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The highly enantioselective synthesis of 2-oxo and 3-0xo

The common ways to obtain this type of compounds are
intramolecular N-H insertions through decomposition of dia-
zocarbonyl compounds by Lewis acid or protic atahd radical
carbonylatior-reductive cyclization§.

Although the above-mentioned reactions provide diverse
access to these compounds, there are only limited methods to
synthesize them in an enantioselective marnefen.7eCon-
sequently, it is highly desirable to develop efficient methods
that allow one to access substituted 2-oxo and 3-oxo pyrrolidines

(3) For recent examples of the synthesis of 2-oxo pyrrolidines through
ring expansions, see: (a) Alcaide, B.; Almendros, P.; Alonso, J.\rg.
Chem 2004 69, 993-996. (b) Park, J.-H.; Ha, J.-R.; Oh, S.-J.; Kim, J.-A,;
Shin, D.-S.; Won, T.-J.; Lam, Y.-F.; Ahn, Qetrahedron Lett2005 46,
1755-1757. (c) Alcaide, B.; Almendros, P.; Cabrero, G.; Ruiz, MOrg.

Lett 2005 7, 3981-3984. (d) Van Brabandt, W.; De Kimpe, N. Org.
Chem.2005 70, 3369-3374. (e) Scott, M. E.; Schwarz, C. A.; Lautens,
M. Org. Lett.2006 8, 5521-5524.

(4) For examples of [3+ 2] annulations in 2-oxo pyrrolidine synthesis,
see: (a) Roberson, C. W.; Woerpel, K. A.Org. Chem1999 64, 1434~
1435. (b) Sun, P.-P.; Chang, M.-Y.; Chiang, M. Y.; Chang, N.&gg.

Lett 2003 5, 1761-1763. (c) Romero, A.; Woerpel, K. Arg. Lett.2006
8, 2127-2130.

(5) For recent examples of 2-oxo pyrrolidine synthesis by metal carbene
intramolecular G-H insertions, see: (a) Yoon, C. H.; Zaworotko, M. J.;
Moulton, B.; Jung, K. WOrg. Lett 2001, 3, 3539-3542. (b) Wee, A. G.

H.; Duncan, S. CTetrahedron Lett2002 43, 6173-6179. (c) Yoon, C.
H.; Nagle, A.; Chen, C.; Gandhi, D.; Jung, K. \@rg. Lett 2003 5, 2259~
2262. (d) Choi, M. K.-W.; Yu, W.-Y; Che, C.-MOrg. Lett 2005 7, 1081~
1084. (e) Wee, A. G. H.; Duncan, S. C.; Fan, Gl étrahedron Asymmetry
2006 17, 297-307.

(6) For recent examples of other methods to synthesize 2-oxo pyrro-
lidines, see: (a) Ryu, |.; Matsu, K.; Minakata, S.; KomatsuJMAm. Chem.
Soc.1998 120, 5838-5839. (b) Benati, L.; Leardini, R.; Minozzi, M.;

pyrrolidines has been achieved by diastereoselective additionNanni, D.; Spagnolo, P.; Strazzari, S.; ZanardiQgg. Lett.2002 4, 3079-

of the lithium enolate ofa-diazoacetoacetate to chiral
N-sulfinyl imines, followed by photoinduced Wolff rear-
rangement or Rh(ll)-catalyzed intramoleculatr N insertion.

2-Oxo and 3-oxo pyrrolidines are widespread among natural
products and biologically active molecufe€hiral pyrrolidi-

3081. (c) Vergnon, A. L.; Pottorf, R. S.; Winters, M. P.; Player, M. R. J.
Comb. Chem2004 6, 903-910. (d) Hu, T.; Li, C.Org. Lett.2005 7,
2035-2038. (e) He, M.; Bode, J. WOrg. Lett.2005 7, 3131-3134. (f)
Ramachandran, P. V.; Burghardt, T. Ehem. Eur. J2005 11, 4387
4395. (g) Masse, C. E.; Ng, P. Y.; Fukase, Y.; Sanchez-Rosello, M.; Shaw,
J. T.J. Comb. Chem2006, 8, 293-296. (h) Gheorghe, A.; Schulte, M.;
Reiser, 0J. Org. Chem2006 71, 2173-2176. (i) Zhou, C.-Y.; Che, C.-
M. J. Am. Chem. So@007, 129 5828-5829.

(7) For intramolecular NH bond insertion in the synthesis of 3-oxo

nones are used as excellent building blocks for the synthesis ofpyrrolidine derivatives, see: (a) Moyer, M. P.; Feldman, P. L.; Rapoport,

a plethora of nitrogen-containing natural products, such as

pyrrolizidines and indolizidine¥¢ Consequently, many meth-

H. J. Org. Chem1985 50, 5223-5230. (b) Clark, J. S.; Hodgson, P. B.
Chem. So¢.Chem. Communl994 2701-2702. (c) Wang, J.; Hou, Y.;
Wu, P.J. Chem. SocPerkin Trans. 11999 2277-2280. (d) Yang, H.;

odologies have been developed for their synthesis over theJurkauskas, V.; Mackintosh, N.; Mogren, T.; Stephenson, C. R. J.; Foster,

years? The most widely applied ways to synthesize 2-oxo
pyrrolidines include ring expansion gflactam derivatives,

formal [3+2] annulations, and metal carbene intramolecular
C—H insertions>® Compared to 2-oxo pyrrolidines, there are
relatively fewer methods for the synthesis of 3-oxo pyrrolidines.
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(2) For recent reviews on 2-oxo pyrrolidine syntheses, see: (a) Huang,
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in enantiomerically pure form. We have recently developed a
new synthesis of 2-oxo pyrrolidines based on the nucleophilic
addition of Ti(IV) enolate toN-tosylimines!® Here we report
the further extension of this method to the enantioselective
synthesis of 2-oxo and 3-oxo pyrrolidines (Scheme 1).

In the outset of this work, we attempted catalytic Mukaiyama
strategy. Thus, the silyl enol ether efdiazoacetoacetate was
expected to add tdN-(benzylidene)p-toluene sulfinamidela
under catalysis with Lewis acids, such ag@®&BF3, TiCls, Cu-
(OTf),, La(OTf)s, and TBSOTH3 We found that only TBSOTf
could provide a low yield of the expected addition product. After

some attempts, we reached the conclusion that the reaction with

the silyl enol ether ofa-diazoacetoacetate could not be
optimized (Scheme 2).

We then turned to a straightforward way to generate the
enolate by using a strong base (Table 1). WHamOK was
added to the mixture ofi-diazoacetoacetate arid-sulfinyl
imine, no reaction occurred at all. A similar result was obtained
with LDA. Since LDA is obviously strong enough to remove
the a proton of a carbonyl compound, we speculated that the
byproduct’PLNH might hamper the following nucleophilic
addition. tert-Butyllithium was then examined. The expected
addition product3a was indeed obtained, albeit in low yield.
To our delight, the diastereoselectivity of the product was
moderately high (entry 3). Sinc8ulLi is a very strong base

TABLE 1. Optimization of Reaction Conditions with 1a

Tol-p Tsol-p
N’S"O o O o NH o 0
+ —_—
PR H Oallyl Ph Oallyl
N N,
1a 2 3a
entry base solvent yield (%) dre

1 ‘BuOK THF N.R¢
2 LDA THF N.RS
3 BulLi THF 25 91:9
4 KHMDS THF 44 >95:5
5 NaHMDS THF d
6 LHMDS THF 55 >95:5
7 LHMDS EtO 81 91:9
8 LHMDS PhCH 59 94:6
9 LHMDS CH.Cl, 78 >95:5

alsolated yield after chromatographyRatio was determined bjH
NMR (300 MHz) of the crude product.No reaction occurred! The
reaction gave a complex mixture.

TABLE 2. The Reaction of 2 with N-sulfinylimine la—k

N Tol-
Tokp o o LHMDS &
NS0 M CHCl, 0"°°NH O ©
+ _— H
R)J\H I Oalyl Togec R Oallyl
2 5-10 min N,
1a-k 2 3a~k
entry imine (a—k, R) yield (%) dre
1 la,R=Ph 3a,78 >95:5
2 1b, R= p-FCsHa 3b, 78 >95:5
3 1c, R= p-CH30CsH4 3c, 66 >95:5
4 1d, R = 0,p-Cl,CeH3z 3d, 74 >95:5
5 1le R = piperonyl 3e 70 >95:5
6 1f, R= 0-CH3CsH4 3f, 84 >95:5
7 1g, R = transCgHsCH=CH 39, 63 >95:5
8 1h, R= 2-furyl 3h, 69 >95:5
9 1i, R = cyclohexyl 3i, 45 >95:5
10 1j, R=hexyl 3j, 53 >95:5
11 1k, R = isobutyl 3k, 56 >95:5

alsolated yield after chromatographyRatio was determined biH
NMR (300 MHz) of the crude product.

(LHMDS) was the most suitable base for this reaction. Further
examination of solvent effects led to the following optimized
reaction conditions: with CkCl, as solvent, LHMDS as base,
at —100°C.

that may cause side reactions, other bases were examined. With The optimized reaction condition was then applied to a series

potassium bis(trimethylsilyl)amide (KHMDS), both yield and
diastereoselectivity were improved (entry 4). However, sodium
bis(trimethylsilyl)Jamide (NaHMDS) resulted in a complex
mixture. Eventually, we found lithium bis(trimethylsilyl)amide

(10) (a) Deng, G.; Jiang, N.; Ma, Z.; Wang Synlett2002 1913-1915.
(b) Dong, C.; Deng, G.; Wang, J. Org. Chem2006 71, 5560-5564.

(11) (a) Calter, M. A.; Sugathapala, P. M.; Zhu, Tetrahedron Lett.
1997 38, 3837-3840. (b) Calter, M. A.; Zhu, CJ. Org. Chem1999 64,
1415-1419. (c) Deng, G.; Tian, X.; Qu, Z.; Wang, Angew. Chem.nt.
Ed. 2002 41, 2773-2776. (d) Zhao, Y.; Wang, Bynlett2005 2886-
2892. (e) Liao, M.; Dong, S.; Deng, G.; Wang,T&trahedron Lett2006
47, 3927-3929.

(12) For reviews, see: (a) Ellman, J. A.; Owens, T. D.; Tang, RAde.
Chem. Re. 2002 35, 984-995. (b) Zhou, P.; Chen, B.-C.; Davis, F. A.
Tetrahedron2004 60, 8003-8030.

(13) (a) Kundu, K.; Doyle, M. PTetrahedron Asymmetry2003 17,
574-577. (b) Doyle, M. P.; Kundu, K.; Russell, A. Bxrg. Lett.2005 7,
3131-3134.
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of N-sulfinyl imines (Table 2). All aromatic imines reacted
smoothly with allyl diazoacetoacetate and afforded excellent
diastereoselectivities and good yields. The substituents on the
aromatic ring had little influence on the reaction. When aliphatic
imines were subjected to the reaction, the yields somewhat
decreased but diastereoselectivities remained high. It was worth
noting that in all cases the addition reaction proceeded very
fast and could complete within 10 min.

The absolute configuration of the newly generated chiral
center was established by X-ray analysis of a single crystal of
3c. When the chiral center of sulfur has ti&econfiguration,
the newly formed chiral center has thR configuration
(Figure 1).

This stereochemical outcome is consistent with the previous
reports of the addition of enolates derived from ester or ketones



FIGURE 1. X-ray structure of3c.

SCHEME 3. Transition State of the Diastereoselective
Addition Reaction
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to N-sulfinyl imines1214 On the basis of the stereochemical
information, we conclude that the sense of induction can be
similarly predicted by invoking a six-membered Zimmerman
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TABLE 3. Reaction of 2a with Various Aromatic Compounds

1y Teameon 2O QD
3a~k ————
2) Boc,O R Oallyl
Et;N, DMAP N
4a~k
(@]
Oallyl
hv ’Fi Pd(PPhs), ’&
PhH R 0  Waorars RTONTTO
N Morpholine A
Boc THF, r.t. Boc
5a~k 6a~k
4,yield b5,yield 6,yield ee
entry imine Ba—k, R) (%)?2 (%) (%) (%)
1 3aR=Ph 98 77 87 98
2 3b,R=p-FCsHs 96 66 87 99
3 3¢, R=p-CH;0CGH, 98 60 93 96
4 3d, R=o,p-Cl,CsH3 97 60 87 98
5 3¢ R= piperonyl 96 51 85 96
6 3f, R=0-MeCsHs 98 75 88 94
7 3¢, R=transCsHsCH=CH 99 84 86 og!
8  3h, R=2-furyl 98 53 74 96
9  3i, R=cyclohexyl 92 94 99 95
10 3j, R=hexyl 92 92 96 99
11 3k, R=isobutyl 91 89 93 9%

a|solated yield after chromatographyEe was determined by HPLC
with chiral column.c Under photochemical conditions, partial isomerization
of the double bond occurred6g was derivatized and the derivative was
measured as the 96% ee value. See the Supporting Informafibe. ee

Traxler-type transition state as previously suggested for the value was determined after removing the Boc group. See the Supporting

similar addition of acetate enolatesNesulfinyl imines (Scheme
3). In this transition state, the chelation of the"Lwith the
sulfinyl oxygen plays a vital role in controlling the attack of
the enolate to th&®eface of the iminé#

With the addition products in hand, we proceeded to convert
these chiral diazo compounds to 2-oxo and 3-oxo pyrrolidines
by the reaction sequence that we have reported previétisly.
First, the diazo compounga (R = Ph) was photolyzed with a
high-pressure Hg lamg.(> 300 nm) in a Pyrex tube. The Wolff

rearrangement was expected to occur to form the ketene

intermediate? followed by intramolecular nucleophilic attack
by the amino group to afford 2-oxo pyrrolidin&sHowever,

the expected 2-oxo pyrrolidines were not obtained, instead, the

photolysis resulted in a dark complex mixture. Considering our
previous study wittiN-sulfonyl diazo compounds, which gave
the corresponding 2-oxo pyrrolidines in good yiél,we
concluded that thél-sulfinyl group was not compatible with
the photochemical condition. So the-sulfinyl group was
replaced bytert-butyloxycarbonyl (Boc), and thE-Boc diazo
compound4a was subjected to the photolysis. To our delight,
the corresponding 2-oxo-3-allyloxycarbonyl pyrrolidib@was
obtained in excellent yield, but the diastereoselectivity of this
reaction was poor due to the easy epimerization at C3.
Consequently, the allyloxycarbonyl was removed by Pd(0)-
catalyzed reactidr and 5-substituted 2-oxo pyrrolidifgawas

obtained with 98% ee. This reaction sequence was then applieoé

(14) (a) Davis, F. A.; Reddy, R. E.; Szewczyk, J. MOrg. Chem1995
60, 7037-7039. (b) Davis, F. A.; Yang, Bl. Am. Chem. So2005 127,
8398-8407.

(15) For a recent review on Wolff rearrangement, see: Kirmsez-uy.
J. Org. Chem2002 2193-2256.

(16) (a) Wang, J.; Hou, YJ. Chem. Soc. Perkin Trans.1P98 1919~
1924. (b) Wang, J.; Hou, Y.; Wu, P.; Qu, Z.; Chan, A. STetrahedron
Asymmetry1999 10, 4553-4561. (c) Lee, D. J.; Kim, K.; Park, Y. Org.
Lett. 2002 4, 873-876.

(17) Jeffrey, P. D.; McCombie, S. W.. Org. Chem 1982 47, 587—
590.

Information.
SCHEME 4. Conversion of 4a,h,k to 3-Oxa Pyrrolidines
8a—c
0
Rhy(OAC),
(1 mol%) 2 O  Pd(PPhy),
4a,h, k ——— RT >y —_—
Benzene ) Oallyl morpholine
Reflux,10 min Boc rt. 1h
o}
R 8a, R = CgHs, 83%, 98% ee
l;l 8b, R = 2-furanyl, 73%, 96% ee
Boc 8¢, R =i-Butyl, 88%, 96% ee

to other diazo compound8b—k, and the corresponding

5-substituted 2-oxo pyrrolidine8b—k were obtained in excel-

lent overall yields with high enantiomeric selectivities
(Table 3).

Next, we conceived that intramolecular=§ insertion of
metal carbene generated from diazo compo@rat 4 would
afford 3-oxo pyrrolidine derivativesDavis and co-workers have
previously reported the R{DAc)s;-catalyzed intramolecular
N—H insertion ofd-amino a-diazo -ketoesters to give 3-oxo
pyrrolidines’® We found that reaction oBa with Rhy(OAc),
catalysis resulted in a complex mixture. WhéiBoc protected
-amino diazo compounda was subjected to the same Rh
(OAc), catalysis, the expected intramolecular N product was
obtained as a mixture of diastereoisomers and tautomers. The
mixture was further catalyzed with Pd(Pfhto remove the
alloxycarbonyl group. 5-Phenyl-substituted 3-oxo pyrrolidine
8a was thus obtained with 98% ee and in 83% overall yield
from 4a. This transformation was also applied 40 and 4Kk,
and similar results were obtained (Scheme 4). Therefore, starting
from chiralN-Boc protected-aminoa-diazoS-ketoesters, both
2-oxo and 3-oxo 5-substituted pyrrolidines could be prepared
efficiently.
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In summary, the highly diastereoselective addition of the in a Pyrex tube was irradiated with a 300-W Hg lamp with a water-
lithium enolate ofa-diazoacetoacetate t¢-sulfinylimines has cooled tube inserted in the solvent. The reaction temperature was
been achieved to affordtN-sulfinylaminoa-diazos-ketoesters. ~ kept at about 35C. The reaction was complete in about 30 min.
The chirals-N-sulfinylaminoo-diazof-ketoesters can be easily ~ 1he solution was concentrated under reduced pressure to give the
converted into 5-substituted 2-oxo and 3-oxo pyrrolidines. This ¢rude product, which was purified by flash silica gel column

. . chromatography to yield the diastereomeric mixture of the corre-
transformation represents a new route to 5-substituted 2'Oxosponding 3-allyloxycarbonyl-2-oxo pyrrolidinésa—k. The dia-
and 3-oxo pyrrolidines with high enantiomeric purity.

stereomeric mixture could not be separated by column chromatog-
) . raphy because of the isomerization of the products on silica gel.
Experimental Section General Procedure for the Removal of Allyloxycarbonyl
N . . Group of 5 with Pd(PPhg)s. 5a—k (0.2 mmol) was dissolved in
Caution: Diazo compounds are generally toxic and potentially THF (5 mL) and Pd(PPJu (5 mol %) and morpholine (1.5 equiv)
explosive. They should be handled with care in a well-ventilated were added at room temperature. When the reaction was complete
furge:oro?l.:r dure for the Diaster lective Addition of Allvl as monitored by TLC, the solution was concentrated under reduced
eneral Frocedure for the Uiastereoselective on of Ally pressure and purified by flash column chromatography with silica
o-Diazoacetoacetate 2 withN-Sulfinylimine 1. To a solution of gel to afford the pyrrolidine derivativéa—k
1@ lmrrfuil)olrlwwci_lci;loromethinleoc()lgcmLL \%as rﬂadf%d LH'VllD.S @ General Procedure for the Rh(OAc),-Catalyzed Reaction of
mmol of 1.0 M in hexane) a and ther2 (1.5 mmol) in a0 compound 4a,h,k, Followed by Pd(PP¥.-Catalyzed
dl_chloromethane .(8 mL) was c_iropped mto_the solution. After be.'”g Removal of the Allyloxycarbonyl Group. A solution of 4a,h,k
stirred for approximate-510 min, the reaction was quenched with (0.5 mmol) and REOAC), (0.005 mmol) iﬁ benzene (15 mL)’was
saturated aqueous NIl at —100°C and then warmed quickly 0 poaiaq to reflux. The reflux was continued for about 10 min and
room temperature. The organic layer was separated and the aquUeOoUR o the solution was cooled to room temperature. P{JRR5
layer ‘;"’1‘3‘3 extragt_edytho(llzlgi!z ((jz x 15 mL)._I'_I'hhe orgéanlc Iaé/er? mol %) and morpholine (1.5 equiv) were added and the mixture
were then combined and dried overf8a). The crude produc was stirred for abaul h under argon. When the reaction was

was purified by flash silica gel column chromatography to yield complete as monitored by TLC, the solution was concentrated under

the addition product8a—Kk. - ;
General Procedure for the Replacement of the Sulfinyl Group ;ﬁ?cu; Zcélptr g ZS#(:? datr;]dep;_ gl%dpg);::)?%ﬁlnﬁgng chromatography with

in 3 by the Boc Group. The addition producBa—k (0.5 mmol)

was treated by TFA (5.0 equiv) in MeOH (5 mL) and the sulfinyl  Acknowledgment. The project is generously supported by
group in3 was removedrn 1 h togive the corresponding amine 0 Natyral Science Foundation of China (Grant Nos. 20572002,

salt. The solution was concentrated, and then was dissolved in THF. -\ .
The solution was treated at®@ with BogO (1.2 equiv)/ESN (6 é%?ﬁ;ZOZ, and 20772003) and the Ministry of Education of

equiv) and a catalytic amount of DMAP. After being stirred for
about 2 h, the solution was concentrated and purified by silica gel.
The N-Boc protected produeta—k was obtained nearly quantita-
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General Procedure for the Irradiation of the Diazo Com-
pound 4a—k. A solution of4a—k (0.5 mmol) in benzene (25 mL)  JO702275A

Supporting Information Available: Characterization data, CIF
for 3c, andH and!3C NMR spectra for all new compounds. This
materialis available free of charge viathe Internetat http:/pubs.acs.org.
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