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ABSTRACT

The first enantioselective 1,3-dipolar cycloaddition reaction of amino acid derived azomethine ylides and maleimides catalyzed by very stable
and recyclable chiral ( R)- or (S)-binap —AgCIlO , complexes is described. The reactions are performed at room temperature, in good yields, with
high endo diastereoselectivity and enantioselectivity, the complex being recovered by simple filtration.

The development of recyclable and reusable catalysts hasylides? generated from the corresponding imino ester and
became a key issue in the field of asymmetric catalysis. Lots alkenes, is one of the most fascinating transformations be-
of work has gone into the achievement of recovery methods cause the configuration of the four new stereogenic centers
for metal complexes focused on waste minimization, regen- of the finally obtained prolin® can be absolutely established
eration, and recycling? Traditionally, the employment ofa  in only one step with total atom economy. Very recent
solid support, which contains the ligand, is a very useful catalyzed enantioselective 1,3-DCR¥ show that, in gen-
practice, but a lower catalytic activity and, in many occasions, eral, chiral silver and copper complexes are adequate catalysts

the leaching of the ligand and the metal are two important

drawbacks. (3) For recent reviews about 1,3-dipolar cycloaddition reactions of
. . azomethine ylides, see: (a) Pellisier, Fetrahedron2007,63, 3235. (b)
Particularly, the characterization, the recovery, and the pandey, G.; Banerjee, P.; Gadre, S.Ghem. Rev2006, 106, 4484. (c)

recycling of the catalysts in the catalytic enantioselective 1,3- Ewho e Mele, TMM V. DLIESur-IJ-ngégéngEZfzo;iN 2873. (g) Bsonln, M.; |

: . : - : auveau, A.; Micouin, LSynle , . (e) Najera, C.; Sansano, J.
dipolar cycloaddition reaction (1,3-DCR) are still an impor- -, “Ancew Chem.int. Ed. 2005, 44, 6272. (f) Husinec, S.; Savic, V.
tant challenge. The asymmetric 1,3-DCR of azomethine Tetrahedron: Asymmet8005 16, 2047. (g) Coldham, I.; Hufton, RChem.
Rev.2005,105, 2765.

8 Dedicated to Professors Juan Forniés and José Gimeno on the occasion (4) For reviews about synthesis and applications of pyrrolidine deriva-
of their 60th birthdays. tives, see: (a) Pyne, S. G.; Davis, A. S.; Gates, N. J.; Nicole, J.; Hartley,
(1) For recent reviews focused on catalyst recovery, see: (a) Dufresne, J. P.; Lindsay, K. B.; Machan, T.; Tang, 8ynlett2004, 2670. (b) Cheng,
P.Appl. Catal. A: Gen2007,322, 67-75. (b) King, A. G.J. Chem. Educ. Y.; Huang, Z.-T.; Wang, M.-XCurr. Org. Chem2004,8, 325. (c) Notz,
2006,83, 10-14. (c) van de Coevering, R.; Klein-Gebbink, R. J. M.; van W.; Tanaka, F.; Barbas, C. F., Ilhcc. Chem. Re2004 37, 580. (d) Felpin,

Koten, G.Prog. Polym. Sci2005 30, 474-490. (d) Keane, M. AJ. Chem. F.-X.; Lebreton, JEur. J. Org. Chem2003, 3693. (e) Pearson, W. H;

Technol. BiotechnoR005,80, 1211—-1222. (e) Bergbreiter, D. E.; Frels, J.  Stoy, P.Synlett2003, 903.

D.; Li, C. Macromol. Symp2003,204, 113—140. (f) Bergbreiter, D. E. (5) Enantiomerically enriched prolines are used as organocatalysts: (a)

Chem. Re12002,102, 3345—3384. (g) Fan, Q.-H.; Li, Y.-M.; Chan, A. S.  Enantioselectie OrganocatalysiDalko, P. I., Ed.; Wiley-VCH: Weinheim,

C. Chem. Re»2002,102, 3385—3466. 2007. (b)Asymmetric Organocatalysis; Berkessel, A., Groger, H., Eds.;
(2) Ma, J.-A.; Cahard, DAngew. Chem.nt. Ed. 2004,43, 4566. Wiley-VCH: Weinheim, 2005.
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for the synthesis of endo and exo adducts, respectively.

Bidentate ligands, such as bisphosphéesitrogenated Scheme 1. Optimization of the Enantioselective Synthesis of
phosphanes1%11.1517.19.28nd sulfur-containing phosphasts Productendo-6a
have shown very high enantioselectivity levels. < |

Several stable silver triflate complexis 3 with (R)-binap PR™ TNT COMe o o

. . . 4a Ag(l) salt (5 mol%)

as a Ilgand have_been isolated and characterized by X-ray (S)-binap (5 mol%) H
diffraction analysis by Yamamoto’s grodpThey play an ,L TEGN(Bmo%) . p
important role as catalysts in the regio- and enantioselective U toluene, 11, 16 h
O- andN-nitroso aldol synthesis of tin enolates (Figure 1). 5 (NMM) endo-6a

deneiminoglycinateda and NMM 5 at room temperature,

P ',p using toluene as solvent and a substoichiometric amount (5
< \\Ag;’ > ST e ; mol %) of triethylamine as base in the absence of light
P/,, \\P - agoTr | OO i (Scheme 1 and Table 1). The amounts of chiral ligand and
] . L PPh,
: PPh,
Ro o o  PoAGOTF | P OO |
< “agt 3 ; : Table 1. Evaluation of Silver Salts and Binap Complexes in
P/ ‘0" CF, 5 (R)-Binap : the Enantioselective Synthesis of Cycloaddbat
2 (S)-binap: product 6a®
_ _ AgX AgX ield (%)> endo/exo® eeendo (%)?
Figure 1. [(R)-Binap]AgOTf complexes. g £ yield (%) _endofex® _eeenss (%)
1 1:1 AgOAc 89 >98:2 99
2 1:1 AgOTf 88 90:10 99
In this communication, we describe a highly diastereo- and H 2?210 3(1) >ggf;° >32
. . . : 4 .
enantl'os.electlve 1,3-D§3R between },S—dlpples generated, 11 AgCIO,° 90 ~98:9 ~99
from |m|no.e.sters derived fro.mx-amlno acids and\- 6 11 AgClO4+H,0 89 >98:9 99
methylmaleimide (NMM) by using bin&p—-AgClO, com- 7 2:1 AgClO, 90 90:10 98
plexes as recoverable and reusable catalysts. 8 1:2 AgClOy4 91 90:10 <50

AIthO_UQh the Comblrt'atlorﬁ)'bmapngOAC has shown a The conversions were higher than 95% (determined'tyyNMR
low ee in 1,3-DCRs using dipoles derived from imino esters spectroscopy)? Isolated yield after recrystallizatios.Determined by'H

i 0 i NMR spectroscopy of the crude produétDetermined by chiral HPLC
and dimethyl maleate (up to 13% ée) phenyl vinyl sulfone (Daicel Chiralpak AS) of the crude produéReaction performed with a 3

(up to 26% e€Y-*as dipolarophiles, our findings in a similar  mol % loading of catalystg)-7 after more than 1.5 days of the reaction

reaction but employing NMM as the dipolarophile were very time.

promising. Initially, 1:1 (S)-binap—silver salt complexes,

such as AgOAc, AgOTf, AgF, AgCIg and AgCIQ-H.0, ] , ,

were essayed in the standard reaction of methyl benzyli- Silver salt employed were 5 mol % each and were mixed in
toluene and stirred for 1 h before adding the reagents. The

(6) Longmire, J. M.; Wang, B.; Zhang, ¥. Am. Chem. So2002,124, corresponding adduendo-6&° was mainly obtained in all
13400. cases in good yields, and high enantioselectivity (Table 1

(7) Chen, C.; Li, X.; Schreiber, S. I. Am. Chem. So2003 125 10174. . 9 y ' 9 d Y ( '

(8) Gothelf, A. S.; Gothelf, K. V.; Hazell, R. G.; Jargensen, K Ahgew. ent”e_s 1-6) an_d any exo product were detecte HyNMR
Chem. Int. Ed.2002,41, 4236. experiments (indicated as endo/ex098:2). The reaction

Kogéggeﬁ%?sh'l'_;ggohoe;% \évdzg““tom" S Kasano, Y.; Minakata, S.; hacame slower (1.5 days) if 3 mol % of catalyst was

(10) Knépfel, T. F.; Aschwanden, P.; Ichikawa, T.; Watanabe, T.; employed, achieving similar yields and stereoselectivities

Ca(rﬁl)ras'tghlglAS%eO’vvéﬁ?ﬁT'g]ftéuth(,j'Azsc;/%ﬁiii 5253551’- 1431, (Table 1, entry 5). However, disappointing conversions,
(12) Alemparte, C.; Blay, G.; Jargensen, K.@g. Lett.2005,7, 4569. yields, and diastereo- and enantioselections appeared when
(13) Gao, W.; Zhang, X.; Raghunath, 1@rg. Lett.2005,7, 4241. using catalyst loadings lower than 3 mol %. The highest

20615‘})12(:;[){2%5; Gomez-Arrayas, R.; Carretero, J.8m. Chem. Soc. - yi5q10re0- and enantioselectivities were observed when we
(15) Zheng, W.; Zhou, Y.-GOrg. Lett.2005,7, 5055. employed a 1:19-binap—AgCIO, ratio instead of a 2:15)-

(16) Yan, X.-X.; Peng, Q.; Zhang, Y.; Zhang, K.; Hong, W.; Hou, ; _ ; ;
X.-L: Wu, Y.-D. Angew. Chemint. Ed. 2006,45, 1979, binap—AgCIQ mixture (Table 1, compare entries 4 and 7).

(17) Llamas, T.; Gomez-Arrayas, R.; Carretero, JQgg. Lett. 2008, In addition, a 1:2 $)-binap-AgClO, mixture afforded good

8, 1795. yields and conversions but very low enantioselection (Table
(18) Dogan, O.; Koyuncu, H.; Garner, P.; Bulut, A.; Youngs, W. J.; .

Panzner, MOrg. Lett. 2006,8, 4687. 1, entry 8). Other solvents such as THF or dichloromethane

(19) Zeng, W.; Chen, G.-Y.; Zhou, Y.-G.; Li, Y.-XI. Am. Chem. Soc.  gave lower enantioselectivities of prodéet A similar effect

2007,129, 750. ; ;
(20) Liamas, T. Gomez-Arrayas, R.. Carretero, J.Sgnthesi€007, was observed when the reaction was run &E0the reaction

950.
(21) Momiyama, N.; Yamamoto, H. Am. Chem. So2004 126, 5360. (23) The term endo obeys to the approach of the dipolarophile with its
(22) For reviews about binap chemistry, see: Noyori,A&z. Synth. electron-withdrawing group oriented to the metal center, independently of
Catal. 2003,345, 15. whether the reaction is concerted at the transition state.
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becoming extremely slow. Any difference was detected by || NN
employing diisopropylethylamine or DBU as base instead 1 e 2. Recycling Experiments of the $)-Binap]AgCQ

of triethylamine. (S)-7 Complex
Although the [§)-binapl-AgOAc and [©)-binap}-

AgCIlO;, salts gave similar results (Table 1, entries 1 and 4),
the last one was rather insoluble in toluene and it could be
separated almost quantitatively from the reaction mixture by 1 0.6 0.060 95 91 >99

reaction (S)-7 recovered yield €€endo
cycle (mmol) (mmol)*  catalyst (%) (%)b (%)°

. . . d

filtration. The R)- and §)-binap—AgCIO, complexes were § 8'2 8'8§;d gz S;) >Zg
o >

very stable, and any apparent decomposition occurred upon 4 0'5 0'047d 90 90 99

light exposure. These complexegFigure 2) were prepared 5 0.4 0.0424 90 88 98

a8 Recovered after filtration of the crude reaction suspension and washed
several times with tolueng. Isolated yield of compoun@éndo-6aafter
recrystallization. The conversions wer®9% and the endo/exo ratio was
>098:2 in all of the essayed cyclésDetermined by chiral HPLC (Daicel

OO FhPh , Ph Chirélpak AS).9 Amount recovered from the previous cycle.
P
Ag Cloy Ag Cloy
P — . .
OO bih in high yield, but the ee decreased slightly to 98% (Table 2,
cycle 5).
(Ry7 (S)—7

(oo = 1745 (c 1, CHCIs) [olo = ~174.5 (c 1, GHCI) The scope of the reaction using different methyl glycir_1at_es
was surveyed (Scheme 2 and Table 3). The methyl imino

CCL i 3
clos Scheme 2. Enantioselective Synthesis of Produetsdo-6
SO |
N

(S)7 0 o
(S)-8 e~ (5 mol%)
AN Me+ 5 — ——»
! coMe Et:N (5 mol%)
4 Ar CO,Me

Figure 2. Structures of complexeR}-7, S)-7, and §)-8. toluene, 1t, 16 h H

endo-6

and isolated upon reaction dR}- or (S)-binap and AgCI®

at room temperature, in toluene for 1 h. The 1:1 complex
(S)-7was obtained in quantitative yieldd]p = —174.5 (c

1, CHCE)] and was further characterized by ESI-MS
experiments showing a M+ 1 signal at 731 and a tiny one
at 1353. The same MS experiments revealed a peak at 135_
and a very small one at 731 for the complex (SF&ure

2), generated by mixing a 2:1 ligandilver salt ratio. Table 3. Enantioselective 1,3-DCRs of Iminoglycinat¢ésnd
However, these type of binafAgCIlO, complexes7 and8 NMM (5) Catalyzed by the$)-7 Complex

could not be differentiated by'P NMR spectroscop¥’:
Unfortunately, we could not obtain appropriate crystals for

esters4, derived from nonsubstituted aromatic aldehydes,
such as benzaldehyde and 2-naphthalenecarboxaldehyde,
were the best substrates due to the high enantioselections

product endo-6

their characterization by X-ray diffraction analysis. Ar no.  yield (%) endolexo® eeendo (%)
When the process was judged complete, the separation of 1 Ph 6a 90 >98:2 >99 (>99)?

the catalytic complex §)-binap]AgCIQ from the reaction 2 Ph 6a’ 90 >982  >99 (>99)

mixture was done by simple filtration (9%80% yield)25 A 3 2-naphthyl — 6b 89 >98:2 99 (>99)

. : 4  2-Cl-C¢Hy 6c 82f >98:2  82(85)
series of cycles were run employing the same recovered 5 4Me-CeHs  6d 88 ~08:9 86 (88)
catgl_yst.[(S)—blnap]AgCI(;)(S)—7 used without any further 6 4MeCeH, 6d 88¢ ~98:2 99 (>99)
purification (Scheme 1 and Table 2). The reaction shownin 7 4Me0-CeH, 6e 85 >98:2 80 (99)"
Scheme 1 was performed on a 1 mmol scale with 10 mol % 8 4-Cl-C¢H, 6f 87 >98:2 64 (65)
of catalyst to facilitate its manipulation and successive 9 4-Cl-C¢H,y 6f 87s >98:2  98(99)

reutilization. During the fourth cycles, the diastereo- and 10  2-thienyl 6g 87 >98:2 90 (92)
enantioselectivities remained unaltered achieving compound = |solated yield after recrystallization of the endo produtBetermined
endo-6ain 89—91% yield and more than 99% ee (Table 2, by 'H NMR spectroscopy of the crude product.For crude endo

_ - . diastereomers, determined by chiral HPLC (Daicel ChiralceH®Ip. In
cycles 1 4)' The fifth Cyde also afforded the titled product parentheses is the ee of the purified compoufAd3etermined by chiral

HPLC (Daicel Chiralpak AS)® The enantiomer (2R,3S,4S,5S)-#as
(24)3P NMR (CDCb) of (S)-7(10% aqueous polyphosphoric acid as  obtained by using the [(R)—binap]AgCA_@ompIex_[(R)—?)] as the catalyst.

internal referenced (ppm): 15.26 (dJp—agog)= 259 Hz) and 15.35 (d, f After column chromatography.Reaction run with DBU (5 mol %) at 0

Jp-ago7)= 225 Hz). °C. " Second recrystallization (45% yield)Determined by chiral HPLC
(25) Filters for HPLC samples (0.48m pore size) were employed (for ~ (Daicel Chiralpak AD).

other details, see Supporting Information).
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achieved for product$a and 6b, respectively (Table 3,
entries 1—3). When using the catalytic compl&}-pinap—
AgCIO, (9-7, the absolute configuration of the resulting
compoundende6 was (R,354S59), established according
to the published data for known compouBd® In the
example performed using the (R)-binap—Aggimplex
(R)-7, the corresponding enantiomeB(3R,4R,5R)-6was
obtained (Table 3, entry 2). Iminoglycinates derived from

aromatic aldehydes bearing electron-donating or electron-
withdrawing groups furnished, in general, lower enantiose-

lections; for instance, producéd and 6f were obtained in

recovery of the complexS)-7was accomplished in several
examples (Table 3, entries 1, 3, 7, 9, and 10) ir-88%
yield by simple filtration.

Wheno-substituted benzaldimino esters, derived fr@n (
alanine, (S)-phenylalanine, and (S)-leucine, were allowed to
react with NMM (5), the corresponding endo addugtsl 1
were diastereoselectively obtained98:2 endo/exo ratio,
Figure 3). Surprisingly, for the example of the phenylalanine
surrogateendo-10, its enantiomeric excess was 64% for the
crude product and rose to 98% after recrystallization.

The absolute configuration of these pyrrolidines incorpo-

86 and 64% ee, respectively, using triethylamine as baserating a quaternary carbon at the 2-position was determined
(Table 3, entries 5 and 8). Enantioselections were increasecby X-ray diffraction analysis of structur@(see Supporting

to 99 and 98% ee for compoundsl and 6f, respectively,
by working at 0°C or —20°C using DBU (5 mol %) instead

Information)?” The structure confirmed the absolute con-
figuration of (2R,354S59, assumed by comparison with the

of triethylamine as base (Table 3, entries 6 and 9). The known compoundba.

employment of §)-8 afforded larger amounts of the exo

As a summary, this is the first catalyzed enantioselective

adduct and 98% ee for the endo diastereoisomer, as showrl,3-DCR between an azomethine ylide, generated from imino

above (Table 1, entry 7). When the substrdte(Ar
4-MeO-GH,;) was allowed to react with NMM in the
presence of the (S)-@&mplex, at room temperature, a 40%
ee was obtained vs the 85% ee obtained in 81 complex-
mediated reaction (Table 3, entry 7). Heteroaromatic imi-
noglycinate bearing a 2-thienyl group gave prodégtvith
92% ee after recrystallizaton (Table 3, entry 10). This com-
pound and productl (see below, Figure 3) are particularly

|
[ | Oy N0
0=y N0 0=y N0
H H ) ’ COZMe
N
pre ATC0RMe g S=COxMe \ H/<
“ Bn
H H
endo-9 endo-10 endo-11

80%, 72% ee 56%, 98% ee
endo:exo >98:2 endo:exo >98:2

81%, 74% ee
endo:exo >98:2

Figure 3. Products derived from the reaction of 1,3-dipoles derived
from a-substitutedo-amino acids and NMM.

important because they belong to a family of chiral polysub-
stituted pyrrolidines considered as very promising potential
drugs for the treatment of hepatitis?€In addition, the

(26) Najera, C.; Retamosa, M. G.; Sansano, J. M.; de Cézar, A.!&ossI
F. P.Eur. J. Org. Chem2007, (DOI: 101002/ejoc, 200700267).

4028

esters, and NMM where the catalytic complex Ag(binap)-
ClO4 can be recovered in very high yield §0%) and with
good reusability without any additional purification. Complex
[(S)-binap]AgCIQ (S)-7 is stable to light exposure and
afforded the corresponding polysubstituted pyrrolidines with
(2R,3S,4S,5S) configuration, whereas the opposite one was
readily available by using compleR}-7. These are so far
the highest enantioselections achieved for this type of 1,3-
dipolar cycloaddition reaction in a chiral Ag(l) complex
catalyzed 1,3-dipolar cycloaddition.
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Supporting Information Available: Experimental pro-
cedure, characterization, chiral HPLC conditions, spectra, and
X-ray crystallographic details. This material is available free
of charge via the Internet at http://pubs.acs.org.
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(27) The deposition number for compourddo-11lis CCDC 644414.
Crystallographic data fazndoi1: CgH1sN204, My = 302.18, monoclinic,
space group,, a = 11.2478(12)b = 10.2523(11)c = 13.0845(12) A
= 90.000,8 = 96.836(2),y = 90.000°,V = 1498(2) &, pcaica = 1.340
glcm?, GOF = 1.016 (1 > 2.00(l)). These data can be obtained free of
charge from the Cambridge Crystallographic Data Centre via www.ccdc.
cam.ac.uk/data_request/cif.
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