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Abstract: Two types of the carbapenem hey intermediates (4 and 6) have 
been efficiently synthesized from inexpensive @-ethyl lactate (7). Thus, 
W-2-benzyloxyprvpanal readily obtainable from 7 was wnoknsed with di- 
p-anisylmethylamiru! to give the chiral imine. The [2+2JcycLoaddition 
reaction of dihetene with the imine underwent in a highly stereoselective 
manner, yielding the desired 3,4-trans-3-acetyl-6-lactam (13a) as a major 
product (diastereoselectivity 7-1O:l). This was elaborated to 4 and 6 in 9 
and 6 steps, respectively. 

The carbapenem antibiotics represented by thienamycin (l), have been the focus of recent 
synthetic attention because these novel compounds exhibit prominent antibacterial activities, 
broad spectra, and high resistance to bacterial 6-lactamases together with unique framework, 
specifically the 1-carbapen-a-em nucleus, and 6-(l-hydroxyethyl) substituent in place of the tra- 
ditional amide functionality. 2, In several syntheses of these novel antibiotics so far reported,3) 
the latter title compound, (3~,~~-3-[~~~-1-(t-butyldimethylsilyloxy~ethyll-4-~rbox~ethyl-2-aze- 
tidinone (41, or its equivalents have ingeniously been employed as key synthetic intermediates4) 
in the synthesis of 1 and various novel synthetic routes to these important compounds have 
hitherto been explored. 5, The former title compound, (3R,4R)-4-acetoxy-3-[(R)-l-(t- 
butyldimethylsilyloxy)ethyll-2-azetidinone (61,@ holds more pivotal position than 4 as one of the 
most versatile carbapenem key intermediates since various types of carbon chains required to 
construct the five-membered ring fused with P-lactam, can be readily introduced into 6 by sub- 
stituting its acetoxy group with nucleophiles. 5b1cp7) The same synthetic strategy has recently 
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been applied for producing the key intermediate (6)*’ of l&methylcarbapenem such as 2’) and 
3,i”) chemically and metabolically more stable carbapenems exhibiting excellent antibacterial 
activities. It has also been uncovered that various penem compounds can be elaborated from 6 
by substituting its acetoxy group with thiol derivatives. I’) As the usefulness of 6 as a raw ma- 
terial in industries as well as in laboratories turns out to be apparent, a number of synthetic 
methods of 6 have hitherto been explored by employing various chiral compounds as starting 
materials.Sf*L2) 

Recently, we have also succeeded in exploring novel synthetic routes to 4 and 6 in which the 
stereoselective addition of diketene to the optically active imine (10) readily obtainable from 
commercially available inexpensive (S&ethyl lactate (7), plays a key role to construct the chiral 
3,4-trccns-3-acetyl-9-lactam (13) bearing the desired absolute stereochemistry.‘) 

It was recently disclosed that the addition reactions of diketene with imines derived from 
aromatic aldehydes”) or alkyl glyoxylates,‘” can proceed in a stereoselective manner to afford 
3,4-truns-3-acetyl-9-lactams. However, this novel 9-lactam formation being formally a [2+2]- 
cycloaddition reaction of acelylketene presumably produced from diketene, has never been ex- 
amined with the imine prepared from an optically active aliphatic aldehyde carrying a chiral 
center at the a-position. 15) We have now found that the absolute stereochemistry of 3,4-bans-3- 
acetyl-&la&am can be effectively controlled by the adjacent chiral center, and that the highly 

optically active 3,4-trans-3-acetyl-9-lactam (MaI can be readily elaborated to 4 and 6. This re- 
port concerns with full details of the novel syntheses of 4 and 6. 

The 12+21-C&&addition Reaction of Diketene witb the Cbiral Imine (10) Prepared from Q- 
Ethyl= 

As shown in Scheme 1, the explored synthetic scheme commences with protection of the 
hydroxy group of 7. Thus, after conversion of 7 into the corresponding benzyl ether @a) by 
treating with 0-benzyl trichloroacetimidate in the presence of a catalytic amount of tri- 
fluoromethanesulfonic acid,l**l’) the ester group of 8a was effectively reduced with diisobutyl- 
aluminium hydride to afford (S)-2-benzyloxypropanal (9a). Since studies on the [2+2]-cyclo- 
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MEMCI-(Me8CH)8NEt, 59%; EtOCHCHz-TsOH, 91% b) DIBAL in ether, -78 “C, 
82% (9a); 76% (9b); 81% (9~); 78% (9d); 82% @e) cl DAM-NHz-MgSO4 in toluene, see 
text for the yield d) pyrrolidine, 95% e) BnCl-NaH, 87% or BnCI-NaOH- 
(C*Hi?)8MeNCl, 92% f) NaAl(OCHzCH80Me)8H8 in toluene, 88% 
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addition reaction disclosed that the. benzyl group is most favorable with respect to 
stereoselectivity of the addition reaction (uide infra), more economical synthetic method was 
sought which could afford 9a without use of expensive O-benxyl trichloroacetimidate. After 
numerous experimentations, it was finally found that (S)-N,ZV-tetramethylenelactamide (11) 
readily obtainable by heating 7 with pyrrolidine, could be derived to the corresponding benzyl 
ether (12) by treating with benzyl chloride and sodium hydride 
sodium hydroxide under usual phase transfer conditions. 

or with benzyl chloride and 

clearly more inexpensive than the previous reaction. 
These methods of benzylationare 

Reduction of the amide group of 12 was 
achieved with sodium bis(2-methoxyethoxy)ahuninum hydride (Vitide@),‘*’ giving rise to 9,. 

Treatment of 9a with di-p-anisylmethylamine (DAM-NH2)“) in the presence of magnesium 
sulfate as a dehydrating agent produced the chiral imine (lOa), which was immediately sub- 

Scheme 2 
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Table 1. The [2+2lW lion remtion of the &l-al imine (10) with diketerle~ 
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ES THF 

78 8.0:1 
91 7.3:1 
79 5.3:1 
79 4.9:1 
289 1.3:1 
679 10.&l 
249 3.5:1 
219 7.0:1 
58 2.1:1 
68 5.4:1 
82 2.4:12) 
71 6.0:12) 
87 6.O:l 
76 3.0:12) 

a) The reaction was performed at -35 “C for 3 days with 4-5 equivalents of 
diketene and 1 equivalent of imidazole when otherwise not mentioned. b) 
Combined yield of 13 and 14 calculated based on 9. c) Determined by the 1H- 
NMR spectrum of the mixture of 13 and 14 when otherwise not mentioned. d) 
4-Methylimidazole was used instead of imidazole. e) Ratio of CH2C12 to t-BuOH 
was 1O:l. f) The reaction was quenched after 1 day. g) The ratio was 
determined by the 1H-NMR spectrum after the mixture of 13 and 14 was 
derived to that of 16f and 17f. See text. 
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jetted to the next [2+2&cycloaddition reaction (Scheme 2). Taking into account the previous re- 
~ults,~*r~o) DAM-NH2 was selected as an amine counterpart for the imine formation. Addition 
of diketene to 10a which constitutes the key stereoselective reaction of our synthetic route to 4 
and 6 was first examin ed in tetrahydrofiuan (THF) in the presence of 1 equivalent of imidazole. 
As shown in Table 1 (run 11, a mixture of the 3,4-trcms-3-acetyl-P-lactams (Ma and 14a) could be 
produced in 78% yield.21) The stereoselectivity of the [2+2]-cycloaddition reaction was deter- 
mined as 8.O:l by integrating the acetyl protons which appeared as +vo singlets in the ‘H-NMR 
spectrum of the mixture of 13a and 14a. The major isomer (13a) isolated as an oil by separat- 
ing the mixture of 13a and 14a with column chromatography, showed [~]~~-7.3” (CHCls). The 

enantiomeric excess of 13a was estimated to be 96%ee by the lH-NMR spectrum measured in 
the presence of the chiral shift reagent, lElu(hfc)31. 22) Successful preparations of 4 and 8 (vi& 
infia] obviously established the absolute stereochemistry of 13a. By repeating the same [2+21- 
cycloaddition reactions in various solvents (runs 2,4-81, it appeared evident that 
dichloromethane GH2C12) is the solvent of choice with respect to the chemical yield and stereo- 
selectivity (run 2). The use of 4-methylimidazole in place of imidazole was ineffective for im- 
proving the stereoselectivity and chemical yield of the [2+21-cycloaddition reaction (run 3). This 
result distinctly differs from that previously observed for the synthesis of 5 by the [2+21-cycload- 
dition of ketene with a chiral imine.2’) 

In order to evaluate the effect of protective group on the stereoselectivity and chemical yield, 
the E2+21-cycloaddition reactions were further examined employing various types of the imines 
(lob-e) which carry different protective groups. The requisite aldehydes (9b-e) could be pre- 
pared by way of 8b-e by sequential protection and reduction. The [2+2]-cycloaddition reactions 
were attempted in THF or CHzCla with lob-e similarly produced f?orn 9b-e and DAM-NH2. As 
summarized in Table 1, it appeared obvious that exchanges of the protective groups from benzyl 
to other groups resulted in the decrease of stereoselectivity in the reactions in THF (runs 9,ll 
and 14) while the high stereoselectivity similar to that observed for 10a could be recorded in the 
reactions in CH2Cl2 (runs lo,12 and 13). 

Based on the extensive studies described above, we have succeeded in firmly establishing the 
structure of imine and the reaction conditions which can afford the best result of the 12+21-cy- 
cloaddition reaction. Thus, the reaction performed with diketene (5 equivalents) and 10a in 
CH2C12 at -35OC for 3 days successfully produced a mixture of 13a and 14a in a ratio of 7.3:1 and 
in 91% combined yield (run 2). While 13a and 14a were separable by column chromatography, 
the diastereomers formed at this stage could be nicely separated by recrystallization after the 
stereoselective reduction of the &acetyl group to the 3-[Wl-hydroxyethyll group (vi& infrd. 

It is quite ambiguous whether the true reactant of the [2+21-cycloaddition reaction is 
diketene, acetylketene, or 1-(acetoacetyl)-imidazole. However, since stereoselectivity and 
chemical yield of the reaction highly depend upon polarity of solvent, it may be reasonable to 
expect that the [a+%]-cycloaddition reaction proceeds through the zwitter-ionic intermediate 
such as 16 as previously claimed.l5U3) While the reaction mechanism is still unclear, it is of 
interest that the methyl and alkoxy groups of 16 can effectively control stereoselectivity of the 
reaction even though difference of their steric bulkiness is not large enough. 

15 
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DetennbmlioIlof~- l ’ yofth8[2+2l+&adclitionJ?lWhl& 
In the explored [2+2]-cycloaddition reaction, the two diastareomeric 3,4-trans-3-acetyl-P- 

lactams (18 and 14) were regularly produced. While the absolute stereochemistries of 13a and 
14a could be firmly established by the successful transformations of 13a into 4 and 6 (vi& infra), 
the absolute stereochemistries of other cycloaddition products (13b-e and 14b-e) were deter- 
mined by chemical correlations. 

Thus, the diastereomeric 3,4-trans-3-acetyl-P-lactams (13a and 14a) were first subjected to 
acetalization with trimethyl orthoformate in the presence of a catalytic amount of camphor- 
sufonic acid, producing the dimethyl acetals (16a and l?a), respectively. Under the same con- 
ditions as applied to 13a and 14a, 1Sb and 14b were directly transformed to the dimethyl acetals 
(16f and 17f’J, respectively, with concomitant cleavage of the t-butyldimethylsilyloxy group. The 
diastereomeric mixture of 13c and 14c and that of 13e and 14e were similarly derived to the di- 
astereomeric mixture of 16f and 17f without change of the diastereomeric ratios, On the other 
hand, benzylation of 16f and 17f under the phase transfer conditions similar to those applied for 
preparing 12 from 7, gave 16a and 17a, respectively. These products were identified with au- 
thentic 16a and 17a prepared from 13a and 144 respectively. Since the 2-methoxyethoxymethyl 
groups present in 13d and 14d could not be removed under weakly acidic conditions, acetaliza- 
tion of the mixture of 13d and 14d gave rise to a mixture of the dimethyl acetals (16d and 17d). 
These products were identified with authentic 16d and 17d, respectively, which were produced 
from 16f and 17f by treating with 2-methoxyethoxymethyl chloride and base. 

Based on these chemical correlations, the absolute stereochemistries of 13a-e and 14a-e 
could be rigorously established as shown in Table 1 and Scheme 2. 

16 

a; R=Bn 
d;R=MEM 
f; R=H 

With a large quantity of 13a in hand, preparation of 6 was next examined as shown in 
Scheme 3. Reduction of the acetyl group of 1Sa with potassium tri-see-butylborohydride in the 
presence of potassium iodide24’ underwent highly stereoselectively to give a mixture of the two 
epimeric alcohols (18 and 19, l&19=12:1) with 4% recovery of 13a. On the other hand, complete 
reduction of 13a was effected with potassium triethylborohydride,25) yielding a mixture of 18 
and 19 in the same stereoselectivity. The two epimeric alcohols (18 and 19) separated showed 
[~10*6-5.5~ (CHC13) and [al~*~+13.8" (CHCb), respectively. The major alcohol (18) could be 
readily isolated in a pure state in 76% yield by a single recrystallization of the reduction prod- 
ucts from isopropanol. It was also found that when a crude diastereomeric mixture of 13a and 
14a produced under the best conditions of the [2+21-cycloaddition reaction was reduced with 
potassium triethylborohydride without separation and the crude mixture of reduction products 
was immediately recrystallized from isopropanol, an almost pure sample of 18 could be ob- 
tained in 58% yield based on 9a (vi& supru). This result may be quite useful for a large scale 
preparation of 6. The undesired epimer (19) could be converted to 18 by the Mitsunobu reaction 
in an excellent combined yield.26) 
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Oxidative removal of the di+anieylmethyl (DAM) group was first attempted at the stage of 
18. It was effected by employing ceriumUV) ammonium nitrate WU@” to afford the N-un- 
protected B-la&am (201, Iulno6 +61.5’ (CHCW. After protection of the hydroxy group of 20 in a 
form of t-butyldimethylsilyl ether, the produced benzyl ether (211, [a]~= +32.5’ (CHCls), was 

subjected to hydrogenolysis, giving the alcohol (221, [al Do -11.5’ K!HCls). Since direct trans- 
formation of 22 to 6 by oxidative cleavage of the 1,2-amido alcohol with sodium periodate in the 
presence of sodium acetate turned out to be fruitless, ‘*) the following two etep procedure wae 
examined. Thus, oxidation of 22 with chromium trioxide gave the ketone (23), [CZ]D26-14.30 
(CHCls). The same ketone (23) could be also obtained by oxidation of 22 with a combination of 
N-chlorosuccinimide, dimethylsulfide, and triethylamine.29) The latter oxidation method is 

Scheme 3 

16 19 

g, h 26 : R’=Bn, R2=H 
2 1: R’=Bn, R2=TBDMS 

23 

22 : R’=H, R’=TBDMS 

24 : R’=Bn, R2=TBDMS 26 
25 : R1=H, R’=TBDMS 

a) KBsec-BusH-EI in ‘IT-IF, 0 W, 92% (l&19=12:1) or EBEtsH in THF, -78 “C, 98% 
(18:19=12:1) b) i) EtOzCNNCOzEt-PPhs-HCOOH, ii) &CO3 in MeOH, 99% (2 Steps) 
c) CAN in aq. MeCN, -10 “C, 93% d) TBDMSCLimidazole in DMF, 97% e) Hz-WC 
in AcOEt, 100% fJ CrOs in pyridine, 93% or NCSMezS-EtsN in toluene, 95% g) 
TBDMSCl-DMAP in DMF, 95% h) Hz-Pd/C in AcOEt, 98% i) NCS-MezS-EtsN in 
toluene, 98% j) NazSaOa-NazHPO4 in aq acetone, 89% k) MCPBA in AcOEt, 93% 
or perphthalic acid in AcOEt, 81% 
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anticipated to be more promising in a large scale preparation since poisonous chromium tri- 
oxide is not utilized?” 

Since CAN is fairly expensive and the oxidation with it sometimes makes trouble during 
work-up in a large scale reaction due to fine precipitates of the resulting cerium(II1) com- 
pounds, oxidation with sodium peroxodisulfate was next examined as an alternative deprotec- 
tion method of DAM group. Accordingly, the alcohol (18) was converted to the ketone (261, [ulnPo 

+27.4” (CHCla), by way of the silyl ether (24), [algs+19.80 (CHCla), and the alcohol (261, [aI@ - 
29.1” (CHCla), following the synthetic scheme similar to that employed for the preparation of 23 
from 20. Oxidations of l&24, and 26 with sodium peroxydisulfate did not give the correspond- 
ing deprotected products in high yields due to partial decomposition of the starting materials 
andfor the deprotected products. However, it was finally found that treatment of 26 with 
sodium peroxydisulfate in the presence of disodium hydrogenphosphate as buffer cleanly ef- 
fected removal of the DAM group, giving rise to 28. Taking into account the operational sim- 
plicity, the latter synthetic route to 28 is anticipated to be more practical than the former in 
which the DAM group has been removed at the stage of 18. 

Oxidation of 23 with m-chloroperbenzoic acid, al) cleanly produced 6, mp 108-109 “C 
and[a$P +47.8’ (CHCla). Monoperphthalic acid obtainable from phthalic anhydride and 
hydrogen peroxide was also usable for this Baeyer-Villiger oxidation. The carbapenem key 
intermediate (6) was identified by comparing its physical and spectral data with those 
reported.12b~~s) 

Preparation OfThienamycinInbermediate (4) 
With completion of the efficient synthesis of 6 from 7 by way of the [2+21-cycloadduct (18a), 

we next examined elaboration of 13a to the advanced carbapenem key intermediate (4). Al- 
though 6 has been recognized as a useful precursor to produce 4 by nucleophilic substitution at 
the &position, ‘) the direct preparation of 4 from 13a seems to be advantageous since 13a has 

Scheme 4 

27a: R=DAM 
27b: R=H 

28a: R=DAM 
28b: R=H 

TBDMSO TBDMSO 

29a: R=DAM 
29b: R=H 

a) TsCl in pyridine, 0 “C, 82% (27a), 85% (27b) b) NaI in acetone, reflux, 90% (28a1, 
91% (28b) c) DBU in toluene, 100 “C, 91% @9a), 24% (29b) (see text) d) CAN in aq 
MeCN, -10 “C, 74% e) BH3 in THF, rt, lh, then, HzKh+aq NaOH, 22% (see text); 9- 
BBN in THF-EtsO, rt, 3 h, then, HzOz-aq NaOH, 0 “C, 77% f) RuCl3 (2 mol%b)- 
NaI04 in CC14-MeCN-H30, rt, 69% 
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the same carbon framework as that involved in 4. 
As shown in Scheme 4, the alcohol (26) prepared from 13a in 3 steps was readily transformed 

to the corresponding g-toluenesulfonato (27a), [aIn40 -22.2O (CHCls). However, it turned out to be 
fruitless to directly eliminate the tosyloxy group to produce the olefin (29a) by treating 27a with 
bases such as 1,8-diazabicyclo[S.4.Olundec-7-ene (DBU), potassium t-butoxide, pyridine, etc. 
Accordingly, preparation of 29a was examined by way of the iodide (28al. Thus, treatment of 
27a with sodium iodide gave rise to 28a as a mixture of the two diastereomers. Ratio of the two 
diastereomers could be roughly estimated as 6:2 by the lHNMR spectrum of the mixture. This 
can be explained by epimerization of the initially formed iodide during the substitution reac- 
tion. Without separation of the diastoreomers, treatment of 28a with DBU cleanly produced 
29a, [algo +62.6’ (CHCls). Oxidative removal of the DAM group was effected with CAN with- 

out a cleavage of the silyl ether, yielding 29b, [alDaD -24.6O (CHCls). On the other hand, the DAM 
group was removed at the stage of 18 and the deprotected B-la&am (20) was converted to the 
iodide 28b by way of 22 by the same synthetic steps as employed for preparing 28a from 26. 
While 28b was subjected to the elimination reaction in a similar manner to that for 28a, a 24% 
of 29b was only obtained due to partial decomposition of28b and/or 29b. 

Hydroboration of 29b with borane followed by the usual oxidative workup gave a mixture of 
the desired primary alcohol (301 and its regioisomer [a mixture of 22 and its 41(R)_l-hydroxy- 
ethyl&isomer] in a ratio of 11:Q in 40 8 combined yield. However, the use of Q-borabi- 
cyclo[3.3.llnonane in place of borane readily produced 30 as a single product, [alD*O -22.3’ 
(CHC13). Oxidation of 30 was achieved smoothly by the procedure reported by Sharpless, et 
al 32) to furnish 4, mp 160-164 “C (decomp.) and [a]@+16.1° (CHCls). This was identified 
w& the authentic sample*s by comparisons of their physical and spectral data. 

As mentioned above, we have succeeded in exploring novel synthetic routes to two types of 
the carbapenem key intermediates (4 and 6) by featuring the [2+2lqcloaddition reaction of 
diketene with a chiral imine as a key stereoselective reaction. The synthetic scheme explored 
may be characterized by various notable aspects including high stereoselectivity in the 8-lactam 
formation, use of commercially available inexpensive 7 as a starting material, high chemical 
yields of the overall processes, and ingenious utilization of all the carbon framework of the 
[2+2lcycloaddition product for preparing 4. 

The authors are indebted to Dr. M. Sunagawa, Research Laboratories, Research and Devel- 
opment Division, Sumitomo Pharmaceuticals Co. Ltd., for stimulating discussions. The au- 
thors also thank Prof. M. Shibasaki, Faculty of Pharmaceutical Sciences, Hokkaido University, 
and Dr. T. Iimori, Sagami Chemical Research Center, for generously providing us with the 
spectral data of 4. 
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General. All melting points were determined with a Yamato MP-21 melting point apparatus 
and were uncorrected. Measurements of optical rotation were performed with a Horiba SEPA- 
200 automatic digital polarimeter. IR spectral measurements were carried out with a JASCO 
A-202 diffraction grating infrared spectrometer. ‘H-NMR spectra were measured with a 
Hitachi R90H (90 MHz) and a Bruker AM spectrometer (400 MHz). All signals were expressed 
as ppm downfield from tetramethylsilane used as an internal standard (6-value). Mass spec- 
tra were taken with a Hitachi RMU-6MG mass spectrometer. Wakogel C-200 and C-300 were 
used as an adsorbent for column chromatography. Rieselgel fXlF254 (Merck) was used for 
preparative TLC. 
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over anhyd MgSO4. Filtration and concentration in vacua gave an oily residue which was pu- 
rified with column chromatography, affording 86 as a colorless oil (3.66 g, 91%). IR (neat): 
3000,2950,1753,1446,1375,1275,1177,1148,1083,1057,1027,967,660 cm-‘. ‘H-NMR (CDCls): 
1.1-1.5 (12H, m, Mex4), 3.4-3.9 (2H, m, MemOCH), 4.20 (2H, t, J=7.2 Hz, CHsCCO), 4.18,4.33 
(lH, two q, J=each 5.9 Hz, OCHC), 4.78 (lH, q, J=5.5 I-Ix, CCHO). 

WI-243enzylosypropanal (9a). a) Preparation from 8a. A 1.0 M solution of diisobutyl- 
ahuninium hydride in hexane (2.70 ml, 2.70 mmol) was added slowly to a solution of 8a (0.373g, 
1.79 mmol) in ether at -78 “C. After stirring at the same temperature for 10 min, the mixture 
was diluted successively with MeOH (0.1 ml) and Hz0 (0.27 ml), then warmed up to rt. After 
stirring for additional lh, the resulting suspension was filtered through a pad of celite and the 
collected materials were washed with ether. The combined filtrates were dried over anhyd 
MgSO4 and concentrated in vacua. The concentration residue was purified with column 
chromatography (SiOz, hexane-AcOEt 16:1-9:l) to give 9a as a colorless oil (0.241 g, 82%). AIDES 
-66.8” (I=l, neat) W.,s” [a]~~ -65.85” (1=1, neat)). IR (neat): 3470,3058,3000,2950,1740,1500, 
1456,1380,1210,1100,741,702 cm -l. ‘H-NMR (CDCls): 1.32 (3H, d, J=6.8 Hz, Me), 3.88 (lH, dq, 
J=1.8,6.8 Hz, Me=, 4.62 (2H, s, Pw, 7.35 (5H, s, CsHs), 9.66 (lH, d, J=1.8 Hz, CHO). MS 
m/e: 181 (M+OH)+, 135 (M-CHO)+. 
b) Preparation from 12. A 2.0 M solution of sodium bis(2-methoxyethoxy)aIuminium hydride 
in toluene (1.60 ml, 3.20 mmol) was added slowly to a solution of 12 (1.24 g, 5.32 mmol) in 
toluene at -10 “C!. After stirring at the same temperature for 2 h, acetone (0.195 ml) was added 
and the mixture was stirred for additional 15 min. The reaction mixture was poured into 1M 
HCI (12.7 ml) cooled in ice bath and extracted with AcOEt. The combined extracts were 
washed successively with 0.1 M HCl, satd aq NaCl, satd aq NaHCOs, and satd aq NaCl, then 
dried over anhyd MgSOr. Filtration and concentration in vacua gave a residue which was pu- 
rified with column chromatography (SiOa, hexane-AcOEt 19:l) to give 9a as a colorless oil (0.76 
g, 88%). The IR and lH-NMR spectra of this sample were superimposable on those of 9a ob- 
tained in a). 

(S).2-~t=Butyldimethylsilyloxy)propanal (9b). Treatments of 8b in the same manner as de- 
scribed for the preparation of 9a from 8a, gave 9b as a colorless oil (0.707g, 76%) after purifica- 
tion with bulb-to-bulb distillation (bp 90 “C, 20 mmHg). IR (neat): 2952,2948,2852,1740,1255, 

1135 838, 778 cm-‘. ‘H-NMR (CDCls): 0.10 (6H, s, Me&i), 0.92 (9H, s, MesC), 1.28 (3H, d, J=6.8 
Hz, M&H), 4.09 (lH, dq, J=1.3,6.8 Hz, Mem, 9.61 (lH, d, J=1.3 Hz, CHO). MS m/e: 159 (M- 
CHO)+, 131 (M-Bu)+, 103,73. 

W-2-Tetrahydropyranyloxypropanal(9c). Treatments of 8c (0.445 g, 2.20 mmol) in the same 
manner as described for the preparation of 9a from 8a, afforded 9c as a colorless oil (0.2838, 
81%) after sequential purification with column chromatography (SiOz, hexane-AcOEt 19:1-8:l) 
ancllbuIb-to-buIb distiIIat.ion (110 “C/20 mmHg). IR (neat): 2950,2870,1738,1378,1125,1080,1038 

‘H-NMR (CDC13): 1.32 (3H d 5~7.1 Hz, Me), 1.5-1.9 (6H, m, (CH2)s), 3.4-4.0 (2H, m, 
b&!I2), 4.27 (lH, dq, J=1.2, 7.1 Hx:M&D, 4.6-4.8 (lH, m, OCHO), 9.65,9.66 (lH, two d, J=1.2 
Hz, CHO). MS m/e: 64 fM-IP)+, 55,43. 

CW4-(2.Methoxyethoxymethosy)propanal(9d). Treatmenta of 8d (l.O4g, 5.05 mmoI) in a similar_ 
manner to that described for the preparation of 9a from 8a, afforded 9d as a colorless oil (0.643 
g, 78%) after sequential purification with column chromatography (SiOz, hexane-AcOEt 
7:3-3:4) and distillation (bp 100 “C, 1 mmHg). IR (neat): 2950,2900,2830,1738,1450,1110,1038, 
847 cm-‘. ‘H-NMR (CDCla): 1.32 (3H, d, 547.0 Hz, M&H), 3.38 (3H, 8, MeO), 3.48-3.59, 
3.71-3.78 (4H, two m, OCzH40), 4.08 (lH, dq, J=1.5, 7.0 Hz, GHMe), 4.83 (2H, 8, OCHaO), 9.65 
(lH, d, J=1.5 Hz, CHO). MS m/e: 133 (M-CHOY, 119,89. 
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@I-2-(l-Ethoryethoxy~propanal GM. Reduction of 86 was performed by the same procedure as 
described for the preparation of Ba from 8a, affording Be @=EE) as a colorless oil (27.6g, 82 46) 
after distillation (bp 103 “C, 20 mmHg). lH-NMR (CDCls): 1.1-1.5 (9H, m, Mex3), 3.4-4.4 (3H, 
m, other protons), 4.7-5.0 (lH, m, OCHO), 9.61 (lH, t, Je2.4 Hz, CHO). 

(S>-~~-Tetrametaylenelactamide (11). Pyrrolidine (7.80 ml, 93.4 mmol) was added to 7 (10.2 
g, 86.0 mmol) at OOC and stirred at rt for 3 days. After removal of excess pyrrolidine and re- 
sulting ethanol in vacua, the oily residue was purified with distillation (108 “C, 1 mmHg) to 
give 11 (11.8g, 95%) as a colorless oil. [a]o 9o -49.2’ (c 4.78, CHCls). IR (neat): 3450, 3000,2900, 

-’ 1637,1440,1387,1345,1133,1040 cm . ‘H-NMR (CDCls): 1.33 (3H, d, J-6.6 Hz, Me), 1.49 (4H, m, 
NCHGHzx2). 3.45 (4H, m, NCHzx2), 3.73 (lH, d, J=7.3 Hz, OH), 4.29 (lH, dq, J=6.6, 7.3 Hz, 
CHCO). MS m/e: 143 (MY, 128 (M-Me)+, 98 @I-MeCHOHY. Found: C, 57.00; H, 9.22; N, 9.53%. 
Calcd for CrHieNOz: C, 56.93; H, 9.21; N, 9.49%. 

(S>-~~-Tetramet2-~~l~~pion (12). a) Preparation of 12 with benzyl chlo- 
ride and sodium hydride. A solution of 11 (9.98 g, 67.7 mmol) in THF (15 ml) was added slowly 
to a suspension of sodium hydride (2.00 g, 83.3 mmol) in THF (50 ml) and DMF (25 ml) at 0 “C 
with vigorous stirring. After stirring for 4.5h at the same temperature, benzyl chloride (8.80 
ml, 76.5 mmol) was added to the reaction mixture. Stirring was further continued overnight 
at 0 “C. The resulting mixture was diluted with Hz0 (50 ml) and extracted with AcCEt. The 
combined extracts were washed with satd aq NaCl and dried over anhyd MgS04. After fil- 
tration and concentration in vacua, the residue was purified with crystallization from hexane- 
Et20 to give 12 as colorless crystals (14.1 g, 87%). Recrystallization from dibutyl ether gave an 
analytical sample of 12 as colorless crystals, mp 42-42.5 “C and [U]Dm -66.9” (c 1.72, CHCls). IR 

-’ (RBr): 3050,3000,2890,1430,1350,1120,730 cm . ‘H-NMR (CDCls): 1.42 (3H, d, J=6.8 Hz, Me), 
1.85 (4H, m, NCHzw2), 3.50 (4H, m, NCHzx2), 4.20 (lH, q, J=6.8 Hz, CHCO), 4.11,4.62 (2H, 

two d, J=each 11.7 Hz, Phm, 7.32 (5H, s, CsHs). MS m/e: 234(M+l)+, 127,98. Found: C, 
72.06; H, 8.32; N, 5.90 %. Calcd for C14Hi~N02: C, 72.07; H, 8.21; N, 6.00 96. 
b) Preparation of 12 under phase transfer conditions. Finely powdered sodium hydroxide 
(0.737 g, 17.5 mmol) and 11 (0.716 g, 5.01 mmol) were added to a solution of benzyl chloride (0.760 
g, 6.00 mmol) and tricapryhnethylammonium chloride (0.101 g, 0.250 mmol) in toluene (5 ml) 
at 0°C and the mixture was stirred vigorously at rt for 6h. The mixture was diluted with 
toluene and filtered. The filtrate was washed successively with 1M HCl (5 ml) and satd aq 
NaHCOs, then dried over anhyd MgS04. ARer filtration and concentration in vacua, the 
residue was purified with column chromatography (SiOz, hexane-AcOEt 2:3) to give 12 as col- 
orless crystals (1.07 g, 92%). This sample showed the same 1H-NMR spectrum and optical ro- 
tation as that of 12 obtained in a). 

Di-p-anisylmethylamine (DAM-NHS). IQ) A mixture of 4,4’-dimethoxybenzophenone (9.29g,37.0 
mmol) and ammonium formate (14.lg, 220 mmol) was stirred at 180-190 “C for 4h. Form- 
amide (5.OOg, lllmmol) and anhyd MgCl2 (0.247 g, 2.59 mmol) were added to the mixture. Af- 
ter stirring at 180-190 “C for 2h, the mixture was cooled and dissolved in CH2Clz. The 
dichloromethane solution was washed with H20 and concentrated in vucuo to give crude N- 
formyl-di-p-anisylmethylamine (10.3 g) as a solid. A 1 M solution of NC1 in MeOH (55ml) was 
added to the solid and the mixture was heated at reflux for 2h, then concentrated in vacua. 
The residue was dissolved in Hz0 (50 ml) and the aqueous solution was washed with toluene. 
The aqueous layer was made alkaline with 50% aq NaOH and extracted with toluene. The or- 
ganic extracts were combined and dried over anhyd MgS04. Filtration and concentration in 
uacuo gave DAM-NH2 as slightly yellow crystals (8.48 g, 94%). An analytical sample was ob- 
tained by recrystallization from ether, mp 59.5-60 “C. IR (KRr): 3010,2960,2850,1605,1508, 
1242, 1173, 1025,560 cm-r. lH-NMR(CDCls): 1.70 (2H, s, NH2), 3.77 (6H, s, MeOx2), 5.12 (lH, s, 
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concentration of the toluene solution. ‘H-NMR (CDCls): 0.03,0.07 (6H, two 8, Me&i), 0.89 (9H, 
a, MesC), 1.33 (3H, d, J=6.4 Hz, &CH), 3.80 (6H, s, MeOx2), 4.46 (lH, dq, J=4.8,6.4 Hz, OCH), 
5.32 (lH, s, CHArz)), 6.86, 7.21(8H, two d, J=each 8.5 Hz, aromatic protons), 7.68 (lH, d, J=4.8 
Hz, N&H). A part of the imine (lob) (0.412 g, 0.997mmol) was subjected to the [2+21-cycload- 
dition reaction in CH2Cla according to the general procedure, giving a mixture of 13b and 14b as 
a colorless oil (0.339 g, 68%, 2 steps) after purification with column chromatography (SiOz, 
hexane-AcOEt-CHnCln 8:1:1-7:l:O). The ratio of 13b to 14b could be calculated as 5.4:1 by mea- 
suring the ‘H-NMR spectrum of the mixture (vi& infia). These diastereomers (13b and 14b) 
could be separated with preparative TLC (SiOz; CH2C12-AcOEt 97:3, two developments). The 
desired product (lab) obtained as a colorless oil showed the following physical and spectral 
data. [alolO-19.1’ (c, 0.51, CHCls). IR (neat): 2940,2910,2850,1748,1703,1602,1500,1240,1165, 
1020, 820, 765 cm-‘. ‘H-NMR (CDCls): -0.04, -0.08 (6H, two s, Me&), 0.82 (9H, s, MesC), 0.99 
(3H, d, J=6.2 Hz, M&H), 2.27 (3H, a, MeCO), 3.79 (6H, s, MeOx2), 3.39-3.58 (lH, m, CS-H), 
4.04-4.16 (2H, m, other protons), 5.75 (lH, s, CHArs), 6.80-6.90,7.13-7.26 (8H, two m, aromatic 
protons). MS m/e: 469 N-CO)+, 310,227. The undesired product (14b) obtained as a colorless 
oil showed the following physical and spectral data. [~]~~~+10.8~ (c 0.91, CHCls). IR (neat): 
2950,2850,1748,1710,1610,1510,1242,1168,1030,830,775 cm-‘. ‘H-NMR (CDCls): 0.01,0.02 
(6H, two 8, MezSi), 0.90 (9H, s, MesC), 0.98 (3H, d, J=6.2 Hz, M&H), 2.31(3H, s, MeCO), 3.77, 
3.79 (6H. two 8. MeOx2). 3.95-4.16 (3H. m, other protons), 5.59 (lH, s, CHAr2). 6.77-6.90, 
7.14-7.26 (8H, two m, aromatic protons). MS m/e: 497 (MY, 469 CM-COY, 310,227. The stereo- 
chemistries of the reaction products were determined by converting the separated samples of 
13b and 14b to 16f and 17f, respectively (vi& infra). 

(~,~s-Aoetyl-l~-~~~~[~l-~~~~~ll~~~~ (13c) and 
Ita (3&11R)-Isomer (14~) (Table 1, run 12). Treatment of SC (0.408 g, 2.58 mmol) in a similar 
manner to that described for the preparation of 10a from Sa gave 1Oc (1.02 g) after concentration 
of the toluene solution. lH-NMR (CDCls): 1.33, 1.36 (3H, two d, J=6.6Hz, Me), 1.2-1.9 (6H, m, 
(CHz)s), 3.3-4.8 (4H, m, other protons), 3.77 (6H, 8, MeOx2), 5.32 (D-I, 8, CI-DW, 6.83, 7.19 (8H, 
two d, J=each 8.8 Hz, aromatic protons), 7.66, 7.78 (lH, two d, J=5.5,4.8 Hz, N=CH). A w-t of 
the imine (10~) (0.278 g, 0.726 mmol) was subjected to the [2+21-cycloaddition reaction in CH2Cl2 
according to the general procedure, giving a mixture of 13~ and 14~ as a colorless oil (0.241 g, 
71%, 2 steps) after column chromatography (SiOz, hexane-AcOEt-CH2Cl2 7:2:1-5:2:0). IR 
(neat): 3510,2950,2850,1750,1710,1610,1582,1515,1285,820 cm-‘. ‘H-NMR 0X13): 0.97,1.02, 
1.10, 1.15 (3H, four d, J=6.4 Hz, Me), 1.4-1.8 (6H, m, (CH2)3), 2.27, 2.28, 2.31, 2.34 (3H four s, 
MeCO), 3.3-3.7 (2H, m, OCH2), 3.79 (6H, s, MeOx2), 3.8-4.6 (10H m, other protons), 5.65, 5.66, 
5.73,5.84 (lH, a, CHAra), 6.8-6.9, 7.1-7.3 (8H, two m, aromatics). MS m/e: 476 (MY, 424, 382, 
227. The stereochemistries of the reaction products were determined by converting the 
mixture of 13~ and 14~ to that of 16f and 17f (vi& infra). The ratio of 13~ to 14~ could be caku- 
lated as 6.0:1 by the lH-NMR spectrum of the mixture of 16f and 17f. 

(~~~~tyl-l~-~~~~l~[~-l-(~me~~~~~~~~~-~~ti~o~ 
(13d) and Its (SR,riR)-Isomer (14d) (Table 1, run 13). The same treatments of Sd (0.594 g, 3.15 
mmol) as described for the preparation of 10a from Sa gave 10d (1.21g) after concentration of the 
toluene solution. IH-NMR (CDCls): 1.35 (3H, d, J=6.6 Hz, U&H), 3.34 (3H, s, MeOCH2h 
3.38-3.73 (4H, m, OCzH50), 3.77 (6H, s, MeOArxs), 4.42 (lH, m, GHMe), 4.76 ((lH, 8, CIDW, 
6.83, 7.18 (8H, two d, J=each 8.8 Hz, aromatic protons), 7.70 (lH, d, J=4.8 HZ, N&H). A part of 
the imine (1Od) (0.489 g, 1.26mol) was subjected to the 12+21-cycloaddition reaction in CH2Ci2 ac- 
cording to the general procedure, giving a mixture of 13d and 14d as a colorless oil (0.519 g, 
87%, 2 steps) after purification with column chromatography (SiOe, hexane-AcOEt-CHzCl2 
6:4:1-1:l:O). The ratio of 13d to 14d could be calculated as 6.0:1 by the ‘H-NMR spectrum of the 
mixture (vi& infra). IR (neat): 2950,2850,1758,1718,1610,1510,1245,1180,1038 cm-‘. ‘H- 
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NMR (CDCls): 1.04, 1.08 (3H, two d, J=6.3,6.4 Hz, MaCH, intensity ratio; 1:6.0), 2.28, 2.32 (3H, 
two s, MeCO, intensity ratio; 6.0:1), 3.36,3.37 (3H, two S, MeO, intensity, ratio; 6.0:1), 3.4-4.8 (9H, 
m, other protons), 3.78,3.80 (6H, two 8, MeOArx2),5.70 (lH, 8, CHAra), 6.8-7.0,7.1-7.4 (8H, two 
m, aromatic protons). MS m/e: 471 CM:‘), 443 (M-COY, 428,227. The stereochemistries of the 
reaction products were determined by converting the mixture of 13d and 14d to that of 16d and 
17d bide i&-a>. 

c~~~~yl-l~~dis-anieylmethyl-4-[c we) qld Ita 
(3B,4RHsomer (lb) (Table 1, run 14). The same treatments of 98 (l.lOg, ,7.63 mmol) as de- 
scribed for the preparation of lO+ from Ba gave 10e after concentration of the toluene solution. 
lH-NMR (CDCls): 0.96-1.41(9H, m, Mex3), 3.2-4.5 (3H, m, other protons), 3.77 (6H, s, MeOx21, 
4.70 (HI, q, 5~5.3 Hz, OCHO), 5.31 (lH, 8, CHArz), 6.7-7.0, 7.1-7.3 (8H, m, aromatic protons), 
7.64, 7.72 (l.H, two d, 526.4 Hz, N&H). The imine (IOe) was directly subjected to the [2+21- 
cycloaddition reaction in CHzCla following the general procedure, giving a mixture of 13e and 
148 as a colorless oil (2.34 g, 76%, 2 steps) after purification with column chromatography (SiOz; 
CHzClz-acetone 98:2). ‘H-NMR (CDCls): 0.9-1.3 (9H, m, Mex31, 2.27, 2.30, 2.32 (3H, three 8, 
MeCO, intensity ratio; 7.4:1.0:1.5), 3.2-4.8 (6H, m, other protons), 3.78 (6H, s, MeOx2), 6.65,5.73, 
5.79 (IH, three s, intensity ratio; 1.0:2.0:1.6), 6.8-7.0, 7.1-7.3 (8H, two m, aromatic protons). The 
stereochemistries of the reaction products were determined by converting the mixture of l3e 
and 14e to that of 16f and l7f (rife infnr). The ratio of 13e to 14e could be calculated as 3.O:l by 
the ‘H-NMR spectrum of the mixture of 16f and 17f. 

~3s,~~-4-r~s~-l-Benzyl~~yl3-l-dig-an (Ma) 
and Its (SR,4R)-Isomer (17a). a) Preparation from 13a and 14a. Camphorsulfonic acid (6.0 
mg, 0.026 mm011 and trimethyl orthoformate (0.50 ml, 4.6 mmol) were added to a solution of 18a 
(43.9 mg, 0.093 mmol) in MeOH (1.0 ml) at rt. After stirring at rt for 1.5h, the mixture was di- 
luted with Hz0 and satd aq NaHCOs, and extracted with ether. The combined ethereal ex- 
tracts were washed with satd aq NaCl and dried over anhyd MgS04. Filtration and concentra- 
tion in vacua gave an oily residue which was separated with column chromatography (SiOz, 
hexane-AcOEt-CHaCln 8:2:1) to give l6a as a colorless oil (42.8 mg, 89961, [uID~" +4.2’ (c 2.14, 
CHCls). IR (neat): 2950,2850,1755,1618,1517,1245,1038,738,700 cm“. ‘H-NMR (CDCls): 1.16 
(3H, d, J=6.9 Hz, &&HI, 1.27 (3H, s, &Q$XOMe)z), 3.17 (lH, m, Cs-HI, 3.22 (6H, s, (MeO)aC), 
3.5-3.7 (2H, m, C4-H and CHOBn), 3.77,3.78 (6H, two 8, MeOArxB), 4.13,4.48 (2H, two d, J=each 
11.4 Hz, CHzPh), 5.77 (lH, s, CHAra), 6.74-6.87, 7.16-7.24 (13H, two m, aromatic protons). MS 
m/e: 460 (M-MeO-CO)*, 444. Treatments of 14a (56.9 mg, 0.120 mm011 in the same manner as 
described for the preparation of Ma from 13a gave l7a as a colorless oil (50.0 mg, 80%%), CalDzo 
+2.2’ (c 1.16, CHCla). IR (neat): 2950, 2850, 1748, 1618, 1517, 1242, 736, 700 cm-l. lH-NMR 
(CDCls): 1.11 (3H, d, J=6.5 Hz, &CH), 1.13 (3H, 8, M&(OMe)a), 3.24, 3.26 (6H, two 8, (MeOWI, 
3.5-3.7 (3H, m, Cs-H, C4-H, and CHOBn), 3.75, 3.77 (6H, 13, MeOArxB), 4.17, 4.65 (2H, two d, 
J=each 11.7 Hz, CHzPh), 5.70 (lH, s, CHArz>, 6.69-6.85, 7.16-7.34 (13H, two m, aromatic 
protons). MS m/e: 460 (M-MeO-CO)+, 444,268,227. 
b) Preparation from 16f and l7f. Tricaprylmethylammonium chloride (2.4 mg, 0.006 nnnol), 
powdered NaOH (18 mg, 0.43 mmol), and benzyl chloride (16 ~1, 0.14 mmol) were added to a so- 
lution of 16f (50.5 mg, 0.12 mm011 in toluene (0.3 ml) at 0 “C and the mixture was vigorously 
stirred at rt for 12h. Additional amounts of powdered NaOH (2Omg, 0.48 mm011 and benzyl 
chloride (16 ~1, 0.14 mmol) were added to the reaction mixture and stirring was continued for 
2.5 h. The mixture was diluted with Hz0 and ether. The ethereal layer was washed succes- 
sively with 0.2 M HCl, satd aq NaHCOs, and satd aq NaCl, then dried over anhyd MgS04. Fil- 
tratiou and concentration in vacua gave an oily residue which was purified with column chro- 
matography (SiOz, hexane-AcOEt-CHzClz 8:2:1) to give 16a as an oil (41.3 mg, 68%). The IR 
and ‘H-NMR spectra of this sample were superimposable on those of 16a obtained in a). The 
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same treatments of 17f (17.3 mg, 0.040 mmol) as described above, gave 17a as a colorless oil (9.1 
mg, 44 %) after purification with column chromatography. The ‘H-NMR spectrum of this 
sample were identical with those of 17a obtained in a). 

<ssps>-l-~-~l~~~~~l-(~~~-~ 
azetidinone (l&l) and It.8 (sR,4ZWIsom~ (17d). a) Preparation from 1Sd and 14d. The same 
treatments of the mixture of 18d and 14d (65.7 mg, 0.139 mmol) as described for the preparation 
of 16a from 13a afforded a mixture of 16d and 17d as an oil (62.3 mg, 86%) after puriiication with 
column chromatography. By comparing the ‘H-NMR spectrum of this mixture with those of 
the pure samples of 16d and 17d prepared in b), it appeared evident that the major component 
involved in the mixture was 16d. 
b) Preparation from 16f and 17f. N,N-Diisopropylethylamine (22 ~1, 0.13 mmol) and 2- 
methoxyethoxymethyl chloride (14.2 ~1, 0.124 nunol) were added to a solution of 16f (36.1 mg, 
0.084 mmol) in CHzCl2 (0.2 ml) at 0 “C. After stirring at rt for 12h, additional amounts of N,N- 
diisopropylethylamine (22l1.l~ 0.126 mmol) and 2-methoxyethoxymethyl chloride (14.2 ~1, 0.124 
mmol) were added to the mixture. After stirring was further continued for 12h, the reaction 
mixture was diluted with H20 and ether. The ethereal solution was washed successively with 
satd aq NaHCO3,0.2M HCl, and satd aq NaCl, then dried over anhyd MgSOr. Filtration and 
concentration in UUCL(O gave a residue which was purified with column chromatography (SiOz, 
hexane-ether 1:6), giving 16d as a colorless oil (35.0 mg, 80%). lR (CHC13): 2950, 2850, 1740, 
1610,1510,1242,1030, 750 cm -l. ‘H-NMR (CDCl3): 1.15 (3H, d, J=5.9 Hz, M&H), 1.26 (3H, s, 
&$XOMe)z), 3.18 UH, m, C3-H), 3.22 (6H, s, (MeOK!), 3.35 (3H, s, &OCH2), 3.45-3.70 (6H, m, 
other protons), 3.78 (6H, 8, MeOArx2), 4.44,4.58 (2H, two d, J=each 7.0 Hz, OCHzO), 5.73 (lH, s, 
CHArz), 6.77-6.89, 7.19-7.33 (8H, two m, aromatic protons). MS m/e: 489 (M-CO)+, 442, 428. 
Sodium hydride (1 mg, 0.04 mmol) and methoxyethoxymethyl chloride (1 ml, 0.009 mmol) were 
added to a solution of 17f (1.3 mg, 0.030 mmol) in THF (0.2 ml) at 0 “C. After stirring at the 
same temperature for 3 h and at rt overnight, the mixture was diluted with Hz0 and extracted 
with ether. The ethereal layer was separated and treated in the same manner as described 
above, gave 17d as a colorless oil (1.5 mg, 94%) after purification with colunm chromatography 
(SiOz, hexane-ether 1:6-1:7). lR (CHCl3): 2950,2850, 1740, 1608,1508,1200, 1032,720 cm-‘. ‘H- 
NMR (CDCl3): 1.13 (3H, d, J=6.2 Hz, M&H), 1.25 (3H, s, &C(OMe)a), 3.25, 3.27 (6H, two s, 
(MeO)zC), 3.33 (lH, m, Cs-H), 3.36 (3H, s, &OCH2), 3.45-3.65 (6H, m, other protons), 3.78 (6H, 
8, M,qOArxP), 4.47, 4.67 (2H, two d, J=each 7.2 Hz, OCH20), 5.62 (lH, s, CHArz), 6.78-6.88, 
7.18-7.31(8H, two m, aromatic protons). MS m/e: 489 (M-CO)+, 442,428,227. 

~3s,gs)-l-Di-panisylmetnyls-~l,l_dimetha (16D and 
Its @R,4E)-Isomer (17f.L a) Preparation from 13b and 14b. Treatments of 13b (32.1 mg, 0.065 
mmol) in the same manner as described in b) afforded 16f as a colorless oil (17.5 mg, 63%) after 
purification with column chromatography. The diastereomer (14b) (14.0 mg, 0.028 mmol) was 
similarly treated under acetalization conditions, giving 17f (1.8 mg, 15%) after purification with 
column chromatography. ‘H-NMR spectra of these compounds were identical with those of 16f 
and 17f obtained in b), respectively. 
b) Preparation from 13c and 14~. Camphorsulfonic acid (9.4 mg, 0.040 mmol) and trimethyl 
orthoformate (1.00 ml, 9.14 mmol) were added to a solution of the mixture of 13c and 14c (0.101 
g, 0.216 mmol) in MeOH (3.0 ml) at rt. After stirring for 1.5 h, the mixture was diluted with 
Hz0 and satd aq NaHC03, then extracted with ether. The combined ethereal extracts were 
washed with satd aq NaCl and dried over anhyd MgS04. Filtration and concentration in vacua 
gave a crude mixture of 16f and 17f as an oil. Based on the ‘H-NMR spectrum of this sample, 
the ratio of 16f and 17f could be calculated as 6.O:l. The mixture was separated with column 
chromatography (SiOz, CHzCla-AcCEt 4:1), giving the major product (16f) as a colorless oil (73.8 
mg, 79%) from the less polar fraction, [alo20-3.8“ (c 1.41, CHCL). lR (CHCl3): 3000, 2850, 1742, 
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1618, 1518, 1250, 1040 cm-‘. ’ H-NMR (CDCls): 1.13 (3H, d, J=6.2 Hz, M&HOH), 1.26 (3H, s. 
W(OMe)z), 1.4-1.6 (lH, br, OH), 3.16 (lH, d, 5~2.3 Hz, Cs-H), 3.21,3.24 (6H, two 8, (MeOW), 
3.56 (lH, dd, J=2.3, 6.5 Hz, C&H), 3.78, 3.80 (6H, two 8, MeOArx2), 6.8-7.0, 7.2-7.4 (8H, two m, 
aromatic protons). MS m/e: 429 @I+), 268,227. The minor product (17f) was also obtained a8 a 
colorless oil (10.0 mg, 11%) from the more polar fraction, [cx]D~+~.~~ (c 0.76, CHCls). IR 
(CHCls): 3000,2850,1742,1618,1518,1250,1038 cm -l. ‘H-NMR (CDCla) 1.07 (3H, d, J=6.4Hz, 
M&H), 1.36 (3H, a, MeC), 1.5-1.6 (lH, br, OH), 3.27 (6H, 8, C(OMe)z), 3.42 (lH, d, J=2.2 Hz, Cs- 
H), 3.6-3.8 (W, m, MaOH and C4-H), 3.79, 3.80 (6H, two 8, M~0Arx2), 5.84 (lH, s, CHArs), 
6.8-7.0,7.2-7.4 (8H, two m, aromatic protons). MS m/e: 429 (M+), 268, 227. 
c) Preparation from 18e and 146. The same treatments of the mixture of 1Se and 14e (0.100 g, 
0.220 mmol) as described in b), gave a mixture of 16f end 17f ae an oil (88.0 mg, 97%) after pu- 
rification with column chromatography. !l’he ratio of 16f to 17f could be calculated as 3.0:1 by 
the ‘H-NMR spectrum of the mixture. 

~~~cds)-1-~~ll-lili-p _mandIts 
3-r(s)-l-~~~ethyl]-isomer (18 and 19). a) Preparation of 18 and 19 by the reduction with 
potassium tri-see-butylborohydride in the presence of potassium iodide.%) A 1.0 M solution of 
potassium tri-set-butylborohydride in THP (0.84ml, 0.84 mmol) was added to a suspension of 
13a (O.l97g, 0.416 mmol) and potassium iodide (69.0 mg, 0.416 -01) in THP (4.2 ml) at 0 “C. 
After stirring at the same temperature for lh, the reaction mixture was diluted with 1M HCl 
(0.84 ml) and extracted with AcOEt. The combined extracts were washed with satd aq NaCl, 
dried over anhyd MgsO4, filtered, then concentrated in uacuo. The concentration residue was 
purified with column chromatography (SiOs, hexane-ether 1:9-0:l) to give a mixture of 18 and 
19 as a colorless caramel (0.182 g, 92 %) with recovery of the starting material (18a) (7.6 mg, 
4%). The ratio of 18 to 19 could be calculated as 12:l based on the ‘H-NMR spectrum of the 
mixture measured in CsDs. The methyl groups of benzyloxyethyl moieties appeared as two 
doublets at 0.86 and 0.94 ppm with an integration ratio of 121. The physical and spectral data 
of 18 and 19 separated with column chromatography were described in b) 
b) Preparation of 18 and 19 by the reduction . 

$ 

potassium triethylborohydride.ss) A 1.0 M 
solution of potassium triethylborohydride in T (0.75 ml, 0.75 mmol) was added to a solution 
of 13a (0.321g, 0.678 mmol) in THF (6.8 ml) at -78 “C!. After stirring at the same temperature for 
lh, the reaction mixture was diluted witb 1M HCl (0.7 ml), stirred at rt for lh, and extracted 
with AcCEt. The combined extracts were washed with satd aq NaCl, dried over anhyd MgsO4, 
filtered, then concentrated in vacua The concentration residue was purified with column 
chromatography (SiOa, CHzClz-acetone l:O-9:l) to give a mixture of 18 and 19 as a.colorless 
caramel (0.316 g, 98 %). The ratio of 18 to 19 could be calculated as 12:l in a similar manner to 
that described in a). Separation of the mixture of 18 and 19 with medium pressure column 
chromatography (SiOz, lobar column, Merck art. 10401, CHsCls-AcOEt 9:l) afforded pure 18 
and 19 both as colorless crystals. Recrystallization of 18 from hexane-AcCEt or isopropanol 
gave an analytical sample as colorless crystals, mp 102-102.5 “C and [alo*’ -11.5” (c 1.03, 
CHCls). IR (CHCL): 3300-3500 br, 2850-3000 br, 1740,1618,1518,1250,1038 cm-‘, ‘H-NMR 
(CDCL): 1.13 (3H, d, Jz5.9 Hz, &CHOBn), 1.25 (3H, d, J=6.4 Hz, MeCHOH), 2.0 (lH, br, OH), 
2.86 (lH, dd, J=2.2,5.9 Hz, Cs-H), 3.49 (lH, m, CHOBn), 3.70 (lH, m, C4-H), 3.76,3.78 (6H two 8, 
MeCxB), 3.9-4.2 (lH, m, aOH), 4.12,4.47 W-I, two d, J=11.4 Hz, PhC&), 5.77 (IH, 8, CHArs), 
6.7-7.4 (13H, m, aromatic protons). IH-NMR (CsDs): 0.91 (3H, d, J=6.2 Hz, M&HOBn), 1.16 
(3H, d, 5~6.3 Hz, &&CHOH), 1.90 (lH, br, OH), 2.59 (lH, dd, J=2.3, 6.3 Hz, Cs-H), 3.26 (lH, m, 
=OBn), 3.27, 3.29 (6H, two s, MeOx2), 3.69 (lH, dd, J=2.3, 7.5 Hz, Cr-H), 3.90 (lH, m, 
MemOH), 3.91, 4.22 (2H, two d, J=each 11.7 Hz, Pm), 5.97 (lH, s, CHAn), 6.78, 7.36 (8H, 
two m, CsH4x2), 7.16 (5H, a, &Ha). MS m/e: 475 W), 447 CM-CO)+, 384 (M-Bn)+, 356. Found C, 
73.05; H, 7.22; N, 3.14 %. Calcd for CssHaaNOs: C, 73.24; H, 6.99; N, 2.95%. The undesired 
product (19) was recrystallized from hexane-AcOEt to give an analytical sample as colorless 
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crystals, mp 127 “C and [CdDm +20.0° (c 0.15, CHCls). IB (CHCB): 3400-3600 br, 2850-3000 br, 
1740,1610,1515,1242,1038 cm -l. ‘H-NMB (CDCls): 1.14 (3H, d, Jr5.9 Hz, &CHOBn), 1.25 (3H, 
d, J-6.3 HZ, M&HOH), 2.35 (lH, br, OH), 2.82 (lH, dd, J=2.0, 6.9 Hz, 0-H). 3.58 (lH, m, 
mOBn), 3.64 (lH, dd, 5~2.3, 7.0 Hz, C4-H), 3.78, 3.79 (6H, two 8, MeOx2), 3.7-4.2 (lH, m, 
MemOH), 4.13, 4.48 (2H, two d, J=11.4 Hz, Phm, 5.77 WI, 8, CHAm), 6.7-7.4 (13H, m, 
aromatic protons). lH-NMB(CsDs): 0.81(3H, d, J=6.2 Hz, MaCHOBn), 1.10 (3H, d, J=6.3 Hz, 
&CHOH), 1.30 (H-I, br, OH), 2.55 (lH, dd, J=2.4,6.6 Hz, Cs-H), 3.22 (lH, m, CIIOBn), 3.27,3.29 
(6H, two s, MeOx2), 3.43 (IH, dd, J=2.4,7.9 Hz, C&H), 3.83 (lH, m, MaOH), 3.90,4.21(2H, two 
d, J=each 11.5 Hz, PW, 5.96 (lH, 8, CHArs), 6.78,7.36 (8H, m, CsHti), 7.16 (5H, 8, C6Hs). 
MS m/e: 475 (M+), 447 (M-CO)+, 384 (M-Bn)+, 340. Found C, 72.32; H, 7.01; N,3.12 %. Calcd for 
CzsHasNOa 0.3HzO: C, 72.42; H, 7.04; N, 2.91%. The pure sample of 18 could be directly ob- 
tained in 76% yield by a single crystallization of the crude reduction product from isopropanol. 
In another experiment, a crude diastereomeric mixture of 13a and 14a (6.90 g) produced under 
the best conditions of the [2+21-cycloaddition reaction (Table 1, run 21, was reduced with potas- 
sium triethylborohydride (19.0 ml, 19.0 mmol) without separation. When the mixture of the 
crude reduction products (7.00 g) was immediately recrystallized from isopropanol(7.0 ml), an 
almost pure sample of 18 (3.23 g) could be obtained in 58% overall yield based on 9a [1.9Og, 11.6 
mm01 (calculated by taking into account the amount of 12 (3.08 g, 13.2 mmol) used for prepara- 
tion of 9a and the chemical yield of 9a from 12)l. 
c) Preparation of 18 by the epimerization of 19 .26) Diethyl azodicarboxylate (6.6 fl, 0.042 mmol) 
was added to a solution of 19 (5.7 mg, 0.012 mmol), triphenylphosphine (11 mg, 0.042 mmol), 
and formic acid (1.9 ~1, 0.050 mmol) in THF (0.2 ml) at 0 “C. After stirring at rt for 2h, the 
mixture was diluted with phosphate buffer (pH 5, 0.5 ml) and extracted with AcOEt. The 
combined extracts were dried over anhyd MgSOc and concentrated in vacua. The concentra- 
tion residue was purified with preparative TLC (SiOz; CHsClz-AcOEt 9:l) to give (3&4St4-[W-l- 
benzyloxyethyll-l-(di-p-anisylmethyl)-3-[(R)-l-fo~ylo~e~yll-2-~eti~none (5.5 mg, 91%). ‘H- 
NMB (CDCls): 1.16 (3H, d, J=G.OHz, &C!HOBn), 1.36 (3H, d, 5~6.4 Hz, WHOCO), 2.97 (lH, dd, 
J=1.4, 7.1 Hz, C4-H), 3.59 (2H, m, WOBn and C4-H), 3.78, 3.79 (6H, two a, MeOx2), 4.10, 4.47 
(2H, two d, J=each 11.3 Hz, PW, 5.27 (lH, m, CHOCO), 5.76 (lH, 8, CHArz), 6.72-7.31(13H, 
m, aromatic protons), 7.90 (lH, a, HCOO). Anhyd IWO3 (2 mg) was added to a solution of the 
formate in methanol (2 ml) and the mixture was stirred at rt for 10 min. Filtration and con- 
centration in vacua followed by purification with column chromatography (SiOz, ether), gave 
18 ( 5.1 mg, 90% from 19). The ‘H-NMR spectrum of this sample were identical with those of 18 
obtained in b). 

~3S,gS)-P[(S)-l-Benzyloxyethyll-3-[(R)-l-hydroxyethyl]-2-azetidinone (20). A solution of CAN 
(3.26 g, 5.95 mmol) in HsO-MeCN (1:9) (19.8 ml) was added to a solution of 18a (0.943 g, 1.98 
mmol) in HsO-MeCN (1:9) (14.7 ml) at -10 “C. The mixture was stirred vigorously at the same 
temperature for 3h, then diluted with 2M NaOH (11.8 ml). After stirring at rt for 30 min, the 
mixture was filtered. The filtrate was neutralized to pH 8 with 1M HCl and extracted with 
CHC13. The combined organic extracts were dried over anhyd MgS04, filtered, and concen- 
trated in vacua. The concentration residue was purified with column chromatography (SiOz, 
CHzClz-acetone 4:1-2:l) to give 20 as colorless crystals (0.461 g, 93%). Recrystallization from 
AcOEt gave an analytical sample of 20 as colorless crystals, mp 129-130 “C and CalD25+61.50 (c 
1.45, CHCh). IB (KBrk 3380,3000,2900,1735,1475,1452,1380,1361,1335,1240,1179,1136, 1104, 
1093,1069,1001,770,665,600,560 cm- ’ . ‘H-NMB (CDCl3): 1.25 (3H, d, J=5.9 Hz, &CHOBn), 
1.31 (3H, d J=6.4 Hz, &CHOH), 2.86 (lH, m, Cs-H), 3.58 (2H, m, GHOBn and C4-H), 4.16 (lH, 
m, GHOH), 4.42, 4.70 (2H, two d, J=11.6 Hz, PhGHz), 5.98 (lH, bs, NH), 7.25 (5H, 8, CsH5). MS 
m/e: 249 (M+), 232 (M-OH)+,204 (M-MeCHOH)+. Found: C, 67.45; H, 7.82; N, 5.51 95. Calcd for 
C14HlsNOz: C, 67.45; H, 7.68; N, 5.62 %. 



5784 Y. IT0 et al. 

(~,~C(S)_l-~~~~l~~C~)-(l-f-b~~~~l~~~yll-2-~~ (21). A 
mixture of 20 (0.252g, 0.530 mmol), imidazole (0.252 g, 3.70 mmol), and t-butyldimethylchloro- 
silane (0.16 g, 1.47 mmol) in DMF (2.0 ml) was stirred at rt for 12h. The mixture was diluted 
with AcCEt and washed with HaO. The organic phase was separated, dried over anhyd 
MgSOr, and concentrated in uacuo. The concentration residue was purified with column 
chromatography (SiCz, CHzCh+acetone l:O-19:l) to give 21 as a colorless oil (0.302 g, 97%), [dD2’ 

+32.5” (c 2.37, CHCls). IR (neat): 3470,2950,2880,1760,1378,1259, 1140,1100,837,780,735,699 
-l. ‘H-NMR (CDCls): 0.07 (6H, s Me&i) 0.87 (9H, a, Me&), 1.22 (3H, d, J=6.2 Hz, 

ECHOSi), 1.25 (3H, d, J=5.9Hz, M&IOBn), 2.74 (lH, m, Cs-H), 3.52 (2H, m, GHOBn, C4-H), 
4.17 (lH, m, CHOSi), 4.40,4.68 (W, two d, J=each 11.7 Hz, PhG&), 5.87 (lH, bs, NH), 7.32 (SH, 
a, C6Hs). MS m/e: 363 (M+), 348 (M-Me)+, 306 (M-BUY. 

(3s,~[o-1-(f-Bu~~~~~~l~~~l-~~~l-~ti~ (22). Amix- 
ture of 21 (45.0 mg, 0.124 mmol) and 10% Pd-C (4 mg) in AcCEt (3.0 ml) was stirred at rt for Id 
under a hydrogen atmosphere. The catalyst was filtered off and the filtrate was concentrated 
in uacua to give 22 as a colorless caramel (33.8 mg, quantitative yield), [albY -11.5’ (c 1.48, 
CHCL). lR(neat)~ 3360,2950,2870,1742,1463,1375,1255,1140,1098,1054,960,834,810, 777cni’. 
‘H-NMR (CDCl3): 0.08 (6H, s, MezSi), 0.88 (9H, a, Me&), 1.23 (3H, d, J=6.2 Hz, MeCHOH), 1.25 
(3H, d, J=G.Wz, &CHOSi), 2.85 (lH, m, C3-H), 3.55 (lH, dd, J=2.2, 6.8 Hz, Cd-H), 3.72 (lH, m, 
CHOH), 4.20 (lH, quint, 5~6.2 Hz, CHOSi), 6.11 (lH, bs, NH). MS m/e: 258 (M-Me)+, 216 (M- 
Bu)+. 

(ss,~~l~[ul-(f-~~~~~~)~l-~~~ (23). a) Preparation by the 
oxidation of 22 with chromium(VI) trioxide. Chromium(V1) trioxide (2.08 g, 2.08 mmol) was 
added slowly to pyridine (21 ml). A solution of 22 (0.570 g, 2.08 mmol) in pyridine (5.0 ml) was 
added to the pyridine solution containing chromium(v1) trioxide at 0 “C. The mixture was 
stirred at 30 “C for lh and at 40 “C for 1.5 h, then diluted with 1M HCl and AcCEt. The organic 
layer was separated, washed with sat aq NaCl, dried over anhyd MgSOr, then concentrated in 
uacuo. The concentration residue was purified with column chromatography (SiOa, hexane- 
AcCEt 1:l) to give 23 as colorless crystals (0.523 g, 93%). Recrystallization from hexane gave an 
analytical sample of 23 as colorless crystals, mp 71-74 OC and [aID% -14.3” (c 0.57, CHCl3). IR 
0: 3250,2980,2950,2880,1754,1730,1708,1364,1256,1141,1073,1042,961, 838,811,780 cm-i. 
‘H-NMR (CDCl3): 0.11 (6H, s, Me&i), 0.90 (9H, s, MesC), 1.31 (3H, d, J=6.4 Hz, MeCHOSi), 2.25 
(3H, s, MeCO), 3.08 (lH, m, C3-H), 4.28 (2H, m, C4-H, CHOSi), 6.05 (lH, bs, NH). MS m/e: 256 
(M-Me)+, 214 (M-BUY. Found: C,57.72; H, 9.46; N, 5.15%. Calcd for C13HzsNO&i, C, 57.53; H, 
9.28; N, 5.16%. 
b) Preparation by the oxidation of 22 with a combination of N-chlorosuccinimide, dimethyl sul- 
fide, and triethylamine. Freshly recrystallized N-chlorosuccinimide (0.125 g, 0.936 mmol) was 
di88OlVed in toluene (5.0 ml) at 40 “C! and the solution was cooled to rt. Dimethyl sulfide (58.1 
mg, 0.936 mmol) was added to the toluene solution at rt and the formed suspension was cooled 
to 0 “C!. After stirring at the same temperature for 20 min, the suspension was further cooled 
to -25 “C. A solution of 22 (64.0 mg, 0.234 mmol) in toluene (0.9 ml) was added to the suspen- 
sion. After stirring for 2.7h, triethylamine (0.136 ml, 0.976 mmol) was added to the reaction 
mixture. The mixture was gradually warmed up to rt, stirred for 15 min, then diluted with 
1M HCl (1.0 ml). The organic layer was separated, dried over anhyd MgSC4, then concen- 
trated in uacuo. The concentration residue was purified with column chromatography to give 
23 a8 colorless crystals (60.0 mg, 95%). This sample showed the same lH-NMR spectrum a8 
that of 23 obtained in a). 
c) Preparation by the oxidation of 26 with sodium peroxydisulfate. A solution of SOdium per- 
oxydisulfate in H20 (90%, 0.815 g, 3.08 mmol) and a solution of disodium hydrogenphosphate 
(0.437 g, 3.08 mmol) in H20 (7.7 ml) were added slowly to a stirred solution of 26 (0.153 g, 0.308 
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