereomeric active species. But the relationship obtained wa
linear, suggesting that the active catalyst is a monomeric
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