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Strontium is the fifteenth most abundant element in the earth’s Table 1. Effect of Metal Sources and Chiral Ligands?

crust (384 ppm},it commonly occurs in nature as the form of the Metal (x mol%) Ph O
sulfate mineral celestite (Srg0and the carbonate strontianite  EtOC /\j.J\ Ligand (1.2xmol%) — gi0,c o
(SrCQ;). Despite its availability, there are few reports of its use as Ph” X" "Ph
. . . . . . EtO,C MS 4A (100 mg) CO,Et
catalyst in organic transformatiofdderein we describe the first Solv. 01 M
report of an asymmetric strontium catalyst. 1b 2a ’ 3ba
The catalytic asymmetric Michael reaction is one of the most tme  yield  ee
powerful carbor-carbon bond-forming reactions, which enables  entry metal (x mol %) ligand ~ solvent (@) (%)
access to a variety of optically active building blocks from catalytic =~ 1d Ca(0i-Pr); (10%) | THF 24 47 4
amounts of chiral informatioA.There are several reports of the 20 Ca(Oi-Pr) (10%) Il THF 24 47 49
catalytic asymmetric conjugate addition of malonates to enones, 3 Ca(Oi-Pr), (10%) I THF 24 89 52
g : 42 Ca(Oi-Pr) (5%) I toluene 18 58 65
wh_ere_ dlf_fer_ent_ types of catalysts such as chiral metal complexes, 5e Sr(04-Pr), (5%) m toluene 18 o1 97
chiral ionic liquids® phase-transfer catalysterganocatalystéand 68 Ba(O4-Pr), (5%) m toluene 18 30 76
L-proline salt§ have been employed. However, when chalcone  7¢ Ba(O+-Bu), (5%) 11 toluene 18 82 70
derivatives are used, there are only a few reports enjoying limited 8  Ba(O+-Bu), (5%) - THF 18 15 33
od Mg(O-t-Bu), (10%) 1l toluene 18 9 30

success. High selectivity was achieved by Maruoka &t asing

anN-spiro quaternary ammonium salt as a phase-transfer catalyst; | | Ph, Ph
however, an excess of malonate (4 equiv) was used. Using a N N\) /—( Il R =4-tolyl
cinchona thiourea organocatalyst, Wang efaéported excellent by RO,s~NHHN-go R IR = 2,5-dimethylbenzene

selectivities, but also in this case an excess of malonate was used aThe!catalyst was prepared at room temperature2fa and then the
(5.6 equiv) and longer reaction times (from 72 to 144 h) were substrates (0.3 mmol @and 1.2 equiv oflb) were added without removal
needed. Therefore, development of a truly efficient catalyst that of volatiles. MS= molecular sieves? Isolated yields¢ Determined by chiral

. . . : HPLC analysis (see Supporting InformatiohReaction run at 0°C.
provides a solution to these problems is a goal of considerable e gaaction rﬁn at(ZBC. pporting R

importance.
We have recently reported the asymmetric 1,4-addition reactions Table 2. Conjugate Addition Reactions of Malonates 1a—1f to 2a?
of glycine derivatives witho,,S-unsaturated carbonyl compounds Sr(0-i-Pr); (x mol%) Ph O

catalyzed by a chiral calcium complex featuring bisoxazoline ligand RO2C /\)OL Ligand Il (1.2xmol%) — Ro,c
1.9 Our first attempts to extend this system to the Michael addition ROLC Ph™ ™" "Ph
of diethyl malonate1b) to chalcone Za) were unsuccessful (Table

Ph

MS 4A (100 mg) CO,R
25 °C, Toluene, 0.1 M

1, entry 1). After careful screening of ligands, we found that a > 2 3aa-3fa
complex prepared from Ca(GPr), and the sulfonamide ligaritl 10 Sr(O-Pr); time yield ee (%)°
in toluene afforded the desired Michael adduct in moderate _ ™ (mol %) R ) (*0)° (configuration)
selectivity (entry 4). To our delight, changing the metal alkoxide 1 5 Me 24 65 94 (9)
to Sr(Oi-Pr), gave the desired product in high yield with excellent g g E_tpr 1? 321 995 ©)
enantioselectivity (entry 5). 4 o5 n-Pr 7 90 99
Next we explored the scope of the reaction under the optimized  5e 1 n-Pr 9 70 97
reaction conditions. First, we examined the effect of the ester 6 0.5 n-Pr 24 72 97
substituent (R) of the malonates (Table 2). The results show that 7 5 i-Pr 21 83 89
the reactions proceeded smoothly in high yields with good to g g ?B'EU 1?;3 8855 %(Z

excellent enantioselectivities. We found thatdpropyl malonate
was an optimal Michael donor both in terms of reactivity and aUnless otherwise stated, see footnote in Tablé I4olated yields.

selectivity (entry 3). Investigation of the effect of the catalyst ©Determined by chiral HPLC analysi$éAbsolute configuration was

: - - determined by comparison of the optical rotation with the value previously
0,
loading (entries 36) rgvealed that even with only 0.5 mol _/0 of reported*11 € Reaction conducted with 0.75 mmol 24 and 1.2 equiv of
the catalyst the reaction proceeded to afford the product in good 1¢. fReaction conducted with 1.5 mmol @& and 1.2 equiv. ofic, 0.2 M

yield with excellent selectivity (72% yield, 97% ee, entry 6). concentration in toluene.
With these results in hand, we next surveyeddtfunsaturated
ketone substrates. As shown in Table 3, the strontium-catalyzeduents (entries 8 and 9) in the aromatic groupsid R, with little
conjugate addition reaction was also applicable to a wide variety effect on the yield or the selectivity. High selectivity was also
of chalconeb—u in high yields with excellent ee valués. obtained in the reactions with heteroaromatic substituents (entries
The system tolerated electron-withdrawing (entries315-7, 16—18). The use oN-acylpyrrole2s afforded the Michael adduct
and 16-14), electron-donating (entries 4 and 15), or both substit- with remarkable selectivity (99% ee, entry 18), thus giving an access
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Table 3. Conjugate Addition Reactions of 1c to Enones 2b—u?@
Sr(0-i-Pr), (5 mol%) R' O
n-PrO,C . /\/lOL Ligand Il (6 mol%) 1-Pro,C e
R R?
n-PrO,C MS 4A (100 mg), 7 h COy-n-Pr
1c 2b-u 25 °C, Toluene, 0.1 M 3cb-cu
yield ee
entry R! R? adduct (%)> (%)°
1 2-CIGHa4 Ph 3cb 76 92
2 4-ClGsH4 Ph 3cc 93 97
3 4-FGsH4 Ph 3cd 92 98
4 4-MeOGH4 Ph 3ce 80 >99
5 4-NOCgH4 Ph 3cf 98 96
6 3-NOCeHa Ph 3cg 94 94
7 4-FGsH4 4-FCHa 3ch 91 96
8 4-MeOGH4 4-FCHa 3ci 81 >99
9 3,4-di-MeOGH;3 4-FGHa4 3cj 61 96
10 4-CIGH4 4-FCHa 3ck 97 97
11 2-ClGsH4 4-FCHa4 3cl 80 93
12 4-FGH4 4-MeGsH4 3cm 90 98
13 Ph 4-CIGH4 3cn 98 99
14 Ph 4-FGH4 3co 92 99
15 Ph 4-MeOGH4 3cp 85 99
16 2-thienyl 2-thienyl 3cq 73 97
17  5-methylfuran-2-yl  Ph 3cr 71 96
18 Ph 1-pyrrolyl 3cs 93 99
19 Ph —CH=CHPh  3ct 97 86
20 —CH=CHPh Ph 3cu 62 97

aUnless otherwise stated, see footnote in Tablé&I4olated yields.
¢ Determined by chiral HPLC analysi¢éReaction time 48 h¢ Reaction time
24 h.fReaction run using 2.2 equiv of malondte

Scheme 1
Sr(O-i-Pr), + Ligand
Ph_ Ph
l THF-Dg, rt, 2 h 7
. 0,S-N N-SO,
Ph Ph 1 equiv. \S/
. CHy(CO,M Sr
2iPOH + _CH,(COMe), A
rt, overnight OO0

~-N_ N~
RO,S sf SO,R M
MeO B OMe

A R = 2,5-dimethylbenzene

to an important enantiopure chiral building block that can be further
transformed?In addition, whertrans,transdibenzylideneacetone
(2t) or cinnamylideneacetophenon2uj were used, the adduct
resulting from one single Michael addition was obtained exclusively,
even when 2.2 equiv of dipropyl malonate were employed (entries
19 and 20). The product can thus be further functionalized at the
unreacted double borid.

To elucidate the structure of the catalyst, we have conducted
NMR spectroscopic studies. Sr({@Rr), (0.15 mmol) was reacted
with 1 equiv of ligandlll in deuterated THF (0.75 mL) for 2 h
(Scheme 1). After this time, th€C{*H} NMR spectrum shows
evidence of the coordination of the ligand, and appearance of free
i-PrOH. At room temperature, the peaks corresponding to the
strontium bis(sulfonamide) compléxare considerably broadened,
indicating a possible conformational equilibridinwhereas the
peaks of the freé&-PrOH are sharp (see Supporting Information).
After that, 1 equiv of dimethyl malonatd 4 was added, and the
mixture was stirred overnight. After this time th€{H} spectrum
shows three new peaks resonating 474.6, 64.6, and 49.7, which
are consistent with those of coordinated dimethyl malonate 6 Sr.

In summary, we have developed a novel strontium based catalyst,

prepared from readily available Sr({@Pr), and a simple bis-
sulfonamide type ligand. To the best of our knowledge, this is the
first example of an asymmetric transformation catalyzed by a chiral

strontium complex. This catalyst effectively promoted the conjugate
addition of malonates to a wide variety of chalcone derivatives,
providing an access to several useful synthetic building blocks with
high optical purity. Moreover, in contrast to previous reports, this
reaction system does not require an excess amount of nucleophile
or long reaction times, the reactions are performed at room
temperature and the catalyst loading can be reduced to 0.5 mol %.
Further investigations to clarify the exact catalyst structure, as well
as to further expand the substrate scope, are now in progress in
our laboratories.

Acknowledgment. This work was partially supported by a
Grant-in-Aid for Science Research from the Japan Society for the
Promotion of Science (JSPS). Dr. Susumu Saito and Dr. Uwe
Schneider are acknowledged for fruitful discussions.

Supporting Information Available: Experimental procedures and
product characterization. This material is available free of charge via
the Internet at http://pubs.acs.org.

References

(1) Greenwood, N. N.; Earnshaw, &hemistry of the Element®ergamon
Press: Oxford, U.K., 1984.

(2) Examples of strontium based catalysts: (a)tkawsski, P.; Sulkowska,

D.; Pytlowany, R.; Dziembaj, RReact. Kinet. Catal. LetR004 81, 3—11.

(b) Tang, Z.; Chen, X.; Liang, Q.; Bian, X.; Yang, L.; Piao, L.; Jing, X.

J. Polym. Sci., Part A: Polym. Chen2003 41, 1934-1941. (c)

Bordawekar, S. V.; Doskocil, E. J.; Davis, R.Qatal. Lett. 1997, 44,

193-199. (d) Doddi, G.; Ercolani, G.; La Pegna, P.; MencarelliJP.

Chem. Soc., Chem. Comm@894 1239-1240. (e) Kistler, J. Rl. Polym.

Sci. Polym. Sympl967, 16, 2825-2828.

For recent reviews see: (a) Jacobsen, E. N., Pfaltz, A., Yamamoto, H.,

Eds.Comprehensie Asymmetric Catalysidst ed.; Springer: Berlin, 1999.

(b) Almag, D.; Alonso, D. A.; Ngera, C.Tetrahedron: Asymmet3007,

18, 299-365. (c) Tsogoeva, S. Eur. J. Org. Chem2007, 1701-1716.

(d) Hayashi, T.; Yamasaki, KChem. Re. 2003 103 2829-2844. (e)

Christoffers, J.; Baro, AAngew. Chem., Int. EQ003 42, 1688-1690.

(f) Berner, O. M.; Tedeschi, L.; Enders, [Bur. J. Org. Chem2002

1877-1894. (g) Krause, N.; Hoffmann-Rler, A. Synthesi001, 171—

196. (h) Sibi, M. P.; Manyem, Sletrahedron200Q 56, 8033-8061.

(4) (a) Park, S.-Y.; Morimoto, H.; Matsunaga, S.; ShibasakiTktrahedron
Lett. 2007, 48, 2815-2818. (b) Chen, C.; Zhu, S.-F.; Wu, X.-Y.; Zhou,
Q.-L. Tetrahedron: Asymmeti3006 17, 2761-2767. (c) Kumaraswamy,
G.; Jena, N.; Sastry, M. N. V,; Rao, G. V.; Ankamma,XMol. Catal.,
A 2005 230, 59-67. (d) Velmathi, S.; Swarnalakshmi, S.; Narasimhan,
S. Tetrahedron: Asymmetr2003 14, 113-117. (e) Annamalai, V.;
DiMauro, E. F.; Carroll, P. J.; Kozlowski, M. . Org. Chem2003 68,
1973-1981. (f) Xu, Y.; Ohori, K.; Ohshima, T.; Shibasaki, Netrahe-
dron 2002 58, 2585-2588. (g) Kumaraswamy, G.; Sastry, M. N. V.;
Jena, N.Tetrahedron Lett.2001, 42, 8515-8517. (h) Kim, Y. S.;
Matsunaga, S.; Das, J.; Sekine, A.; Ohshima, T.; Shibasaki. Mm.
Chem. Soc200Q 122, 6506-6507. (i) End, N.; Macko, L.; Zehnder, M.;
Pfaltz, A.Chem. Eur. J1998 4, 818-824. (j) Manickam, G.; Sundarara-
jan, G.Tetrahedron: Asymmet997 8, 2271-2278. (k) Sasai, H.; Arai,
T.; Satow, Y.; Houk, K. N.; Shibasaki, M. Am. Chem. S04.995 117,
6194-6198.

(5) Wang, Z.; Wang, Q.; Zhang, Y.; Bao, Wetrahedron Lett2005 46,
4657-4660.

(6) (a) Ooi, T.; Ohara, D.; Fukumoto, K.; Maruoka, Rrg. Lett.2005 7,
3195-3197. (b) Dere, R. T.; Pal, R. R,; Patil, P. S.; Salunkhe, M. M.
Tetrahedron Lett2003 44, 5351-5353. (c) Kim, D. Y.; Huh, S. C.; Kim,
S. M. Tetrahedron Lett2001, 42, 6299-6301.

(7) (a) Wang, J.; Li, H.; Zu, L.; Jiang, W.; Xie, H.; Duan, W.; Wang, W.
Am. Chem. So006 128 12652-12653. (b) Knudsen, K. R.; Mitchell,
C.E. T, Ley, S. VChem. Commur2006 66—68. (c) Halland, N.; Aburel,
P. S.; Jargensen, K. AAngew. Chem., Int. EQ003 42, 661—665.

(8) (a) Yamaguchi, M.; Shiraishi, T.; Hirama, M. Org. Chem1996 61,
3520-3530. (b) Yamaguchi, M.; Shiraishi, T.; Hirama, Mngew. Chem.,
Int. Ed. 1993 32, 1176-1178.

(9) Saito, S.; Tsubogo, T.; Kobayashi,JSAm. Chem. So2007, 129 5364
5365.

3

~

(10) Evans, D. A.; Nelson, S. G. Am. Chem. S0d.997, 119 6452-6453.

(11) Yasuda, K.; Shindo, M.; Koga, Kletrahedron Lett1996 37, 6343-
6346.

(12) (E)-1-Phenylbut-2-en-1-one (92% yield, 48% ee); benzalacete88%
yield, ee not determined) under the conditions shown in Table 3.

(13) Rapid ligand exchange or formation of Sr dimer or oligomer may also be
possible.

(14) Bae, B.-J.; Park, J. T.; Suh, I.-H. Organomet. Chem2002 648
214-219.
JA710332H

J. AM. CHEM. SOC. = VOL. 130, NO. 8, 2008 2431



