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Enantioselective Synthesis of Highly Functionalized 4-Piperidones by the 
Asymmetric Imino-Diels-Alder Reaction of Chiral 2-Amino-l,3-butadienes* * 

JosC Barluenga," Fernando Aznar, Cristina Ribas, Carlos ValdCs, M6nica Fernandez, 
Maria-Paz Cabal, and Jesus Trujillo 

Abstract: Chiral2-amino-I ,3-butadienes 1 derived from commercially available (S)-2- 
methoxymethylpyrrolidine react with aromatic N-trimethylsilylaldimines and N- 
phenylaldimines in the presence of ZnC1, to give, after the reaction workup, 4-piperi- 
dones 4 and 6, respectively, with moderate to very high enantiomeric excesses. In 
addition, the absolute configurations of derivatives of 4 a  and 4g were determined by 
circular dichroism and NMR spectroscopy on the Mosher ester, respectively. 

asymmetric 

Introduction 

Six-membered azaheterocycles represent a common structure in 
naturally occurring alkaloids and pharmaceuticals. Among 
piperidine derivatives, 4-piperidones constitute an important 
class of synthetic intermediates,"] which have been extensively 
used in the preparation of biologically active materials.[21 Ma- 
nipulation of the ketone group allows substituents to be intro- 
duced at the piperidine ring. 

Several strategies for the synthesis of chiral 4-piperidones 
have been developed. They include asymmetric transamination 
of racemic 4-piperidone methiodides with enantiopure primary 
amine~, [~]  Michael addition of chiral 4-enaminopiperidines to 
activated ole fin^,'^] and more recently Michael alkylation of 
chiral imines derived from racemic 4-piperidone~[~] and in- 
tramolecular Michael addition to chiral a$-unsaturated 
aminoketones.[61 However, problems associated with some of 
these methods are the lack of generality or low diastereoselectiv- 
ities. 

By analogy with the formation of six-membered carbocycles, 
a very versatile route to piperidine derivatives is the imino- 
Diels-Alder reaction.['] The majority of examples described rely 
on the use of imines with a chiral auxiliary attached at the 
nitrogen or at the carbon positions to induce facial diastereose- 

lectivity.[*] However, this strategy has scarcely been used in the 
preparation of enantiomerically enriched 4-piperidones owing 
to the difficulties encountered in the removal or destructive 
cleavage of the chiral auxiliary. In certain cases, Lewis acid 
catalysts bearing chiral ligands have been used in catalyzed imi- 
no-Diels-Alder reactions.[g1 

In the context of our study of the synthetic applications of 
2-aminodienes I, we found that they undergo [4 + 21 cycloaddi- 
tion reactions with nonactivated imines I1 in the presence of 
Lewis acids.['01 The process takes place with a high degree of 
stereoselectivity and, after hydrolysis of the intermediate 4- 
aminotetrahydropyridine 111, gives rise to functionalized 4-pipe- 
ridones IV (Scheme 1). Furthermore, the relative stereochemis- 
try of the process depends on the substituent at the nitrogen 
atom of the imine. 

I II 111 IV 
Scheme 1. [4+ 21 Cycloaddition reaction of 2-aminodienes with nonactivated 
imines. 
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Recently, it has been demonstrated that chiral 2-amino-I ,3- 
butadienes serve as excellent starting materials for the enan- 
tioselective synthesis of highly functionalized six- and seven- 
membered carbo- and heterocycles." '] In particular, initial 
reactions with N-trimethylsilylaldimines have resulted in the 
formation of 4-piperidones with very high enantiomeric excesses 
(86-95 YO) .I1 la] Encouraged by these preliminary results, we 
embarked on a detailed study of this process, as an extension of 
our earlier work. This present paper explores the effect of the 
substituents at both the diene and dienophile (R' and R2, 
Scheme 2) on the enantiomeric excesses. In addition, the abso- 
lute configuration of the major enantiomer of 4-piperidones 4 is 
determined by two separate methods. 
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Results and Discussion (O-R3 /O-R3 

K-Selectride, THF 

HO with different protecting groups R' by catalytic aminomercuria- 0 D.'l,, -80°C, 2h 
Chiral 2-amino-l,3-butadienes 1 (Scheme 2) were synthesized 

tion reactions of readily available 3-alken-I -ynes with the com- 
mercially available (S)-2-metho~yrnethylpyrrolidine.~'~~ 

The cycloaddition reactions take place from -80 "C to room 
temperature, typically over a period of 16 h in the presence of 2 

trahydropyridine derivatives 3 and 5 could not be isolated, as 
they underwent hydrolysis during the aqueous workup required 
to eliminate the Lewis acid catalyst. By quenching the reaction 

7b: Ar=3-Fu, R3=Me (73%) 
7c: AraFu,  R3=MOM (70%) 
7j: Ar=&rPh, R3=Me (90%) 

4b, c,  i 

molar equivalents of ZnC1, in dry THE The intermediate te- Scheme 3. Stereoselective reduction of the carbonyl group of 4b, 4c. and 4j. 

pounds were synthesized as racemic mixtures by employing the 
achiral 2-morpholino-l,3-butadienes. 

R' seems to have more influ- 
ence on the enantiomeric ex- 
cesses of 4-piperidones 4 than 
expected, given that it is relative- 
ly far removed from the reacting 
atoms and that rotation can oc- 
cur about the C - 0  bond. The 

4 4' general sequence of the effect of 
R' according to the ee found for 
compounds 4 is as follows: 
TMS >Me > MOM > TBDMS. 

moderate to good. We conclude 
that 4-piperidones 4 can be syn- 
thesized with a high degree of 
asymmetric induction by em- 
ploying 1 a (R' = TMS) as start- 

-No.R3 

The chemical yields range from 
R2= Ph 

1 2 

6 6' 

Scheme 2.  Asymmetric imino-Diels-Alder reaction of chiral 2-amino-1.3-butadienes 1 with nonactivated aromatic imines. 

mixture with aqueous NaHCO, solution, both the N-Si bond 
and the enamine function were hydrolyzed; the 4-piperidones 4 
and 6 were thus obtained directly as a mixture of two epimers at 
C3. The less stable epimer 4"131 could be converted into the 
thermodynamic isomer 4 (with all the substituents in an equato- 
rial position)'''] by addition of 2 equivalents of sodium bis(tri- 
methylsily1)amide in THF to the mixture of epimers." 31 When 
R' is TMS, the crude product was treated with anhydrous 
Na,CO, in MeOH to complete the 0-Si bond cleavage; 
epimerization occurred at the same time. The results are summa- 
rized in Table 1 .  

The enantiomeric excesses (except for entries 7 and 12) were 
determined by HPLC (Chiralcel OD-H, 0.8 mLmin- ', hexane/ 
ethanol or hexane/isopropanol as eluent mixtures) directly on 
the 4-piperidones (4 a, 4e, 4 h, 4 k) or on simple derivatives (desi- 
lylated 4d, 4f, 44  and 4-hydroxyderivatives 7b, 7 c  and 7j, 
Scheme 3 ) .  In order to use this procedure, the same com- 

Table 1. Synthesis of chiral 4-piperidones 4 and 6. 
~~~ ~ 

Entry R'  Ar RZ R3 Prod. YO Yield [a] % ee 

1 TMS 3-Fu TMS H 4 a  51 >98 [b] 
2 Me 3-Fu TMS Me 4b 23 86 [bl 
3 MOM 3-Fu TMS MOM 4 e  33 82 [bl 
4 TBDMS 3-Fu TMS TBDMS 4 d  30 77 [bl 
5 TMS p-MeOPh TMS H 4e 43 90 b l  
6 TBDMS p-MeOPh TMS TBDMS 4f 29 86 [bl 
7 TMS Ph TMS H 4g 65 95 [CI 
8 MOM Ph TMS MOM 4h 35 87 Ibl 
9 TBDMS Ph TMS TBDMS 4i 28 84 [bl 

10 Me o-BrPh TMS Me 4 j  63 86 [bl 
11 TBDMS o-BrPh TMS TBDMS 4 k  32 53 [bl 
12 Me Ph Ph Me 6 45 35 [dl 

[a] Isolated yields after column chromatography as a mixture of epimers at C3. 
[b] Determined by HPLC. [c] Determined by 'H and "F NMR from Mosher's 
ester. [d] Determined by 'HNMR with Eu(hfc), as shift reagent. 

ing material. 
In contrast, the Ar substituents on the aldimines 2 cannot be 

arranged according to the ee of the 4-piperidones 4 obtained, as 
can be seen, for example, by comparing entries4 and 6 (3- 
furyl<p-methoxyphenyl , R' = TBDMS) with entries 1 and 5 
(3-fury1 >p-methoxyphenyl , R' = TMS). 

In agreement with results reported for imino-Diels-Alder re- 
actions of 2-morpholinodienes, the nature of the substitutent at 
the nitrogen of the imine (R2) plays a crucial role in the stereo- 
chemical course of the reaction. Thus, the substituents at C 2  
and C6  in the 4-piperidone products are in a cis relationship 
when R2 is TMS, and in a trnns arrangement when R2 is Ph 
(entry 12). Moreover, for N-benzylideneaniline (R2 = Ph) there 
is a dramatic decrease in the asymmetric induction of the cy- 
cloaddition. The likely explanation is the different approach of 
the imine to the dienophile in the cycloaddition process. Based 
on the stereochemistry of the products, the first step of the 
reaction with N-silylimines must take place with an endo ap- 
proach of the aromatic ring. However, when the dienophile is 
N-benzylideneaniline there is an endo preference of the phenyl 
group attached to the imine. In this case the chiral auxiliary is 
far removed from the imine compared with the N-silylimines in 
the initial step of the reaction; this decreases the facial differen- 
tiation of the diene, and therefore the asymmetric induction. 

Determination of the absolute configuration: In order to deter- 
mine the absolute configuration by the CD dibenzoate chirality 
method,['4. 151 it was necessary to synthesize the di-p-bromoben- 
zoylated derivative 10 (Scheme 4). Thus, treatment of com- 
pound 4a with an excess ofp-bromobenzoyl chloride in pyridine 
led to the ester 8; stereoselective reduction of the ketone group 
by slow addition of K-Selectride at - 80 "C afforded the hydrox- 
yl derivative 9. Deprotonation of the hydroxyl function was best 
accomplished with sodium bis(trimethylsily1)amide in THF, and 
subsequent addition of p-bromobenzoyl chloride furnished the 
di-p-bromobenzoylated derivative 10. 

~~ 
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(O.R (0.R' 

* x j " H  ) G " H  

p-BrC6H,COCI, Py 

0 "3-Fu 0 "3-Fu 

4 a R = H  8 R' = p-BrC6H4C0 

K-Selectride,THF -80 'C 

i) NaHMDS, THF 

10 R2 = p-BrPh 
11 R2 = Me 

9 R2=p-BrPh 

Scheme 4. Synthesis of the derivatives of 4a required for the determination of the 
absolute configuration by CD. 

In order to deduce the absolute configuration of compound 
10 by the CD dibenzoate chirality method, it was necessary to 
first perform a conformational analysis of the rotamers around 
the C2-C7 bond to assign the most stable rotamer (Fig. 1). The 
corresponding analysis was performed by NMR spectroscopy 
and molecular mechanics (MM) calculations. 

Q7 y7 (R) 

9s t9 
Fig. 1. Rotamers of 10 and 11. 

The 'H NMR spectrum (CDCl,, 400 MHz) of the dibenzoate 
derivative 10 showed for the prochiral protons at C 7 (6 = 4.65 
and 4.24) two clearly differentiated doublets of doublets, which 
allowed their coupling constants with the proton at C2 to be 
determined, namely, J(H 2,H 7) = 2.8 and 7.7 Hz, respectively. 
These values and the fact that the corresponding ROESY spec- 
trum exhibited a clear crosspeak between the proton located at 
6 = 4.65 and the proton at C 2, but not for that at 6 = 4.24, are 
only consistent with tg and gt rotamers. 

Analysis of molecular models clearly points to the gt rotamer 
as being the most stable. The gauche effect stabilizes the gt 
rotamer, and steric interactions between the methyl group at C 3 
and the C 7 p-bromobenzoyloxy group destabilizes the tg ro- 
tamer. Furthermore, the chemical shift of the methyl protons in 
compound 10 indicated the absence of any anisotropic effect on 
the methyl group and, therefore, excluded the tg rotamer. More- 
over, MM calculations['61 on compound 11 (Scheme 4, Table 2) 
confirmed that the gt  rotamer was lowest in energy.["] On the 
basis of this analysis, the signals in the 'H NMR spectrum at 
6 = 4.65 and 4.24, corresponding to the prochiral protons at 

Table 2. Molecular mechanics data for compound 11 

Rotamer Strain energy, Distribution Dihedral angle 
04-C4-C 7 - 0  7 kcal mol - I 

Rt 0.00 73 + 61 
gg 0.73 22 -173 
R 1.57 5 - 51 

C 7, could be assigned as the H7(R) and H7(S) signals, respec- 
tively, since the former is expected to be further downfield. 

The dibenzoate derivative 10 (&,,, = 245 nm, E = 38200, 
CH,CN)["] exhibited only one Cotton effect at the long wave- 
length of A,,, = 249 nm (A& = + 9.6) (Fig. 2). On the basis of 
the bathochromic position of this first Cotton effect, we believe 
that the second Cotton effect is buried in a strong positive back- 
ground ellipticity and that the CD spectrum is of the exciton- 
split type; therefore, application of the dibenzoate chirality rule 
to the observed positive Cotton effect of compound 10, in its 
most stable conformation (gt) ,  leads to the absolute configura- 
tion shown in Scheme 4. 

12 

~ 2 4 9  (+9.6) 

I I 

200 ?b (nm) 350 

Fig. 2. CD spectrum of compound 10. 

The same absolute configuration was inferred for 4g by trans- 
forming it into the MPTA ester 13 and then using Mosher's 
method for the determination of absolute configurations of sec- 
ondary  alcohol^.['^^ 201 Ester 13 was prepared in three steps from 
piperidone 4g. The synthetic sequence was carried out with both 
the racemic and the enantiomerically enriched piperidones 
(Scheme 5). Treatment of 4g with triphosgene and NEt,, and 

\ ~ N H  i) triphosgene, NEt3 - ou-,ph ii) K-Selectride, THF, -78°$,0~~.,ph 

49 12 

13 
Scheme 5. Synthesis of compound 13, employed for the determination of the abso- 
lute configuration by Mosher's method (the signals of the framed groups are clearly 
distinguishable in the diastereomeric esters; A6 = 6,,,,, - 6,,,,). 

diastereoselective reduction of the ketone with K-Selectride 
at - 78 "C gave rise to alcohol 12 as a single diastereoisomer. As 
expected for Selectride reductions of cyclohexanone derivatives, 
the stereoisomer bearing the hydroxyl group in the axial posi- 
tion was obtained as shown by 'H NMR studies. The resonance 
for the proton at C 4  appears as a multiplet at 6 = 3.88 coupled 
with H 3  and with the two protons at C5. The coupling con- 
stants are 2.3, 2.6, and 3.4 Hz, respectively, typical for ax-eq 
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and eq-eq couplings. Finally, esterification of 12 with (R)-MP- 
TACl led to ester 13. 

Comparison of the 'H NMR spectra (CDCl,, 300 MHz) of 
esters 13 obtained from both racemic and enantiomerically en- 
riched 4g allowed us to determine the differences in chemical 
shift for certain proton signals between the two diastereoiso- 
mers. Clearly separated signals were found for the methyl group 
and the proton at C6. According to the model proposed by 
Mosher, the major isomer should be that in which the phenyl 
ring of the MPTA moiety falls on the same side of the plane 
defined by the ester as C6, because the resonance for the C6 
proton in the major isomer is shifted upfield relative to the 
corresponding signal in the minor isomer, owing to the shielding 
effect of the aromatic ring. Moreover, a downfield shift is ob- 
served for the resonance of the methyl group in the major iso- 
mer; this indicates that it and the phenyl ring of the MPTA 
moiety must be situated on opposite sides of the plane defined 
by the ester. These observations point to the same absolute 
configuration as that deduced by the CD. 

Conclusion 

We have described the enantioselective preparation of 4-piperi- 
dones by [4 + 21 cycloaddition reaction of nonactivated imines 
with chiral 2-amino-l,3-butadienes in the presence of a Lewis 
acid as catalyst. The chiral auxiliary is readily cleaved during the 
workup of the reaction, and 4-piperidones 4 are directly ob- 
tained with very high enantiomeric excesses. Furthermore, the 
commercial availability of both enantiomers of the chiral auxil- 
iary would allow the piperidones to be obtained in either enan- 
tiomeric form. Investigations aimed at elucidating the mecha- 
nism and the origin of the high diastereoselectivity of the 
reaction are currently in progress; we are also exploring some 
synthetic applications of these cycloadducts. 

Experimental Section 
General: Melting points are uncorrected. 'H NMR spectra were recorded at 200, 
300, or 400 MHz, and "C NMR spectra at 50.3, 75, or 100.6 MHz. in CDCI, at 
room temperature (RT); chemical shift values are given in ppm relative to the 
residual solvent peak (a), and coupling constants in Hz. Specific optical rotation 
values were measured on a Perkin-Elmer 241 polarimeter. To determine enan- 
tiomeric excesses by HPLC, a CHIRALCEL OD-H column was used 
(25 cm x 0.46 cm i.d., Daicel Chemical Industries), at RT with hexaueiethauol or 
hexane/isopropanol as the mobile phases (0.8 mLmin-') and a Shimadzu photodi- 
ode array UV-VIS detector; the racemic compounds were used to choose the 
operating conditions for the resolution of the enautiomer peaks. Electron impact 
(EI) mass spectra were determined on a Finnigan Mat-95 Mass Spectrometer. Ele- 
mental analysis were carried out with a Perkin-Elmer 240 B microanalyzer. 

Materials: All catalytic aminomercuriation. cycloaddition, carbonyl group reduc- 
tion and esterification reactions were run under N, atmosphere. Commercial ( S ) -  
(+)-2-methoxymethylpyrrolidine, ZnCI, 1 M ethereal solution, and K-Selectride 
1 M THF solution were purchased from Aldrich. n-Hexane, THE and Et,O were 
dried and distilled from sodium benzophenone before use. Pyridine was refluxed 
over NaOH. distilled, and stored under N,. Hg(OAc), was heated at 100°C at 
0.1 mmHg for 6 h and kept under N,. 4-Bromobenzoyl chloride was distilled at 
reduced pressure (0.1 mmHg) prior to use. (S)-( +)-2-methoxymethylpyrrolidine 
was heated at 8O'C with sodium for ]Oh. condensed from trap to trap at 
0.1 mmHg, and kept under N,. 3-Alken-1-ynes employed to synthesize chiral 2- 
amino-I ,3-butadienes 1 were obtained by protecting the hydroxyl function of the 
commercially available 3-methyI-2-penten-4-yn-l-ol. following the general proce- 
dures described in the literature [21]. N-Trimethylsilylaldimines were obtained fol- 
lowing the synthetic procedure developed by Colviu et al. [22]; N-benzylideneaniline 
was prepared by refluxing in toluene a mixture of benzaldehyde and aniline in 
presence of a catalytic amount of p-toluenesulfonic acid in a system equipped with 
a Dean-Stark trap. All other reagents were of the best commercial grade available 
and used without further purification. The organic layers were dried with anhydrous 
Na,SO,. Column chromatography was carried out on silica gel 60 (40-60 pm). 

General preparative procedure for chiral2-amino-1,3-butadienes 1: To a suspension 
of dry Hg(OAc), (26.3 mmol, 8.4 g) in dry Et,O (150 mL) at room temperature was 
added the freshly distilled 3-alken-1-yne (35 mmol) under N,. To the clear solution, 
dry (S)-( +)-2-methoxymethylpyrrolidine (105 mmol, 13.0 mL) was added. The 
mixture was stirred overnight at room temperature. Afterwards, the reaction mix- 
ture was filtered under N, and concentrated under reduced pressure. The resulting 
oil was extracted once with dry n-hexane (150 mL), and the organic solution was 
kept at -20 'C for 10 h. The clear solution was transferred to another schlenk flask, 
to eliminate the oil formed at low temperature, and concentrated in vacuo. The 
resulting chiral diene was purified by distillation at high vacuum (lo-, mbar). 

(E)-N-(2-Methyl-l-methylene-4-trimethy~ilyloxy-2-butenyl)-2-(S)-methoxymethyl- 
pyrrolidine (1 a): 3-Methyl-5-trimethylsilyloxy-3-penteu-l-yne (5.9 g) was em- 
ployed. Yield 60% (6.0 9). Yellow oil; b.p. 92-96°C (lo-, mbar); [x]:809 = + 58.1 
( c  = 2.4 in CH,CI,); for spectroscopic data, see reference [12]. 

(E)-N-(Z-Methyl-l -methylene-4-methoxy-2-butenyl)-2-(S)-methoxymethylpyrro~d- 
ine (1 b): 5-Methoxy-3-methyl-3-penten-l-yne (3.9 g) was employed. Yield 67% 
(5.3 g). Yellowish oil; b.p. 82-88 "C (lo-, mbar); [u]:!, = + 91.8 (c = 2.4 in 
CH,CI,); for spectroscopic data, see reference [12]. 

(E)-N-(2-Metbyl- l-methylene-4-methoxymethoxy-2-hutenyl)-2-(~-methoxymethyl- 
pyrrolidine (1 c): 5-Methoxymethoxy-3-methyl-3-penten-l-yne (4.9 g) was em- 
ployed. Yield 57% (5.1 8). Yellowish oil; b.p. 102-103°C (lo-, mbar); 
[XI:&, = +129.3 (c = 3.7 in CH,CI,); 'HNMR (300MHz, CDCI,, RT, CHCI,): 
6 = 5.57 (t. 'J(H,H) = 6.9 Hz, 1 H ;  =CH), 4.50 (s, 2H; OCH,O), 4.01 (d, 
'J(H,H) =6.9 Hz, 2H; =CHCH,). 3.71 (s. 1H;  =CH,), 3.54 (s, I H ;  =CH,), 
3.47-2.78 (m, 5H;  pyrrolidine), 3.27 (s, 3H; OCH,), 3.18 (s, 3H; OCH,), 1.92- 
1.65 (m, 4H; pyrrolidine), 1.70 (s, 3H;  =CCH,); ',C NMR (75 MHz, CDCI,, RT, 
CDCI,): 6 =155.0 (=CN), 138.7 (=CMe), 124.3 (=CH), 95.1 (OCH,O), 83.3 
(=CH,), 73.0 (CH,OMe), 63.1 (=CHCH,O), 58.5 (OCH,), 56.6 (CHN), 54.7 
(OCH,), 48.8 (CH,), 28.5 (CH,), 23.0 (CH,), 16.2 (=CCH,). 

(~-N-12-Methyl-l-methylene-4-(tert-hutyldimethylsilyl)oxy-2-butenyl~-2-(S)-me- 
thoxymethylpyrrolidine ( ld) :  5-(ter~-ButyldimethyIsilyl)oxy-3-methyl-3-penten-l- 
yne (7.4g) was employed. Yield 45% (5.1 g). Yellow oil; b.p. 94-97°C 

mbar); [42809 = + 86.5 (c = 0.7 in CH,CI,); 'HNMR (200 MHz, CDCI,, 

2H;  CH,OSi), 3.72 (s, 1H;  =CH,), 3.55 (s, 1H; =CH,), 3.57-2.77 (m, 5H;  
pyrrolidine). 3.21 (s. 3H: OCH,), 1.97-1.65 (m. 4H; CH,), 1.68 (s. 3H; =CCH,), 
0.82 [s, 9H; C(CH,),]. -0.01 [s, 6H;  Si(CH,),]; ',CNMR(50.3 MHz, CDCI,, RT, 
CDCI,): 6 =155.3 (=CN). 135.4 (=CMe), 128.5 (=CH), 83.2 (=CH,), 73.1 
(CH,OMe), 60.0 (CH,OSi), 58.6 (CH,O), 56.7 (CHN), 48.8 (CH,), 28.6 (CH,), 
25.7 [SiC(CH,),], 23.1 (CH,), 18.0 [SiC(CH,),], 16.3 (CH,C), -4.6 [Si(CH,),]; 
HREIMS calculated for C,,H,,NO,Si 325.243708; found 325.243042. 

General preparative procedure for 4-piperidones 4 and 6: To a solution of a chiral 
diene I (1.5 mmol) in dry THF (30 mL) at RT was added a solution of ZnCI, in 
diethyl ether (1 M, 3 mL, 3.0 mmol). The mixture was stirred for 10 min at this 
temperature and then cooled to -80 "C. A solution of the imine 2 (3.0 mmol) in dry 
THF (10 mL) was added dropwise. The reatton mixture was stirred at this temper- 
ature for 8 h before it was allowed to reach room temperature (over 8 h). The 
reaction was quenched with 5 mL of saturated aqueous NaHCO, and 15 mL of 
ethyl acetate (EtOAc). The layers were separated, and the aqueous layer was ex- 
tracted with EtOAc (2 x 10 mL). The combined organic layer was washed with 
saturated aqueous NaHCO, (10 mL) and brine (2 x 10 mL), dried over anhydrous 
Na,SO,. and concentrated under reduced pressure. The resulting crude product was 
separated by column chromatography (SO,, hexane/EtOAc), unless R' = TMS in 
the chiral diene 1. In these cases, the crude product was treated at this stage with 
anhydrous Na,CO, (100 mg) in MeOH (8 mL) for 6 h; the solvent was removed 
under reduced presure, and H,O (10 mL) and EtOAc (10 mL) were added to the 
solid obtained. The basic aqueous layer was extracted with EtOAc (2 x 10 mL) and 
the combined organic layers were washed with brine (2 x 10 mL), dried over anhy- 
drous Na,SO,. and concentrated in vacuo. The desilylated 4-piperidone obtained 
was then purified by column chromatography (CH,CI,/EtOAc). 

(ZR,3S,6S)-6-(3-FuryI)-2-hydroxymethyl-~methyl~-piperidone (4a): The reaction 
was performed as described in the general procedure with 1 a (425 mg) and N- 
trimethylsilyl-3-furylaldimine (502 mg). After extractive workup, the crude product 
was treated with Na,CO, in MeOH to complete desilylation and epimerization, to 
yield, after silica gel chromatography (CH,CI,/EtOAc 4:1), 160 mg (51 YO) of 
4-piperidone 4a. Yellowish oil; R, = 0.14 (SO,, CH,CI,/EtOAc 1: 1); 
[u]:R = - 54.2 (L. = 0.8 in CH,CI,); ee> 98% (by HPLC. hexane/isopropanol8: 1. 
fRmajor = 15.5 min, fRmlnar = 19.9 min); 'H NMR (200 MHz, CDCI,. RT. CHCI,): 
6 =7.38-7.36 (m. 2H; 3-furyl), 6.42-6.41 (m, 1H; 3-furyl), 3.96 (dd, 
'J(H,H) = 10.5 Hz. 'J(H,H) = 4.5 Hz, 1H;  CHAr), 3.82 (dd, 'J(H,H) =11.1 Hz, 

RT,CHC13):6 = 5.59(t,'J(H,H) = 6.0Hz, lH;  =CH),4.16(d,3J(H,H) = 6.0Hz, 

,J(H.H) = 2.8 HI, 1 H;  CH,O), 3.62 (dd, 'J(H,H) =11.1 Hz, 'J(H,H) = 6.3 Hz. 
1 H; CH,O), 2.72 (ddd, 'J(H,H) =10.7 Hz, ,J(H,H) = 6.3 Hz, 'J(H,H) = 2.8 Hz, 
1 H: CHCH,O). 2.56 (t, 'J(H,H) = 10.5 Hz, 'J(H,H) = 10.5 Hz, 1 H;  CH,CHAr 
ax.),2.52(dd,2J(H,H)=10.5Hz,3J(H,H) =4.5Hz,1H;CH2CHAreq.),2.40(d. 
'J(H,H) =10.7 Hz, 'J(H,H) = 6.7 Hz, 1 H;  CHMe), 1.01 (d, 'J(H,H) = 6.7 Hz, 
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3H;  CH,); "C NMR (50.3 MHz, CDCI,, RT, CDCI,): 6 = 209.5 (CO); 143.3 
(3-ruryl); 138.7 (3-furyl); 126.8 (3-furyl); 108.5 (3-furyl); 63.5 (CH,OH); 63.4 
(CHN); 52.4 (CHN); 48.6(CH2CO); 46.3 (CHMe); 9.4 (CH,); HREIMS calculated 
for C, IH,,NO, 209.105193; found 209.104379. 

(2R,3S,6S)-6-(3-FuryI)-2-(methoxy)methyl-3-me~hyl-4-piperidone (4 b) : Pyrrolidine 
1 b (338 mg) was treated with N-trimethylsilyl-3-furylaldimine (502 mg); the result- 
ingcrude product was purified by silica get chromatography (hexane/EtOAc4: 1 )  to 
yield 77 mg (23 Oh) as a mixture of epimers. 60 mg (18%) of 4-piperidone 4 h. Yel- 
lowish oil: R, = 0.31 (SiO,. hexane/EtOAc l : l) ;  [a]:& = -75.3 (c = 0.6 in 
CH,CI,): re = 86% (determined by HPLC on derivative 7h); 'H NMR (200 MHz. 
CDCI,, RT, CHCI,): 6 =7.38-7.37 (m, 2H; 3-furyl), 6.43-6.41 (m, 1 H;  3-furyl), 
3.94 (dd. 'J(H,H) = 10.5 Hz. 'J(H.H) = 4.5 Hz, 1 H; CHAr). 3.60 (dd, 
'J(H,H) = 9.2 Hz. 'J(H.H) = 2.9 Hz, 1 H;  CH,O), 3.43 (dd. 'J(H.H) = 9.2 Hz. 
'J(H,H) =7.3H~,lH;CH,O).3.37(~,3H:OCH,),2.79(ddd,~J(H,H)=10.5Hz, 
'J(H,H) =7.3 Hz. 'J(H.H) = 2.9 Hz, 1 H ;  CHCH,O). 2.65-2.50 (m, 2 H ;  
CH,CHAr), 2.36 (d, 'J(H,H) =10.5 Hz. ,J(H,H) = 6.7 Hz. 1 H; CHMe). 1.03 (d, 
'J(H,H) = 6.7 Hz, 3H;  CH,CH); "C NMR (50.3 MHz. CDCI,, RT. CDCI,): 
6 = 209.4 (CO), 143.3 (3-furyl), 138.7 (3-furyl). 127.2 (3-furyl), 108.6 (3-furyl), 74.2 
(CH,OMe), 62.0 (OCH,), 59.1 (CHN). 52.5 (CHN), 49.2 (CH,CO), 47.0 (CHMe). 
9.6 (CH,CH); HREIMS calculated for CIZH,,NO, 223.120843, found 223.119844. 

(2R,3S,6S)-6-(3-FuryI)-2-metho~ymethnxymethyl-3-methyI-4-piperi~one (4~): Pyr- 
rolidine I c (383 mg) was treated with N-trimethylsilyl-.l-furylald~mine (502 mg); the 
resulting crude product was purified by silica gel chromatography (hexane/EtOAc 
5: 1 )  to yield 125 mg (33 %) as a mixture of epimers, 99 mg (26%) of 4-piperidone 
4c. Yellowish oil; R, = 0.23 (SiO,, hexane/EtOAc 2 : l ) ;  [ c z ] ~ ~  = - 5.3 ( c  = 0.6 in 
CH,CI,); ee = 82% (determined by HPLC on derivative 7c); 'HNMR (200 MHz, 
CDC1,. RT, CHCI,): 6 =7.35-7.33 (m, 2H;  3-furyl), 6.39-6.38 (m. 1 H ;  3-fuyl). 

CHAr). 3.73 (dd. 'J(H,H) = 9.7 Hz, ,J(H.H) = 2.7 Hz, 1 H: CH,O), 3.56 (dd, 
4.59 (S. 2H;  OCH,O). 3.91 (dd. '4H.H) =10.7 Hz, 'J(H,H) = 4.3 Hz, 1 H ;  

'J(H.H) = 9.7 Hz, ,J(H,H) =7.2 Hz. 1 H; CH,O), 3.30 (s. 3 H ;  OCH,), 2.77 (ddd, 
'J(H.H) = 10.5 Hz, 'J(H,H) =7.2 Hz, '4H.H) = 2.7 Hz. 1 H; CHCH,O), 2.61 - 
2.44 (m, 2 H ;  CH,CHAr), 2.35 (d, 3J(H,H) =10.5 Hz, ,J(H,H) = 6.4 Hz, 1 H ;  
CHMe), 0.99 (d, 'J(H,H) = 6.4 Hz, 3H;  CH,CH); " C  NMR (75 MHz, CDCI,. 
RT, CDCI,): 6 = 208.6 (CO), 142.8 (3-furyl). 138.3 (3-fury]), 126.9 (3-furyl). 108.3 
(3-furyl).96.1 (OCH,0),68.8 (CHCH,0).61.5 (OCH,). 54.8(CHN), 52.1 (CHN), 
48.7 (CH,CO), 46.4 (CHMe). 9.2 (CH,CH); HREtMS cakuktted for C,,H,,NO, 
253.131408; found 253.132239. 

~2R,3S,6S)-2-(fevt-Butyldimethylsilyloxy)methyl-6-(3-~uryl)-3-methyl-4-pi~ridone 
(4d): Pyrrolidine I d  (488 mg) was treated with N-trimethylsilyl-3-furylaldimine 
(502 mg); the resulting crude product was purified by silica gel chromatography 
(hexandEtOAc 1 O : l )  to yield 140 mg (30%) as a mixture of epimers, 87 mg (18%) 
of 4-piperidone 4d. Yellowish oil: R,  = 0.39 (SiO,. hexane/EtOAc 4 : l ) ;  
[XI$, = - 32.3 (c = 0.5 in CHCI,): re = 77% (determined by HPLC on the desilyl- 
ated derivative, see product 4a for the conditions used): 'HNMR (300 MHz, 
CDCI,, RT, CHCI,): 6 =7.39-7.38 (m, 2H;  3-furyl). 6.40-6.39 (m. 1 H;  3-furyl), 
3.96 (dd. ,J(H.H) =11.6 Hz. 'J(H.H) = 3.0 Hz. 1 H;  CHAr). 3.87 (dd, 
'J(H,H) = 9.9 Hz. ,J(H,H) = 3.0 Hz, 1 H ;  CH,O), 3.65 (dd. 'J(H.H) = 9.9 Hz. 
'4H.H) = 6.9 HZ, 1 H; CH,O), 2.70 (ddd, 3J(H.H) = 10.3 Hz. 'J(H,H) = 6.9 Hz, 
'J(H,H) = 3.0 Hz. 'J(H.H) = 13.3 Hz. 'J(H,H) = 1 H ;  CHCH,O), 2.62 (dd. 
3.0 Hz. 1 H; CH,CO eq.), 2.46 (ddd, 'J(H,H) =13.3 Hz. ,J(H,H) =11.6 Hz. 
4J(H,H) =1.3 Hz, 1 H ;  CH,CO ax.). 2.41-2.25 (m. 1 H ;  CHMe). 1.03 (d. 
'J(H,H) = 6.2 Hz, 3H;  CH,CH), 0.89 [s. 9H:  (CH,),C]. 0.08 [s. 6H;  (CH,),Si]; 
I3C NMR (75 Hz. CDCI,, RT, CDCI,): d = 209.8 (CO), 143.3 (3-furyl). 138.4 

49.4 (CH,CO), 46.8 (CHMe), 25.8 [(CH,),C]. 18.2 [C(CH,),]. 9.5 (CH,CH). - 5.5 
[(CH,),Si]; HREIMS calculated for C,,H,,NSiO, 323.191673: found 323.192144. 

(ZR,3S,6S)-2-Hydroxymethyl-6-(p-methoxyphenyl)-3-methyl-4-pi~ridone (4e): 
Pyrrolidine 1 a (425 mg) was treated with N-trimethylsilyl-p-methoxypheny- 
laldimine (623 mg). After extractive workup, the crude product was treated with 
Na,CO, in MeOH to complete desilylation and epimerization, to yield, after silica 
gel chromatography (CH,CI,/EtOAc 3:l) .  161 mg (43%) of 4-piperidone 4e. 
Yellowish oil; R, = 0.27 (SiO,, CH,CI,/EtOAc 1 : l ) :  [a]:& = -76.6 ( c  = 2.3 
in CH,CI,); re  = 90% (by HPLC. hexane/ethanol 5:l. rEmajar =Il.Omin. 
tRmlnor =15.1 min); 'HNMR (200 MHz. CDCI,. RT, CHCl,): 6 =7.20 (d, 
'J(H,H) = 8.6Hz, 2H;  C,H,OMe). 6.78 (d, 'J(H,H) = 8.6Hr. 2H:  C,H,OMe), 
3.83 (dd, ,J(H,H) =10.2 Hz, ,J(H,H) = 4.8 Hz, 1 H;  CHAr), 3.72 (dd. 
'J(H,H)=II. l  Hz,'J(H,H)= 2.9Hz,1H:CH,O),3.70(s,3H:CH,O).3.54(dd, 
'J(H.H) = 1 1 . 1  Hz, ,J(H.H) = 6.0Hz, 1 H ;  CH,O), 2.83-2.70 (m. 1H;  
CHCH,0).2.67-2.39(m,3H;CN,CHArandCHMe),0.95(d.'J(H.H) = 6.4Hz. 
3 H ;  CH,CH); "C NMR (75 Hz. CDCI,. RT. CDCI,): 8 = 209.9 (CO). 159.1 
(C,H,OMe), 134.1 (C,H,OMe), 127.5 (C,H,OMe), 113.9 (C,H,OMe), 63.8 
(CH,OH), 63.6 (CH,O), 60.2 (CHN), 55.2 (CHN), 49.8 (CH,CO), 46.1 (CHMe), 
9.5 (CHJH); HREIMS calculated for C,,H,,NO, 249.136493, found 249.136607. 

(2~,3~,6S)-Z-(tert-Butyldimethylsilyloxy)methyl-6-(p-methoxyphenyl)-3-methyl-4 
piperidone (4f): Pyrrolidine 1 d (488 mg) was treated with N-trimethylsilyl-p- 
methoxyphenylaldimine (623 mg); the resulting crude product was purified by silica 

(3-furyl). 127.5 (3-fUryl), 108.5 (3-furyl), 64.7 (CH,O). 63.7 (CHN), 52.6 (CHN), 

gel chromatography (hexane/EtOAc 8 : l )  to yield 158 mg (29%) as a mixture of 
epimers. 125 mg (23 %) of 4-piperidone 4f. Yellowish oil; R,  = 0.34 (SO,, hexane/ 
EtOAc 4:l);  [a]::9 = -76.6 (c =1.1 in CH,Cl,); ee = 84% (determined by HPLC 
on the desilylated derivative, see product 4e for the conditions used); 'H NMR 
(200 MHz, CDCI,, RT, CHCI,): S =7.31 (d, 'J(H,H) = 8.6Hz, 2H;  C,H,OMe), 
6.89 (d. '4H.H) = 8.6 Hz, 2H; C,H,OMe), 3.93 (dd, 'J(H,H) =9.8 Hz. 
' J (H,H)=5. lHz,  1 H ;  CH,O), 3.88 (dd, 'J(H,H)=7,0Hz. 'J(H,H)=2.9Hz, 
1H; CHAr). 3.80 (s, 3H; CH,O), 3.65 (dd, 'J(H,H) = 9.8 Hz, 'J(H,H) =7.6 Hz. 
1 H ;  CH,Oj, 2.74(ddd, 'J(H,H) =10.5Hz, 'J(H.H)=7.6Hz, 'J(H.H)=2.9Hz. 
1H;  CHCH,O), 2.60-2.49 (m, 2H;  CH,CO). 2.35 (d, 'J(H,H) =10.5Hz, 
'J(H,H) =6 .7Hz,  lH:CHMe), 1.04(d, 3J(H,H)=6.7Hz,3H;CH,CH),0.88[s. 
9H;  (CH,),C], 0.10 [s, 6H;  (CH,),Si]; "C NMR (50.3 MHz. CDCI,, RT, CDCI,): 
6 = 210.0 (CO). 158.8 (C,H,OMe), 134.8 (C,H,OMe), 127.1 (C,H,OMe), 113.8 
(C,H,OMe). 65.1 (CH,O), 63.8 (CH,O), 60.0(CHN), 55.0(CHN), 50.5 (CH,CO). 
46.6 (CHMe). 25.7 [(CH,),C], 18.1 [C(CH,),], 9.4 (CH,CH), -5.4 [(CH,),Si]; 
HREIMS calculated for C,,H,,NSiO, 363.222973; found 363.223715. 

(2R,3S,6S)-2-Hydroxymethyl-3-methyl-6-phenyl~-piperidone (4 g) : Pyrrolidine 1 a 
(425 mg) was treated with N-trimethylsilylbenzaldimine (532 mg); after extractive 
workup. the crude product was treated with Na,CO, in MeOH to complete desily- 
lation and epimerization, to yield after silica gel chromatography (CH,CI,/EtOAc 
4:1) 214mg (65%) of 4-piperidone 4g. [a]1° = -78.0 (r = 6.0 in CHCI,): 
CP = 95% (determined by NMR over Mosher's derivative, see product 13); for 
spectroscopic data, see reference [lo]. 

(ZR,3S,6~-2-Metho~ymethoxymethyl-3-methyl-6-phenyl~-pi~ridone (4 h) : Pyrro- 
lidine lc (383 mg) was treated with N-trimethylsilylhenzaldimine (532 mg); the 
resulting crude product was purified by silica gel chromatography (hexane/EtOAc 
5 :  1 )  to yield 138 mg (35%) as a mixture ofepimers. 107 mg (27%) of 4-piperidone 
4 h.Yellowishoil; R, = O.34(SiO2. hexane/EtOAc2:1);[z]:& = - 92.9 (e =1.3in 
CH,CI,); re = 87% (by HPLC, hexanelethanol 350:1, tRmaj,, = 34.2 min. 
I ~ ~ , ~ ~ ~  = 32.2min); 'HNMR (200MHz, CDCI,, RT, CHCI,): 6 =7.40-7.26 (m. 
5H:C,H5).4.64(~,2H;0CH20),4.04(dd, 'J(H,H) =11.8 Hz,'J(H,H) = 3.5Hz. 
1 H ;  CHAr), 3.81 (dd, 2J(H,H) =10.1 Hz, 'J(H,H) = 2.9 Hz. 1 H; CH,O), 3.65 
(dd. 'J(H,H) =10.1 Hz. 'J(H,H) =7.5 Hz, 1 H;  CH,O), 3.35 (s, 3H;  OCH,), 2.96 
(ddd, '4H.H) = 10.5 Hz, 'J(H,H) =7.5 Hz, 'J(H,H) = 2.9 Hz, 1 H;  CHCH,O), 
2.70 (ddd, 'J(H,H)=l3.7Hz. 'J(H,H)=11.8Hz, 4J(H,H)=1.0Hz. I H ;  
CH,CHAr ax.), 2.59 (dd, 'J(H,H) =13.7 Hz, ,J(H.H) = 3.5 Hz, 1H;  CN,CHAr 
eq.). 2.62-2.45 (m. 1 H ;  CHMe), 1.08 (d, ]J(H,H) =6.6 Hz, 3H;  CH,CH); "C 
NMR (75 Hz. CDCI,, RT, CDCI,): 6 = 209.3 (CO). 142.3 (C,H,), 128.5 (C,H,). 
127.6 (C,H,), 126.3 (C,H,). 96.4 (OCH,O). 69.5 (CHCH,O), 62.0 (OCH,). 60.7 
(CHN). 55.2 (CHN). 50.2 (CH,CO).46.8 (CHMe), 9.5 (CH,CH); HREIMS calcu- 
lated for C,,H,,NO, 263.152143, found 263.152143, 

(2R,3S,6S)-2-(tert-Butyldimethylsilyloxy)methyl-3-methyl-6-phenyl-4-piperidone 
(4i): Pyrrolidine I d  (488 mg) was treated with N-trimethylsilylbenzaldimine 
(532 mg); the resulting crude product was purified by silica gel chromatography 
(hexaneiEtOAc15:l)toyield 140rng(28%)asamixtureofepimers, 110mg(22%) 
of 4-piperidone 4i. Yellowish oil: R, = 0.53 (SiO,, hexane/EtOAc 4 : l ) ;  
[a]$', = - 62.4 (c = 0.4 in CH,CI,); re = 84% (determined by HPLC on the desi- 
lylated derivative, hexane/isopropanol 4: 1. I , , , ~ ~ ,  = 20.5 min, tsminor = 28.2 in); 
'HNMR (ZOOMHz, CDCI,, RT, CHCI,): S =7.44-7.27 (m, 5H; Ph). 4.0f (dd, 
'J(H,H) =10.4 Hz, ,J(H,H) = 4.1 Hz. 1 H;  CHAr), 3.93 (dd, 'J(H,H) = 9.9 Hz. 
'J(H,H)=2.5Hz. 1H;  CH,O). 3.70 (dd, 'J(H,H) =9 .9Hz,  3J(H,H)=7.7Hz, 
1 H;  CH,O), 2.79 (ddd, 'J(H,H) =10.3 Hz, 3J(H,H) =7.7 Hz, 'J(H.H) = 2.5 Hz, 
1H; CHCH,O). 2.67-2.47 (m. 2H; CH,CO), 2.39 (d, 'J(H,H) =10.3Hz. 
'J(H,H) = 6.4 Hz, 1 H ;  CHMe), 1.08 (d. ,J(H,H) = 6.4 Hz, 3H;  CH,CH), 0.91 (s. 
9 H ;  (CH,),C]. O.IO[s, 6H;  (CH,),Sil; I3CNMR (50.3 MHz, CDCI,, RT, CDCI,): 
6 = 209.8 (CO), 142.6 (Ph), 128.5 (Ph). 127.5 (Ph). 126.0 (Ph), 65.2 (CH,O), 63.8 
(CHN), 60.5 (CHN). 50.5 (CH,CO), 46.7 (CHMe), 25.7 [(CH,),C], 18.1 
[C(CH,),]. 9.5 (CH,CH). -5.4 [(CH,),Si]; HREIMS calcukdted for C,,H,,NSiO, 
333.212408; found 333.213336. 

(2R,3S,6S)-6-(o-Bromophenyl)-2-methoxymethyl-3-methyl~-pi~rido~ (4j): Pyrrol- 
idine 1 b (338 mg) was treated with N-trimethylsilyl-u-bromophenylaldimine 
(769 mg); the resulting crude product was purified by silica gel chromatography 
(hexane/EtOAc 8:I) to yield 295 mg (63%) of 4-pipendone 4j. [a]? = -77.0 
(c = 3.0 in CHCI,); ee = 86% (determined by HPLC on derivative 7j); for spectro- 
scopic data, see reference [lo]. 

(2R,3S,6S)-6-(o-Bromophenyl)-2-(tev~-hutyldimethylsilyloxy)methyl-3-methyl-4- 
piperidone (4 k): Pyrrolidine I d  (488 mg) was treated with N-trimethylsilyl-o-bro- 
mophenylaldimine (769 mg): the resulting crude product was purified by silica gel 
chromatography (hexane/EtOAc 15: 1) to yield 198 mg (32%) as a mixture of 
epimers. 136 mg (22%) ofCpiperidone4k. Yellowish oil; Rf = 0.38 (SO,, hexanel 
EtOAc 8:l); [a]:& = -70.1 (c = I . 1  in CH,CI,); ee = 53% (by HPLC, hexanel 
ethanol 350: I. iRmujOi = 8.2 min, lRminor = 9.7 min); 'H  NMR (200 MHz, CDCI,, 
RT. CHCI,): b ~ 7 . 6 1  (dd, 'J(H,H) =7.9 Hz, 'J(H,H) =1.6 Hz, 1 H;  C,H,), 7.55 
(dd.'J(H.H) = ~ . ~ H z . ~ J ( H , H )  =1.3 HZ, 1 H;C6H4),7.35(ddd, ,J(H.H) =7.9 Hz, 
'J(H,H) =7.3 Hz. "J(H,H) =1.3 Hz. 1 H: C6HI). 7.14 (ddd. 3J(H,H) =7.9 Hz. 
'J(H.H1=7.3Hz, "J(H,H)=1.6Hz, 1H; C,H,). 4.35 (dd. 'J(H,H)=11.8Hz, 
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'J(H,H) = 2.9 Hz. 1 H; CHAr). 3.90 (dd. 'J(H.H) = 9.Y Hz. '4H.H) = 2.9 Hz. 
1 H; CH,O). 3.64 (dd, 'J(H,H) = 9.9 Hz, 'J(H,H) = 8.0 Hz, 1 H;  CH,O), 2.82 
(ddd, 'J(H,H) = 10.8 Hz. 'J(H,H) = 8.0 Hz, 'J(H,H) = 2.9 Hz, 1 H; CHCH,O). 
2.72 (dd, 'J(H,H)=I).)Hz, 3J(H.H)=2.9H2, 1H; CH,CO eq.), 2.43 (ddd. 
*J(H.H)=l3.3Hz.'J(H.H) =11.9Hz,4J(H,H)=l.0Hz,1H;CH,COax.).2.40- 
2.23 (m. I H; CHMe), 1.06 (d, '4H.H) = 6.6 Hz. 3H; CH,CM), 0.89 [s. 9H;  

S = 208.3 (CO), 141.0 (C,H,), 132.6 (C,H,), 128.6 (C,H,), 127.7 (C,H,), 127.1 
(C,H,). 122.6(C6H,). 65.2(CH,O), 63.3 (CHN), 58.6(CHN),47.7(CHZCOj. 46.4 
(CHMe), 25.6 [(CH,),C], 18.0 [C(CH,),], 9.3 (CH,CH). -5.5 [(CH,),Si]; 
HREIMS calculated for C,,H,,BrNO,Si 411.122931: found 411.122388. 

(ZS*,3R*,6S*)- and (ZS*,3S*,6S*)-2-Methoxymethyl-3-methyl-l,~ipbe~~l~-pi~ 
ridone (6 and 6'): Pyrroiidine 1 b (338 mg) and N-benzylideneaniline (544 mg) were 
employed; the resulting crude product was purified by SiO, chromatography (hex- 
ane/EtOAc 10:1) to yield 139 mg (30%) of 4-piperidone 6 and 70 mg (15%) of 6'. 
re = 35% (determined by 'HNMR using Eu(hfc), as shift reagent); for spectro- 
scopic data, see reference 110). 

General procedure for the epimerization of 4': To a solution of epimer 4' (0.5 mmol) 
in THF ( 5  mL) at 0 "C was added sodium bis(trimethylsily1)arnide (0.5 mL, 
0.5 mmol, 1 M solution in THF). The reaction mixture was allowed to reach RT. 
After 6 h. H,O ( 3  m1.) and EtOAc ( 3  mL) were added to quench the reaction. The 
aqueous layer was extracted with EtOAc (2 x 3 mL), and the combined organic 
layers were washed with Saturated aqueous NaHCO, ( 5  mL), brine (5 mL), dried, 
and concentrated. The resulting oil consisted essentially of the corresponding ther- 
modynamic isomer 4 and was obtained in good yields; for example, following this 
procedure 4'd led to 4d in 92% yield, and 4'i led to 4 i  in 91 O h  yield. 

General procedure for the desilylation of 4-piperidones 4d, 41, and 4i: The cycload- 
ducts %'ere treated with a large excess of 3 N aqueous HCI in MeCN for 2 h. Water 
and EtOAc were added to the reaction mixture and layers were separated. The 
organic phase was washed with 1 N HCI (10 mL), and KOH pellets were added to 
the combined acidic aqueous phase until it turned basic. Then, it was extracted with 
EtOAc(3 x 10 mL), and the combined organic layers were washed with brine, dried, 
and concentrated to give the desilylated 4-piperidone essentially pure. 4d gavela in 
88% yield, 4f gave 4e in 95% yield, and 4i yielded 4g in 90% yield. 

General procedure for the reduction of 4h, 4c, and 4j: A solution of K-Selectride in 
THF ( l ~ ,  0.8mL. 0.8mmol) was diluted with 5 mL of dry THF and cooled 
at - 80 "C. The piperidone 4 (0.4 mrnol) in 3 mL of THF was added dropwise at this 
temperature, and stirring was continued for an additional 6 h. Then the reaction was 
warmed to 0°C and quenched with H,O (0.5 mL), EtOH (1.0 mL), 3~ aq. KOH 
(1.5 mL, 10min stirring). H,O, 30% v/v (1.0mL. 20min stirring), and saturated 
aqueous K,CO, (7.5 mL). This mixture was extracted with EtOAc (2 x 8 mL), the 
combined organic layers were washed, dried and concentrated. The resulting orange 
syrup obtained was purified by column Chromatography (hexane/EtOAc/NEt, or 
hexane/EtOAc). 

(2R,3S,4R,68-6-(3- Furyl)-4-hydroxy-2-methoxymethyl-3-methylpi~rid~ne (7 b): 
The reaction was performed as described in the general procedure with 89 mg of 4b; 
the resulting crude product was purified by silica gel chromatography (hexanei 
EtOAc/NEt, 2: 1:0.02) to yield 66 mg (73%) of 4-hydroxypiperidioe 7b. White 
solid; m.p. 70-73'C; R, = 0.26 (SO,, hexane/EtOAc/NEt, 1:1:0.02); 
[a]:& = - 53.2 (c = 0.4 in CH,CI,); ee = 86% (by HPLC, hexane/ethanol 20:1, 
tRmdjor=13.1 min, tRmi,,,,=lI.6min); 'HNMR (300MHz, CDCI,. RT, CHCI,): 
6 =7.35-7.33 (m, 2H; 3-furyl), 6.40-6.39 (m, 1H;  3-furyl). 4.07 (dd, 
'4H.H) =12.0 Hz, 'J(H,H) = 2.6 Hz. 1 H; CHAr), 3.94-3.88 (m, 1 H: CHOH). 

(CH,),C]. 0.08 [s, 6H; (CH,),Si]; ''C NMR (50.3 Hz. CDCi,, RT, CDCI,): 

3.51 (dd, 'J(H.H) = 9.5 Hz, 'J(H,HJ = 2.6 Hz. 113; CH,O), 3.32 (s ,  3H; OCH,). 
3.28 (t. ,J(H,H) = 9.5 Hz. 'J(H,H) = 9.0 Hz, 1H: CH,OJ. 3.01 (ddd. 
'J((H,H) = 10.5 Hz, 'J(H,H) = 9.0 Hz, 'J(H,H) = 2.6 Hz, 1H; CHCH,O), 1.94 
(dt. 'J(H.H) =13.3 Hz. 'J(H.H) = 3.0 Hz. 'J(H.H) = 2.6 Kz, 1 H: CH,CHAreq.). 
1.73 (ddd. 'J(H,H) a13.3 Hz, 'J(H,H) =12.0 Hz. IJ(H,H) = 2.6 Hz. 1 H; 
CN,CHAr ax.), 1.54 (dd, ,J(H.H) =10.8 Hz. '3fH.H) = 6.9 Hz, 'J(H.HJ = 
2.6 Hz. 1 H;  CHMe). 0.94 (d. 'J(H,H) = 6.9 Hz, 3H;  CH,CH); ',C NMR (75 Hz, 
CDCI,. RT, CDCI,): 6 =142.7 (3-furyl). 138.6 (3-furyl), 128.5 (3-furyl), 109.1 
(3-furyl), 74.8 (CH,OMe), 70.2 (CHOH), 58.9 (OCH,), 55.5 (CHN), 46.1 (CHN), 
40.8 (CH,CHOH), 37.0 (CHMe). 14.1 (CH'CH); HREIMS calculated for 
C,,H,,NO, 225136493; found 225.135893, 

(2R,3S,4R,6S)-6(3-Furyl)-4-bydroxy-2-methaxymethoxymethyl-~methylpi~ridi~ 
(7 c): The reaction was performed as described in the general procedure with 101 mg 
of 4c; the resulting crude product was purified by silica gel chromatography (hex- 
ane/EtOAc/NEt, 2: 1 :0.02) to yield 71 mg (70%) of 4-hydroxypiperidine 7c. White 
solid; m.p. 99-101 'C; R,  = 0.24 (SO,, hexane/EtOAc/NEr, 1:1:0.02); 
[a)% = - 52.7 (c  = 0.9 in fH,CI,); ee = 82% (by HPLC, hexaneiethanol 20:1, 
fRmalo, =13.8 min. lRrnlnor =12.3 min); 'HNMR (300 MHz, CDCI,, RT, CHCI,): 
6 =7.37-7.35 (m. 2H; 3-furyl). 6.42-6.41 (m, 1H; 3-furyl), 4.64 (d, 
'J(H,H)=6.7Hz, lH;OCH,O).4.61 (d, 2J(H,H)=6.7Hz,1H;OCH20).4.11 
(dd, 'J(H,H) =12.0 Hz. ,J(H$H) = 2.6Hz, 1 H ;  CH.4r). 4.00-3.87 (m, 1 H ;  
CHOH). 3.71 (dd, ,J(H,H) = 9.5 Hz, 'J(H,H) = 3.0 H7, 1 H; CH,O), 3.43 (dd, 

zJ~H,H)=9.5H~,3J(H,H)=Y.0H~,1H;CH,O),3.35(s,3H;OCH,).3.04(ddd, 
'J(H,H) = 11.0 Hz, '4H.H) = 9.0 Hz, 'J(H,H) = 3.0 Hz, 1H; CHCH,O), 1.99 
(dLZJ(H.H)=13.3 Hz,~J(H,H)= 2.6 Hz,'J(H,H) = 2.6 Hz,lH;CH,CHAreq.), 
1.76 (ddd, 'J(H,H)=13.3Hz, 3J(H.H)=12.0H~, 'J(H,H)=2,6Hz, 1H; 
CH,CHAr ax.), 1.59 (dd, 'J(H,H) =11.0 Hz, 'J(H,H) = 6.9 Hz, )J(H.H) = 
2.6 Hz. I H; CHIMe), 0.99 (d, 'J(H,H) = 6.9 Kz, 3 H ;  CN'CH); I3C NMR (75 
MH7, CDCl,, RT, CDCI,): 15 =142.6 (3-furyl), 138.5 (3-furyl), 128.6 (3-furyl), 
108.9 (3-furyl), 96.4 (OCH,O), 69.8 (CHOH), 69.7 (CHCH,O), 55.4 (OCH,), 55.0 
(CHN). 46.1 (CHN), 40.9 (CH,CHOH). 37.0 (CHMe), 13.9 (CH,CH); HREIMS 
calculated for C,,H,,NO, 255.147058; found 255.147149. 

(2R,3S,4R,6J)-6-(o-B~0mophenyl~~-hydraxy-2-methoxymethyl-3-methylpip~ridine 
(7j): The reaction was performed as described in the general procedure with 125 mg 
of 4j; the resulting crude product was purified by silica gel chromatography (hex- 
ane/EtOAc 6: 1)  to yield 113 mg (90%) of4-hydroxypiperidine 7j. R, = 0.34 (SiO,, 
hexane/EtOAc, 5 :  1); [a];: = - 61.5 (c = 0.6, CH,CI,); ee = 82% (by HPLC. hex- 
ane/ethan0122.5:1,t,,~, =15.6min.tRmjn*r =13.4min);'HNMR(300 MHz, CD- 
Cl,. RT,CHCI,): 6 =7.57~~7.18(m,2H;o-BrPh), 7.07-6.66(rn, 2H;o-BrPh),4.46 
(dd, ,J(H,H) =11.6 Hz, 'J(H,H) = 2.2 Hz, 1 H; CHAr), 3.94-3.89 (m, 1 H ;  
CHOH), 3.49 (dd. 'J(H,H) = 9.0 Hz, 'J(H,H) = 2.6 Hz, 1 H; CH,O), 3.27 ( s .  3H;  
OCH,), 3.31-3.22 (m, 1M; CH,O), 3.08 (ddd, 'J(H,H) =10.3 Hz, 
'J(H,H) =10.3 Hz, 'J(H,H) = 2.6 Hz, 1 H ;  CHCH,O), 2.02 (ddd, 'J(H,H) = 
13.3 Hz, 'J(H,H) = 3.4 Hz, ,J(H,H) = 3.4 Hz, 1 H; CH,CHAr), 1.62 (ddd. 
'J(H.H) =13.3 Hz, 'J(H,H) =11.6 Hz, 'J(H,H) = 2.6 Hz, I H ;  CH,CHAr). 1.62- 
1.50 (m, 1H; CHMe), 0.94 (d, ,J(H,H) = 6.9Hz, 3H; CH,CH); I3C NMR 
(75 MHz. CDCl,, RT, CDCI,): S = 142.3 (o-BrPh), 132.4 (0-BrPh), 128.2 (o-BrPh). 
127.8 (0-BrPh), 127.4 (o-BrPh). 123.2 (0-BrPh), 74.5 (CHOH), 70.1 (CH,OMe), 
58.6 (OCH,), 55.6 (CHN), 53.2 (CHN), 39.7 (CHMe), 36.7 (CH,CHOH), 13.9 
(CH,CH); C,,H,,BrNO, (314.2): calcd C 53.51, H 6.41, N 4.45; found C 53.62, H 
6.37. N 4.29. 

(2 R , 3 S , 4 R , 6 S ) - 2 ~ p B r o m o b e ~ o y l o x y m e t h y l ) - ~ ~ f u r y l ~ ~ m e t h ~ ~ i p e r i d o ~ e  (8) : 
Compound 4 a  (544 mg, 2.6 mmol) was dissolved in dry pyridine (10 mL). A few 
crystals ofDMAP wereadded. andp-brornobenzoyl chloride (1.14 g, 5.2 mmol) was 
then added in one portion. The dense suspension was stirred at RT for 10 mm. H,O 
(10 mL) and EtOAc (20 rnL) were added to quench the reaction; the aqueous layer 
was extracted with EtOAc (2 x 10 mL): the combined organic layers were washed 
with saturated NaHCO, aqueous solution (10 mL), brine (10 mL), dried, and con- 
centrated. The resulting oil consisted essentially in the ester 8 (1 g, quantitative) and 
was used in the following step without further purification. Brownish oil; R, = 0.82 
(SiO,. CH,Cl,/EtOAc 2:l); [a]:& = - 36.4 (c = 0.5 in CH,CI,); 'HNMR 
(300 MHz. CDCI,, RT, CHCI,): 6 =7.80 (d, ,J(H,H) =7.7 Hz, 2H;p-BrPh), 7.48 
(d, 'J(H.H) = 7.7 Hz, 2H;p-BrPh), 7.35 (s, 1 H; 3-furyl), 7.32 (s. 1 H; 3-furyl), 6.37 
(s, lH;3-f~ry~),4.59(dd,~J(H,H)=l1.4Hz, 'J(H,H)=1.7Hz, 1H;CH2O),4.2Y 
(dd, 2J(H,H) =11.4 Hz, '4H.H) = 6.9 Hz, IH ;  CH,O), 3.95 (dd, 'J(H,H) = 
10.8 Hz, 'J(H.H) = 3.5 Hz, 1 H; CHAr), 2.97(ddd, ,J(H,H) = 9.4 Hz, 'J(H,H) = 
6.9Hz, 'J(H,H)=1.7Hz, lH;CHCH20),2.59-2.42(m,2H; CH2CO),2.39(d, 
'J(H,H) = 9.4 Hz, 'J(H,H) = 6.4 Hz, 1 H;  CHMe), 1.08 (d, 3J(H.H) = 6.4 Hz, 
3H;CH3);"CNMR(75 Hz,CDCI,,RT,CDCI,):6 = 208.O(CO), 165.2(COO), 
143.1 (3-furyl), 138.5(3-furyl), 131.5 (Ph), 130.8(Ph), 128.3(Ph), 128.0(Ph), 127.0 
(3-furyl), 108.4 (3-furyl). 66.7 (CH,O). 60.9 (CHN), 52.2 (CHN), 48.9 (CH,CO), 
46.7 (CHMe). 9.5 (CH,); HREIMS calculated for C,,H,,BrNO, 391.041931, 
found 391.040191. 

~ZR.3~,4R,6~-2-(p-Bromobenzoyloxymethyl)-6-(~furyl)4-hydroxy-3-methylpi~ 
ridine (9): The procedure is analogous to the general procedure described for the 
reduction of the ketone group of 4h, 4c, and 4j, except that K-Selectride (5.2 mL, 
5.2 mmol) is added over a cooled solution of piperidone 8 (1 g, 2.6 mmol). If the 
order is inverted, the transesterified product is mainly obtained. Column chro- 
matography uf the resulting orange syrup (CH,CI,/EtOAc 1 : 1) gave 297 mg of 9 
(29%). Colorless oil; R,=0.28 (SiO,, CH,Cl,/EtOAc 1:l); [a]:& = - 36.0 
(c = 0.6 in CHCI,); 'HNMR (200 MHz, CDCI,, RT, CHCI,): 6 =7.86 (d. 
3J(H,H) = 8.6 Hz, 2H; p-BrPh), 7.57 [d, 'J(H,H) - 8.6 Hz, 2H; p-BrPh), 7.37- 
7.36 (m, 2H; 3-furyl), 6.42-6.41 (m, 1 H; 3-furyl), 4.56 (dd, 'J(H,H) =11.i Hz, 
'4H.H) = 2.8 Hz, 1 H: CH,O). 4.23-4.13 (m, 2H; CH,O +CHOH), 4.02-3.99 
(m. 1H; CHAr), 3.25 (ddd, 'J(H,H) =10.5Hz, 'J(H,H) =7.6Hz. )J(H.H) = 
2.7 He, 1 H; CHCH,O), 2.06-1.57 (m, 5H; CH,CHAr + CHMe +NH +OH), 
1.08 (d, ,J(H,H) =7.0 Hz, 3H; CH,); "C NMR (50.3 MHz, CDCI,, RT, CDCI,): 
6 =165.5(COO). 142.8(3-furyl), 138.5 (3-furyl). 131.5(Ph), 130.8 (Ph), 128.5 (Ph), 
128.3 (Ph). 127.9 (3-furyl). 108.9 (3-furyl), 69.5 (CHOH), 67.7 (CH,O), 54.7 
(CHN), 45.9 (CHN), 40.7 (CH,CO), 37.1 (CHMe), 14.2(CH3); HREIMS calculat- 
ed for C,,H,,BrNO, 393.057581 ; found 393.056270. The transesterified product 
was also obtained in 8% yield. 

(2R,3~,4R,6S)-4-(p-Bromobenzoyloxy)-2-(~-bromo~nzoy~oxymethyl)-6-(3-furyl)- 
3-methyIpiperidine [lo): Compound 9 (297 mg, 0.75 mmol) was dissolved in dry 
THF (10 mL), and sodium bis(trimethylsily1)amide (0.8 mL, 0.8 mmol, 1 M in THF) 
was added at RT; after 1 h of stirrrng, p-bromobenzoyl chloride (395 mg, 
1.80 mmol) was added in one portion. The stirring was continued for 12 h, and the 
reaction mixture was quenched with H,O (5 mL) and Et,O (20 mL). The aqueous 
layer was extracted with Et,O (2 x 10 mL), and the combined organic layers were 
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washed with Saturated aqueous NaHCO, (2 x 10 mL), dried, and concentrated. 
After column chromatography (hexaneIEtOAc 5: l ) .  173 mg of 10 (40%) was ob- 
tained. Yellowish oil; R, = 0.22 (SiO?. hexane/EtOAc. 4 : l ) ;  [~]:80~ = +16.3 
(c = 0.3 in CHCI,); 'HNMR (400MHz. CDCI,. RT. CDCI,): 6 =7.95 (d. 
'4H.H) = 8.5 Hz, 2H;p-BrPh). 7.89 (d, 'J(H,H) = 8.5 Hz, 2H;p-BrPh), 7.61 (d, 
,J(H,H) = 8.5 Hz. 2H; p-BrPh). 7.59 (d. 'J(H,H) = 8.5 Hz, 2H: p-BrPh), 7.37 (s, 
1 H;  3-furyl), 7.36 (s. 1 H ;  3-fuiyl), 6.39 (s. 1 H ;  3-furyl). 5.41 (m. 1H; COOCH), 
4.65 (dd, 'J(H,H) =11.1 Hz, ,J(H,H) = 2.8 Hz, I H ;  CH,O), 4.24 (dd. 
'J(H,H) = 1 1 . 1  Hz, 'J(H,H) =7.7 Hz. 1H;  CH,O). 4.11 (dd. ,J(H,H) =11.6 Hz, 
'J(H,H) = 2.3 Hz, 1 H; CHAr), 3.36 (ddd, ,J(H,H) =10.4 Hz, 'J(H,H) =7.7 Hz, 
'4H.H) = 2.8 Hz, 1 H; CHCH,O), 2.22 (dt, ,J(H,H) = 14.1 Hz, 'J(H,H) = 
2.8Hz. lH;CH,CHAr),1.88-1.84(m,1H;CHMe),1.84(dt.2J(H,H)=14.1 Hz, 
'4H.H) = 2.5 Hz, 1 H; CH,CHAr), 1.06 (d, ,J(H,H) = 6.9 Hz, 3H; CH,); "C 
NMR (100.6 MHz, CDCI,, RT. CDCI,): 6 =165.7 (COO), 165.1 (COO), 143.2, 
138.8, 131.9. 131.8, 131.1, 129.2. 128.8. 128.3, 128.2. 128.1, 108.9 (dry]). 73.8 
(COOCH), 67.5 (COOCH,), 56.3 (CHN). 47.2 (CHN), 38.1 (CH,CHAr), 36.5 
(CHMe). 14.1 (CH,): HREIMS calculated for C,,H,,Br,NO, 574.994319; found 
574.992198. 

(2R,3S,4R,6S)-1-Aza-4-hydroxy-3-methyl-2-phenyl-8-oxa-7-oxohicyclo~4.3.O]~- 
nane (12): To a solution of piperidone 4g (110 mg. 0.5 mmol) in THF (5 mL) was 
added triphosgene (150mg, 0.5 mmol). The solution was cooled at 0°C. and a 
solution of triethylamine (0.7 mL, 0.5 mmol) in THF (1 mL) was then slowly added. 
The mixture was stirred for 15 min and quenched with H,O (3 mL). The layers were 
separated, and the aqueous layer extracted with ethyl acetate (3 x 5 mL). The com- 
bined organic layers were washed with brine, dried over Na,SO,, and concentrated. 
Flash chromatography (SiO,. hexane/EtOAc 1 :2) afforded (2R,3S,6S)-l-aza-3- 
methyl-6-phenyl-8-oxa-4,7-dioxobicyclo[4.3.0]nonane (1 22 mg, quantitative). Col- 
orless oil; R, = 0.45 (SiO,, hexane/EtOAc, 1 :2); [a];' = - 9.0 (c = 9.0 in CHCI,); 
e r =  95%; 'HNMR (300 MHz, CDCI,, RT, CHCI,): 6 =7.2 (m, 5H; Ph), 4.82 
(dd. ,J(H,H) = 6.2 Hz, 'J(H,H) = 6.0 Hz, 1 H;  PhCH), 4.40 (m, 1 H; CH,O), 3.92 
(m, 2H; CH,O +CH,CHN). 2.84 (dd, 'J(H.H) = 15.2 Hz. ,J(H,H) = 6.0 Hz, 1 H: 
CH,CO). 2.66 (dd, ,J(H,H) = 15.2 Hz, ,J(H,H) = 6.2 Hz, 1 H;  CH,CO), 2.46 (dq, 
'4H.H) =10.7 Hz, ,J(H.H) = 6.5 Hz, 1 H; CHCH,). 0.98 (d, 'J(H,H) = 6.5 Hz. 
3H;  CH,). 
K-selectride (0.7 mL, 0.7 mmol, 1 M in THF) was added to a solution of the bicyclic 
piperidone (122 mg. 0.50 mmol) in dry THF (5 mL) at - 80 "C. After the mixture 
had been stirred at -8O'C for 70min. the cold bath was removed, and H,O 
(0.2 mL) was added; the reaction mixture was stirred until the temperature rose to 
0°C. Then, EtOH (0.1 mL) and NaOH 3~ (0.2mL) were added to the stirred 
mixture; after 5 min H,O, 30% (0.5 mL) was slowly added. After 15 min, aqueous 
saturated Na,CO, (1 mL) and EtOAc (5 mL) were added. The layers were separated 
and the aqueous layer extracted with EtOAc (2 x 5 mL). The organic layers were 
combined, washed with H,O. and dried over Na,SO,. Solvents were removed under 
reduced pressure, and flash chromatography (SiO,, CH,CI,/EtOAc 4:  1) gave 
117 mg (95%) of alcohol 12. Yellowish oil; R, = 0.43 (SiO,. CH,CI,/EtOAc 4 : l ) ;  
 XI:^^ = - 88.3 ( c  = 1.5 in CHCI,); ee = 95% (determined by means of Mosher's 
derivative, see product 13); 'HNMR (300 Hz, CDCI,, RT, CHCI,): 6 =7.20 (m, 
5H; Phf.4.41 (dd, 'J(H,H)=12.0Hz, 'J(H,H)=3.4Hz. 1 H ;  CHPh), 4.27 (m. 

1 H ;  CHOH). 3.72 (m. 2H;  CHCH,O +CH,O). 1.93 (ddd, 'J(H,H)=14,2Hz. 
1 H, CH,O), 3.88 (ddd, 'J(H,H) = 3.4 Hz. 'J(H,H) = 2.6 Hz, 'J(H,H) = 2.3 Hz, 

'4H.H) = 3.4 Hz. 'J(H,H) = 3.4 Hz. 1 H; CH,CHPh). 1.76 (ddd. 'J(H,H) = 
14.2 Hz, ,J(H.H) =12.0 Hz. 'J(H,H) = 2.6 Hz, 1 H; CH,CHPh), 1.66 
(dq.'J(H,H) = 10.0 Hz, 'J(H,H) = 6.8 Hz. ,J(H.H) = 2.3 Hz, 1 H;  CHCH,), 0.93 
(d. ,J(H.H) = 6.8 Hz, 3 H ;  CH,); "C NMR (75 Hz, CDCI,, RT, CDCI,): 
6 =160.5 (CO), 143.4 (Ph). 133.2 (Ph). 131.3 (Ph), 131.1 (Ph), 71.4 (CH,OCO), 
70.5 (CHOH), 59.7 (CHN), 55.3 (CHN). 44.9 (CHCH,),42.5 (CH,CHPh). 14.6 
(CH,); C,,H,,NO, (247.3): calcd C 67.99. H 6.92, N 5.66; found C 67.73; H 6.80. 
N 5.91. 

(2R,3S,4R,6S)-l -Aza-4-[ (R)-a-methoxy-a-phenyl-a-trifluoromethylacetoxy]-3-me- 
thyl-&oxa-7-oxo-6-phenylbicyclo[4.3.O[nonane (13): To a solution of the alcohol 12 
(1 17 mg, 0.5 mmol) in pyridine (0.2 mL) were added a small crystal of DMAP and 
(+)-MPTA chloride (105 pL, 0.55 mmol); the solution was allowed to stand at 
room temperature for 13 h. The solvent was evaporated. and the crude product was 
dissolved in diethyl ether (5 mL). The solution was washed with saturated aqueous 
Na,CO, solution (2 x 5 mL) and brine, and dried over Na,SO,. Removal of the 
solvents afforded (17)-MPTA esters 13 (220 mg, quantitative) that were used for 
NMR measurements. Noncrystalline solid; R, = 0.47 (SiO,. hexane/EtOAc 1 : l) ;  
mixture of two diastereoisomers, de = 95%; 'H NMR (300 MHz, CDCI,, RT. 
CHCI,): 6 =7.50-7.00 (m, 10H; aryl), 5.22 (m, 1 H; CHOCO), 4.28 (dd, 
'J(H,H) =7.8 Hz, 'J(H,H) =7.8 Hz, 1 H; CH,O), 3.84 (dd, ,J(H,H) =12.0 Hr. 
,J(H,H) = 3.4Hz. 1H; CHAr), 3.79 (dd. ,J(H,H) =10.7 Hz, 'J(H,H) =7.8 Hz, 
1 H; CH,O), 3.60-3.50 (m, 4H; OCH, +CHN), 2.10 (ddd, 'J(H,H) =14.6 Hz. 
3J(H.H) = 3.4Hz, ,J(H.H) = 3.4 Hz, 1 H ;  CH,CHPh) 1.92-1.79 (m, 2H:  

(75 MHz, CDCI,, RT, CDCI,): 6 =165.9 (C=O ester), 157.1 (C=O carbamate). 
138.1 (Car), 129.8 (CHar), 128.7 (CHar), 128.4 (CHar), 128.2 (CHar), 127.8 
(CHar), 127.0 (CHar), 73.7 (CHO), 66.7 (CH,O), 57.3 (OCH,), 55.6 (CHN), 53.9 
(CHN), 39.1 (CH). 37.6 (CH,). 12.9 (CH,); C,,H,,F,NO, (463.5): calcd C 62.20, 
H 5.22. N 3.02; found C 62.41, H 5.32. N 3.21. 

CHCH, +CH,CHPh), 0.89 (d, 'J(H,H) = 6.9 Hz, 3 H ;  CH,CH); ',C NMR 
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