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ABSTRACT
R, O
OR, __Lewis acid/Chiral Ligand
(Y5 ) 0 CHCly, rt
1n=12

Chiral Lewis acid-promoted highly enantioselective intramolecular carbonyl ene reactions of unsaturated
R,R)-Ph-pybox)](OTf) 3 and [Cu(( S,S)-Ph-box)](OTf) ,, several unsaturated o-keto esters underwent

In the presence of chiral Lewis acids such as [Sc((

o-keto esters have been investigated.

carbonyl ene reactions in CH ,Cl, at room temperature to give monocyclic products in good yield and excellent enantioselectivity.

The carbonyl ene reaction attracts much attention becauseplications of intramolecular carbonyl ene reactions in the total

of its convenience for the construction of carbararbon

synthesis of natural products.

bonds. In recent years, significant progress has been made Recently, we reported Lewis acid-catalyzed bromo atom
in enantioselective intermolecular carbonyl-ene reactions transfer radical cyclization ofi-bromo -keto esters and

catalyzed by chiral Lewis acidsHowever, there are few

phenylseleno group transfer tandem radical cyclization of

examples of enantioselective intramolecular carbonyl ene g-phenylseleng-keto amides.In an effort to extend those

reactions of unsaturated aldehydedespite the wide ap-
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reactions tan-keto esters, Lewis acid Mg(Clp was used

to promote the radical cyclization @f-keto esterla with
Et:B/O, as the radical initiator. Interestingly, we found that,
instead of the radical cyclization produst product2a of

an intramolecular carbonyl ene reaction was obtained in 51%
yield (eq 1). Similarly, in the presence of Lewis acid MgBr
the opening of epoxidé did not stop aflb but instead gave
carbonyl ene reaction produgb in 44% yield (eq 2). These

(2) (a) Sakane, S.; Maruoka, K.; Yamamoto,Tétrahedron Lett1985
26, 5535-5538. (b) Ziegler, F. E.; Sobolov, S. B. Am. Chem. S0499Q
112 2749-2758. (c) Mikami, K.; Sawa, E.; Terada, M.etrahedron:
Asymmetryl991 2, 1403-1412. (d) Mikami, K.; Terada, M.; Sawa, E.;
Nakai, T.Tetrahedron Lett1991, 32, 6571-6574.

(3) (@) Yang, D.; Gu, S.; Yan, Y.-L.; Zhu, N.-Y.; Cheung, K.-K.Am.
Chem. Soc2001, 123 8612-8613. (b) Yang, D.; Gu, S.; Yan, Y.-L.; Zhao,
H.-W.; Zhu, N.-Y.Angew. ChemlInt. Ed.2002 41, 3014-3017. (c) Yang,
D.; Gao, Q.; Lee, O.-LOrg. Lett.2002 4, 1239-1241.



observations led us to investigate the Lewis acid-promoted the reactions (26). Mg(CIlO,), and Yb(OTf)} gave notably
ene cyclization ofi-keto esters, since in the absence of Lewis higher yields of cyclization products (69 and 84%, respec-
acids, intramolecular carbonyl ene reactionsieleto esters  tively) than Cu(OTf) and Zn(OTf) in CH,Cl, (entries 2-5).
proceeded at high temperatures for several days as reporte&c(OTf) also gave ene cyclization product in moderate yield
by Hiersemanr. Here we report highly enantioselective (56%, entry 6). These Lewis acid-promoted ene cyclization

intramolecular carbonyl ene reactions of unsaturatéeto
esters catalyzed by chiral Lewis acfds.

(¢]
»»»»»»»»»»»»»»»»» . CO,Et
o radical cyclization
Mg(CIO4)2, SePh
OBt kB0, .
SePry CH,Cly, 1t
SePh
COLEt
1a L
ene cyclization,51% OH ()
2a
o single diastereomer
0 M0t i iy
Cl MgBr, CO,Et-ene cyclization, CO.Et
EtOlrt 44% ?
\ X
mixture of isomers
6 1b 2b

Our work began with the transformation bf into 2c with
a series of Lewis acid catalysts (Table 1). No cyclization

Table 1. Lewis Acid-Promoted Carbonyl Ene Reactionslaf

(0]
OEt
o Lewis acid
\ CH,Cly, t
1c
Lewis acid time  conversion
entry (1.0 equiv) (h) (%) yield (%) (2¢:3¢)°
1 18 0 0
2 Mg(ClO4)2 4 92 69 (33:1)
3 Yb(OTD)3 6 90 84 (20:1)
4 Cu(OTf)q 5 91 43 (23:1)
5 Zn(OTDe 36 60 23 (26:1)
6 Sc(OTo)s 5 94 56 (30:1)

aUnless otherwise indicated, all reactions were carried out at room
temperature with 0:£0.2 mmol of substrate (0.05 M in GBl,). b Deter-
mined byH NMR with a-methyl stilbene as the internal standaf&Ratio
of 2c and 3c was determined byH NMR analysis of crude products.
Compounds2c and 3c were separable by flash column chromatography.
Stereochemistry dtcwas determined by the analysis of its NOESY spectra.

reactions exhibited excellent stereoselectivity for the major
product2c, in which the 1-hydroxy group was cis to the
2-allyl group.

We then investigated enantioselective carbonyl ene reac-
tions by adding chiral ligandgo the reaction system (Table
2). In the presence of chiral ligand,g-t-Bu-box (»),

Table 2. Chiral Lewis Acid-Promoted Carbonyl Ene Reactions

of 1
$7% pi

\ Rz Ry Ri Re
Ly R=Ph L3 Ry=Ph Ry=H
L, R='Bu Ly Ry=H, Rp=Pr

Lewis acid ligand time conversion yield ee
entry (equiv) (equiv)® (h) (%) (%)2 (%)
1 Mg(ClOy4)2(1.0) Lp(1.1) 48 76 (92) 0(69)
Yb(OTf)3(0.2) L3(0.22) 44 33 (90) 0(84)
3 Yb(OTf); (0.2) 14(0.22) 44 30 0
4 Sc(0T)3(0.2) L3(0.22) 6 91(94) 86(56) 88
5 Zn(0Tf):(1.0) L;(1.1) 48 73 (60) 54 (23) 54
6 Cu(0OTfH):(1.0) Le(1.1) 14 0(91) 0 (43)
7  Cu(OT):(1.0) L;(1.1) 6 96 90 872
8"  Cu(0OTDH(1.0) L;(1.1) 2 96 89 902
9 Cu(0TfH(0.2) 1,(0.22) 3 91 81 91#
100 Cu(0Tf):(0.2) L,(0.22) 24 41 32
11 Cu(OTf)2(0.2) L;(0.22) 32 38 0
12 Cu(SbFe)2(1.0) L;(1.1) 30 23 8
13 Cu(H20)2(SbFe)2(1.0) Lo(1.1) 41 58 28

aUnless otherwise indicated, all reactions were carried out at room
temperature with 0:4£0.2 mmol of substrate (0.1 M in Gigly). P Ligand
Ls has an R,R- configuration, while the other ligands have &8,%-
configuration.c Determined by'H NMR with o-methyl stilbene as the
internal standard! Numbers in parentheses represent the value in the
absence of chiral ligan&.Enantiomeric excess was determined by HPLC
analysis using a Chiral AD columfbsolute configuration of the major
enantiomer was determined to b&(@R)- by X-ray crystallographic analysis
of its p-bromobenzene sulfonate derivati$eDiastereomeric ratio was
greater than 50:1 as determinedyNMR analysis of the crude product.
' Activated 4 A molecular sieves (powder, 500 mg/mmol substrate) were
added to the reaction mixtureEt,O as the solveni. THF as the solvent.

neither Mg(CIlQ), nor Cu(OTf) could catalyze this ene
reaction (entries 1 and 6). Similarly, the combination of Yb-
(OTf)3 and chiral ligand R,R-Ph-pybox (3) or (S,9-i-Pr-
pybox (L4) proved to be ineffective (entries 2 and 3). In
contrast, entries 4, 5, and 7 showed ligand-accelerated
catalysis’ that is, chiral Lewis acid complexes [SBR(R)-

took place in the absence of Lewis acid (entry 1), whereas Ph-pybox)](OTf}, [Zn((SS)-Ph-box)](OTf}, and [Cu(§S)-

the addition of 1 equiv of Lewis acid significantly accelerated

Ph-box)](OTf} not only increased the yields @t (up to

(4) (a) Hiersemann, Msynlett200Q 415-417. (b) Hiersemann, Meur.
J. Org. Chem2001, 483-491.
(5) While our work was ongoing, Hiersemann and co-workers reported

(6) For reviews onCy-symmetric chiral bis(oxazoline)-Lewis acid
complexes as catalysts, see: (a) PfaltzA&ta Chem. Scandl996 50,
189-194. (b) Ghosh, A. K.; Mathivanan, P.; Cappiello, T&trahedron:

a chiral Lewis acid-catalyzed asymmetric domino Claisen rearrangement/ Asymmetryl998 9, 1-45. (c) Jgrgensen, K. A.; Johannsen, M.; Yao, S.;

intramolecular carbonyl ene reaction with excellent enantioselectivity.

Audrain, H.; Thorhauge, Acc. Chem. Re4999 32, 605-613. (d) Johnson,

However, only one substrate was investigated and the detail of the J. S.; Evans, D. AAcc. Chem. Re00Q 33, 325-335.

intramolecular carbonyl ene reaction was not examined. Kaden, S.;

Hiersemann, MSynlett2002 1999-2002.

3750

(7) Berrisford, D. J.; Bolm, C.; Sharpless, K. Bngew. ChemInt. Ed.
Engl. 1995 34, 1059-1070.
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90% vyield, entry 7) but also exhibited good to excellent tions between substituents on the olefinfeC double bond
stereocontrol. For entries 4 and 9, the enantioselectivity wasand the phenyl groups of the chiral ligarfs, §-Ph-box, the
reversed because the absolute configurations of the chiralene cyclization from thee-face (transition state& andB)
ligands were opposite. The addition of activated 4 A should be more favorable than that from thiface (not
molecular sieves did not have an obvious effect on the shown). In addition, because of the lack of steric interactions
reaction (entry 8). The loading of Lewis acid could be between methyl substituent on the olefinie=C double bond
reduced to as low as 20 mol % with no loss in ee (entries 7 and the phenyl group, transition staéewould be favored
vs 9), and up to 91% ee was obtained for the ene cyclizationover A, resulting in the cyclization product of RI2R)-
of 1c. When [Cu(§9-Ph-box)](OTfy and Sc[R,R-Ph- configuration and a cis relationship between the 1-hydroxyl
pybox)](OTf); were used as the catalyst, the diastereomeric group and the 2-alkyl group.
ratio was greater than 50:1 (entries 4 an€l9]. Several other substratesd—f were tested under the
These ene cyclizations were found to be solvent dependentaforementioned carbonyl ene cyclization conditions (Table
For catalyst [Cu(®9-Ph-box)](OTfy, CH,Cl, was a better  3). In the presence of 0.2 equiv of Lewis acid Cu(QTf)
solvent than BD (entries 9 vs 10), whereas compowzul
was not obtained in THF (entry 11). The counterfoakso
affected the catalyst efficiency of the Cu(ll) Lewis acids. tapje 3. Asymmetric Carbonyl Ene Reaction afi—f2
When the counterion was changed from OTd noncoor-

. . . . o} 0
dinating Sbk, the yield of2c decreased dramatically (entries J i
8 vs 12). Compared to Cl§(S)-t-Bu-box](OTf), the use of L OFt Cu(0Th,, ( MSorPE!, o
catalyst Cu[§9)-t-Bu-box)(HO),] (ShR),° did not give \ CHaClz 1t H \
much improvement to the yield d2c (entries 6 vs 13). 1d 2d 4d
Therefore, in CHCI, at room temperature, the catalysts [Cu- o 0
((S9)-Ph-box)](OTf and Sc[R,R-Ph-pybox)[(OTfH* R _Cu(OTN/ CHaClp ““\:J)T_PR + (Y7 O0R
were found to be efficient for the intramolecular carbonyl n OH
ene reactions ofc. Ve
P . le R=CH, 2e R=CH 3e R=CH
~ The observed stereoselectivity may be explained by 2 RoBn 3 ReBn. 3 ReBn’
invoking the transition state models proposed by Jgrgensen
et al. for the intermolecular carbonyl ene reactions (Figure time  ligand yieldof — dr eeof2
1).22 The [Cu(§9-Ph-box)](OTf} complex is assumed to ~ entry substrate (h) (equiv) 2% (23" (%
1 1d 24 55 (89)%¢  51:11
2 1df 9 (S8,9)-L; (0.55) 87(95)¢ >50:1 75
3 1d 24 (S8,9)-L;(0.22) 78 (91}¢  46:1 71
4 le¢ 4 76 7.3:1 93
5 le 4 (S8,9)-L;(0.22) 91 24:1 97
r@\/\ 6 le 12 (R,R)-L1(0.22) 54 1.3:1 87
N0, = Q 0 o 7 1f 5 86 8:1 983
Nt 7N —_ COR 8 1f 5 (S,5)-L;(0.22) 94 34:1 993
) Jq_o oLI_N 4 _— & R ] 5 1 (V. . .
B g B0~ o <4 i 9 1f 12 (R,R)-L1(0.22) 56 1.3:1 983
@ @ o aUnless otherwise indicated, all reactions were carried out at room
] . temperature in CkCl, with 0.1-0.2 mmol of substrate and 0.2 equiv of
1R, 2R)-2
A disfavored B favored (1R 2Ry-2¢ Cu(OTf). b IH NMR yield with a-methyl stiloene as the internal standard.
re-face cyclization Ratio of 2 and 3 was determined byH NMR analysis of crude products.
Compounds2 and 3 were separable by flash column chromatography.
Figure 1. Proposed transition-state model for th@u[(SS)-Ph- ¢ Enantiomeric excess QfV\_/as dete(mineq by HPLC analysis ysing a Chiral
box]} complex-promoted carbonyl ene cyclization reactioriaf OD or AD column. Relative configuration &fd was determined by the

analysis of NOESY spectra of its diol derivative (see Supporting Informa-
tion), but its absolute configuration was not determined. Absolute configura-
tions of 26/2f as (3?,2R,5R)- and3¢€3f as (152S5R)- were determined by

. . . . NOESY analysis9 Percentage conversion in parenthe§&yproduct4d
chelate with the dlcarbonyl moiety of the substrate in a was isolated in 27% yield.Performed with 0.5 equiv of Lewis acid Ee

tetrahedral-like geometA#2¢Considering the steric interac-  values ofle and 1f were not determined.

(8) For studies on the counterion effects of copper(ll) complexes, see:

Evans, D. A, Murry, J. A; Van Matt, P.; Norcross, R. D.; Miller, S. J. - without ligand, the ene cyclization dfd gave cyclopentane
Angew. Chemlnt. Ed. Engl.1995 34, 798-800.

(9) Evans, D. A.; Peterson, G. S.; Johnson, J. S.; Barnes, D. M.;Campos,prOdUCtSZd and 3d in poor yield (55%), together with a
K. R.; Woerpel, K. A.J. Org. Chem199§ 63, 4541-4544. double bond-rearranged produt (entry 1). However, 0.5

10) Same catalyst gave excellent enantioselectivity irirttegmolecular : : : :
Cafbogyl en roactions. see refs 1] and 134 equiv of chiral Lewis acid [Cu&S)-Ph-box)](OTf), cata-

(11) Evans, D. A.; Sweeney, Z. K.; Rovis, T.; Tedrow, JJSAm. Chem. lyzed the cyclization ofld in good yield and ee (87 and
S0c.2001, 123 12095-12096. 0 P . ; :

(12) For discussion on the metal center geometry of chiral bis(oxazoline)- 75./0' respgctlvgly, entry 2). _Reducmg the Ioadmg of ghe
copper(ll) complexes, see: (a) Johannsen, M.; Jgrgensen, K. @rg. chiral Lewis acid led to a slightly decreased yield (78%)

(S:hecm.1995 62, 2;57—?]732- (bB E\iaégsé Ed /;Sgggssggg)sm Btérgey, C. and ee (71%) (entries 2 vs 3). Furthermore, the addition of
., Campos, K. etrahedron Lett ), . (C ornauge, : . . . .. .
3./ Roberson, M. Hazell, R. G.. Jargensen, K.Ohem. Eur. J2002 8, chiral ligands gave improved diastereoselectivity (entries

1888-1898. 1-3).
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The Cu(OTf)-catalyzed cyclization reactions of chiral ||| G

substratele, prepared from commercially availabl)¢(+)-
citronellic acid (98%), gave a mixture @e and3ein the

absence of a ligand, witBe as the major product in 76% . /'O\ l:A .

yield and 93% ee (entry 4). When the Lewis acid was & RO)Q‘O/

combined with chiral ligand §S)-Ph-box, not only the C favored .
diastereomeric ratio ae to 3e was improved but also the D disfavored
ee value oRewas enhanced (entries 4 vs 5). However, when l i

the Lewis acid was combined with the enantiomeric ligand (¢ matched with (S.S}L*)\« oH COR
(R,R-Ph-box, both the diastereomeric ratio and the ee value Efavored SO [ \CO,R LOH
decreased (entry 6). Similar results were obtained for the 1 :
cyclization of1f, another chiral substrate with a benzyl ester H /=
group. When Cu(OTf)alone was employed as the Lewis 2ef2f major 3e/3f minor

a_CId’ gycllgatlon oflf gaye a mlxturg of dlast.ereomers na Figure 2. Proposed transition-state model for the (Cu-Ph-box)
8:1 ratio with2f as the major product in 86% yield and 98.3%  cpira| Lewis acid-promoted carbonyl ene cyclization reactions of
ee (entry 7). The diastereoselectivity (dr 34:1) and the 1e/1f

enantioselectivity (99.3% ee) & were improved in the
presence of chiral ligan&(S)-Ph-box (entry 8), whereas the  the chiral fragments of many natural produsThe ap-
addition of chiral ligand RR)-Ph-box led to a dramatic  plications of this method in enantioselective total synthesis
decrease in the diastereomeric ratio (dr 1.3:1; entry 9). Theseof natural products will be explored.

results demonstrated that chiral substratesx)3afethyl- )
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