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A new method is reported for the preparation of enantiomerically pure (lR,25',4S)-l-amino-2- 
hydroxy-4-(hydroxymethyl)cyclopentane, ( 1R,2R,4S)-1-amino-2-fluoro-4-(hydroxymethyl)cyclopen- 
tane, and (1R,4S)-l-amino-4-(hydroxymethyl)-2-cyclopentene, advanced precursors to carbocyclic 
nucleosides. The method involves initial conversion of D-Serine into an aldehyde with 9-phenyl- 
fluorenyl protection at nitrogen and 0-benzyl protection at  oxygen. A [3 + 31-coupling of this 
aldehyde with a titanium homoenolate derived from tert-butyl 3-iodopropionate gave the corre- 
sponding anti-lactone in high yield. Regioselective hydrogenolysis of the amine protecting group, 
accompanied by intramolecular 0- to N-cyclization formed a lactam. After suitable nitrogen 
protection and functional group manipulation, transannular alkylation afforded the corresponding 
2-benzyl- or 2-(p-methoxybenzyl)-6-hydroxy-2-azabicyclo[2.2.11-3-heptanone. Functional group 
modification of the 2-benzyl analogue gave the resulting 6(S)-hydroxy and G(R)-fluoro N-BOC imides; 
alternatively, the 2-(p-methoxybenzyl) analogue was converted to an N-BOC imide containing an 
olefinic linkage at  C-5 and C-6 of the bicycle. Subjecting each of the N-BOC imides to a reduction- 
deprotection sequence then afforded the desired carbocyclic analogues. The [3 + 31-coupling method 
also allowed improved and expedient access to an advanced tribenzylated lactam previously used 
in the racemic syntheses of the hydroxylated alkaloids D-mannonolactam, deoxymannojirimycin, 
and prosopinone, providing a formal asymmetric synthesis of these alkaloids. 

Introduction 

Carbocyclic nucleosides, in which the furanose oxygen 
has been substituted by a carbon atom, are pharmaco- 
logically important isosteres of nucleosides possessing a 
wide variety of antineoplastic1 and antiviral activities.2 
The potential advantages in the therapeutic use of these 
compounds are numerous, as carbocyclic nucleosides are 
chemically and enzymatically more stable than nucleo- 
s i d e ~ . ~  For example, carbovir (1) has shown great 
promise in clinical trials as a possible alternative to anti- 
HIV agent 3'-azido-3'-deoxythymidine, AZT.4,5 

Strategic precursors in the synthesis of carbocyclic 
nucleosides are substituted l-amino-3-(hydroxymethyl)- 
cyclopentanes, a subject which has been reviewed re- 
cently.6 These compounds can be converted to carbocyclic 
nucleosides via standard  method^.^-^ Present routes to 
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the synthesis of this carbocyclic moiety, including utiliza- 
tion of the bicyclo[2.2.11heptene10 and azabicyclo[2.2.11- 
heptene" systems, overcome the problem of diastereo- 
selectivity, but still have the disadvantage of being 
nonenantioselective. Usually, in order to prepare the 
necessary chiral precursors, chemical or enzymatic reso- 
lution methods must be utilized.12J3 Preparation of these 
materials from substrates available from the chiral pool 
is an alternative solution to this problem. We have 
recently reported enantioselective routes to (1R,45')-1- 
amino-4-(hydroxymethyl)-2-cyclopentene and (1R,45')-1- 
amino-4-(hydroxy~nethyl)-2-cyclopentane from D-glucono- 
8-lactone and (5')-aspartic acid, respectively, using a 
Dieckmann cyclization as the key cyclopentane bond- 
forming step.14-16 

We now report an enantiospecific synthesis of (1R,45')- 
1-amino-4-(hydroxymethyl)-2-cyclopentene (121, a car- 
bocyclic precursor of antiviral agents carboviP (1) and 
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Scheme 1. Projected Syntheses of Carbocyclic 
Nucleosides 

D-Serine, 3 A 5 R=Bn 
6 R-PMB 

12 10 Y=OH,Z=H 7 Y=OTBS, Z=H 
11 Y=H,Z=F a Y.H,Z=F 

aristeromycinl' (21, starting from D-Serine (3). This route 

Carbovlr, 1 Arloteromycln, 2 

is amenable to the production of enantiomerically pure 
cyclopentane analogues, as shown by the syntheses of 
(1R,2$,4$)-1-amino-2-hydroxy-4-(hydroxymethyl)cyclo- 
pentane (10) and (1R,2R,4$)-1-amino-2-fluoro-4-(hy- 
droxymethy1)cyclopentane (1 l), which also have been 
accomplished in high yield. A variation in the synthetic 
pathway to the carbocyclic precursors can provide access 
to a tribenzylated lactam, an advanced intermediate used 
in the racemic syntheses of the hydroxylated alkaloids 
D-mannonolactam, deoxymannojirimycin, and prosopi- 
none, thus constituting a formal asymmetric synthesis 
of these alkaloids. Since the biological activity of car- 
bocyclic nucleosides and bioactive alkaloids o h n  is 
unique to a specific enantiomer, the use of serine as the 
starting point in the synthesis is clearly advantageous, 
as both of its antipodes are readily available. 

The projected synthesis of cyclopentanes 10-12 is 
outlined in Scheme 1. The plan begins with conversion 
of D-serine (3) into aldehyde 17 containing 9-phenylfluo- 
renyl protection at nitrogen and 0-benzyl protection at 
oxygen.18 It was envisioned that the [3 + 31-coupling of 
this aldehyde with a titanium homoenolate derived from 
3-iodopropionate would afford the corresponding enan- 
tiomerically pure lactone, dihydrofuran-2(3H)-one (4). 
The 9-phenylfluorenyl group was chosen as the N- 
protecting group of the serinal as this group inhibits 
racemization at the a-position of the aldehyde during the 
[3 + 31-coupling reaction. Regioselective hydrogenolytic 
removal of the amine protecting group of 4, accompanied 
by intramolecular 0- to N-cyclization of the resulting 
amino lactone was expected to produce a lactam, which 
after suitable protection and functional group manipula- 
tion, could be converted to bromides 5 or 6. Transannu- 

(17) Kusaka, T.; Tamamoto, H.; Shibaata, M.; Muroi, M.; Hicki, T.; 

(18) (a) Lubell, W. D.; Rapoport, H. J .  Org. Chem. 1989,54, 3824. 
Mizuno, K. J .  Antibiot. 1968, 21, 255. 

(b) Lubell, W. D.; Rapoport, H. J. Am. Chem. SOC. 1987,109, 236. 
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Scheme 2. Stereoselective [3 + 31 Coupling 
Reaction of Propionate Homoenolates to Aldehyde 

17 
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&OR 22 R=Bd 17 

BnO 
AHPf 8 

20 R=Et 
21 R=Me 
23 R=Bd 

lar alkylation of either bromolactam would give the 
corresponding 2-benzyl- or 2-(p-methoxybenzyl)-2-azabi- 
cyclo[2.2.ll-3-heptanone. This cyclization is critical as 
it would create an amide linkage at positions C-1 and 
C-4 of the resulting azabicyclo[2.2.11-3-heptanone product 
and also set the requisite 1,3-cis relationship of the amino 
and hydroxymethyl moieties o t  10-12, positions C-1 and 
(2-4, respectively, of the cyclopentane rings. Reduction 
and amine deprotection of 7,8 ,  and 9 would then afford 
the desired cyclopentylamines 10, 11, and 12. 

Results and Discussion 

Preparation of N-(9-Phenyl-9-Buorenyl)-D-serinal 
0-Benzyl Ether (17). Previously,18a it was shown that 
L-serine (ent-3) can be converted to N-(O-phenyl-9-fluo- 
reny1)-L-serine isoxazolidide (ent-14) in two steps and 66% 
overall yield through initial selective 9-phenyl-9-fluorenyl 
(Pf) protection of the amino group of L-serine and DCC- 
coupling of the acid moiety of the resulting product, N49- 
phenyl-9-fluorenyl)-L-serine (ent-13), with isoxazolidine 
in the presence of hydroxybenzotriazole (HOBT), as 
shown in Scheme 2. Repetition of the second step in this 
procedure using D-Serine (3) on scales larger than 100 
mmol and crystallization of the crude product from 
EtOAc afforded 14 in 70% overall yield from D-serine (3). 

Alkylation of the sodium salt of 14 with benzyl bromide 
in the presence of TBAI gave benzyl ether analogue 15 
in 97% yield.lg Another analogue, 16, was prepared 
through silylation of 14 with TIPSCl in the presence of 
imidazole.20 Although reduction of 16 with LAH and 
hydrolysis using aqueous KHSOI gave only moderate 
yields (-50%) of the corresponding aldehyde, the analo- 
gous reaction with benzyl ether 15 gave serinall7 in 99% 
yield. It is of interest to note that 17 is stable to 
chromatography without loss of enantiomeric purity. 

[3 + 31-Coupling Studies. In order to elaborate the 
three-carbon framework of aldehyde 17 into lactone 4, 

(19) (a) Kanai, It; Sakamoto, I.; Ogawa, S.; Suami, T. Bull. Chem. 
Soc. Jpn. 1987,60, 1529. (b) Czernecki, S.; Georgoulis, C.; Proveleng- 
hio, U. C. Tetrahedron Lett. 1976, 3535. 
(20) Cunico, R. F.; Bedell, L. J. Org. Chem. 1980, 45, 4797. 
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Scheme 3. Titanium Homoenolate [3 + 
31-Coupling Reaction of tert-Butyl Propionate with 

Aldehyde 17 
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the proposed six carbon precursor of cyclopentanes 10, 
11 and 12, a [3 + 31-coupling method was required. 
Initially, a modification of the reported21 titanium ho- 
moenolate method was attempted. Thus, treatment of 
aldehyde 17 with a 2-fold excess of the titanium homo- 
enolate of ethyl or methyl ester, 18 or 19, gave 32-52% 
yields of lactone 4 as a 4/1 mixture of diastereomers 
(Scheme 2). None of the expected hydroxy esters, 20 or 
21, was isolated. Presumably, each of the initially formed 
alkoxy esters had lactonized to 4 during the course of 
the reaction. The low yield of lactone 4 prompted 
investigation of the analogous titanium homoenolate 
derived from tert-butyl3-iod0propionate.~~ Treatment of 
17 with homoenolate 22 under similar reaction conditions 
afforded lactone 4 in 95% yield, but again as a 4/1 
diastereomeric mixture. 

In order to improve the diasteroselectivity of the 
reaction, control of temperature and variation of the 
titanium species were investigated (Scheme 3). Organo- 
zinc reagent 26 was prepared as reported for the ethyl 
ester.21b Thus, the tert-butyl 3-bromopropionate was 
converted to the corresponding iodide 26, and warming 
of the iodide22 with activated zinc-copper in toluene1 
dimethylacetamide (DMA) gave organozinc homoenolate 
reagent 26. The appropriate organotitanium reagent 22 
utilized in the coupling reaction with 17 was generated 
by transmetalation of iodozinc reagent 27 with the 
corresponding chlorotitanium isopropoxide species. All 
coupling reactions were initially conducted at -40 "C for 
1 h and -20 "C for 14 h, the minimum temperature range 
and time determined for complete consumption of alde- 
hyde 17. 

The coupling of 22A (22, where x = 1) with serinal 17 
(2-fold excess of 22A relative to 17) gave almost exclu- 
sively hydroxy ester 23, as observed by TLC and lH 

(21) (a) Armstrong, J. D., 111; Hartner, F. W.; Decamp, A. E.;Volante, 
R. P.; Shinkai, I. Tetrahedron Lett. 1992,33,6599. (b) Decamp, A. E.; 
Kawaguchi, A. T.; Volante, R. P.; Shinkai, I. Tetrahedron Lett. 1991, 
32, 1867. 

(22) tert-Butyl 3-iodopropionate was prepared by esterification of 
3-bromopropionic acid (Mathias, L. J. Synthesis 1979,561) and iodide 
exchange of the resulting bromo ester. An alternative esterification 
method is presented by McCloskey, A. L.; Fonken, G. S.; Kluiber, R. 
W.; Johnson, W. S. Organic Syntheses; Wiley: New York, 1963; Collect. 
Vol. IV, p 261. 

Figure 1. Structure of (5S)-5-[(1R)-l-[(phenylfluoren-9-y1)- 
aminol-2-(benzyloxy)ethylldihydrofuran-2(3~-one (anti-4) as 
determined by X-ray crystallography (arbitrary numbering 
system). 

NMR. Surprisingly, appreciable cyclization of 23 to 
lactone 4 did not occur either under the reaction condi- 
tions or upon warming to room temperature. Addition 
of titanium isopropoxide until equimolar to the titanium 
tetrachloride, followed by warming of the mixture to 40 
"C for 2 h, however, gave 71% of lactone 4 as a 6.511 
mixture of diastereomers. In addition, approximately an 
8% yield of hydroxy ester 23 was also isolated.23 

Treatment of zinc reagent 26 (200 mol % relative to 
17) with a 1.511 mixture of TiCl3(OPr')lTiCl2(OPr')~ 
(combined 150 mol % relative to 17) produced, presum- 
ably, a 11312 mixture of 2612W22B. Coupling of this 
homoenolate mixture with serinall7 under the standard 
initial reaction conditions gave only 23. Again, ap- 
preciable cyclization of 23 to 4 did not occur upon 
warming of the mixture to room temperature. Addition 
of titanium isopropoxide until equimolar to titanium 
tetrachloride, followed by warming of the mixture to 40 
"C for 3 h, however, gave a 93% yield of lactone 4 as a 
6.511 mixture of isomers and 4% of 23.23 As expected, 
the coupling reaction of 17 with titanium species 22B 
(22, where x = 2; 200 mol % relative to 17) under the 
initial reaction conditions and stirring at room temper- 
ature for 13 h gave a 93% yield of 4 as a 6.511 mixture of 
diastereomers. In addition, approximately a 4% yield of 
23 was also isolated.23 

The major anti-diastereomer, as elucidated by X-ray 
crystallography (Figure l), was crystallized from the 
crude mixture in 68% yield with a diastereomeric ratio 
(dr) > 9812. Such diastereoselectivity is consistent with 
the reported model rationalizing the high anti selectivity 
of NJV-dibenzyl proteded serinals toward  nucleophile^.^^^^ 

(23) Determination of the diastereomeric ratio (dr) of lactone 4 on 
the Bruker AM-400 with either use of a (i) a normal 'H NMR pulse 
width (PW = 4.9), (ii) a PW = P1 = 11 (90" pulse); where NS = 1, or 
(iii) normal pulse width with a 10 s delay between scans, gave identical 
results. The dr of hydroxy ester 23 was not determined. 
(24) (a) Anh, N. T. Top. Current Chem. 1980,88, 145. (b) Cherest, 

M.; Felkin, H.; Prudent, N. Tetrahedron Lett. 1968, 2199. 
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Scheme 4. Synthesis of Cyclopentanes 42 and 48 (Hydrochloride Salts of 10 and 11) 
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Regioselective Hydrogenolysis of Lactone 4. The 
synthesis of 42, the hydrochloride of 10, is shown in 
Scheme 4. Key to this synthesis was the successful 
regioselective hydrogenolysis of 4. In order to im- 
mediately address this issue, a model study was con- 
ducted using isoxazolidine 15 (eq 1). To simplify the 

Hs. Pd 

15 1. Hz, Pd 20 R=Bn 
2. TIPSCI, Imd [ 

95%overall 29 R=TIPS 

interpretation of the spectral data, the N-BOC analogue 
28 was prepared. Hydrogenolysis of 15 in methanol 
containing (BOC)20 gave 28 in 98% yield. Thus, com- 
plete regioselectivity was achieved in the hydrogenolysis 
of the 9-phenylfluorenyl moiety over the benzyl ether. In 
contrast to 15, removal of the benzyl moiety of 28 under 
identical conditions is slower (12 vs 3 h). For character- 
ization purposes, the primary hydroxyl of the resulting 
hydrogenation product was protected as the TIPS- 
analogue 29.20 

In the synthetic sequence, the next objective was the 
preparation of 30 (Scheme 4). Hydrogenolysis of anti-4 
in THF/MeOH gave 30 in yields of 96-98%. A room 
temperature cyclization of the primary amine intermedi- 
ate 4A is appreciably slower, as evidenced by the forma- 
tion of N-BOC-analogue 31 in 65% yield through hydro- 
genolysis of 4 in the presence of (BOC)20. Silylation of 

(25) (a) Hormuth, S.; Reissig H.-U. J. Org. Chem. 1994,59,67 (see 
also reference l a  cited within). (b) Grieco, P. A,; Moher, E. D. 
Tetrahedron Lett. 1993, 5567. 

'0 
Na/NH3 45 R'=Bn, 60% p-TsCI 43 R=Bn, X=H 
'BuOH L 6 R ' = H , 8 8 %  Pyd L 4  R=Bn,X=Ts 

the secondary hydroxyl moiety of 30 with TBDMSCP 
gave anti-32 in 92% yield (62% overall from 4). Alter- 
natively, the chromatographic separation of the anti and 
syn isomers of 32, after performing the identical hydro- 
genation-silylation sequence with 4, now a 6.54 mixture 
of anti and syn diastereomers, gave a much higher 77% 
overall yield of anti-32. Silyl ether 32 was unstable upon 
prolonged storage as it slowly converted to 0-benzoyl 
analogue 33, presumably due to a base catalyzed aerobic 
oxidation of 32.27 Alkylation of the sodium salt of lactam 
32 using benzyl bromide in the presence of catalytic 
TBAI,lga followed by selective reduction of the resulting 
dibenzylated product 34, afforded primary alcohol 35 
(100% yield) which was treated with carbon tetrabromide 
and triphenylphosphine.28 Transannular alkylation of 
the resulting bromo amide 5 using KHMDS, gave N- 
benzyl azabicyclo[2.2.llheptan-3-one (36) in a notable 
88% overall yield from 35. 

As an alternative intermediate, the p-methoxybenzyl 
analogue of 36 was prepared. Alkylation of the sodium 
salt of 32 using p-methoxybenzyl bromide in the presence 
of a catalytic amount of TBAI,lga followed by selective 
reduction of the resulting dibenzylated product 37, af- 
forded alcohol 38 in 97% overall yield. Treatment of 
alcohol 38 with carbon tetrabromide and triphenylphos- 
phine,28 followed by intramolecular cyclization of the 
resulting bromo amide 6 using KHMDS gave N-PMB 
analogue 39 in 81% overall yield. Thus, either one of the 
strategic azabicyclo[2.2.llheptan-3-one precursors 36 or 
39 could potentially be used to prepare 10. 

Preparation of 42, the HCI Salt of Aminocyclo- 
pentane 10. Debenzylation of bicycle 36 using L M 3 ,  

(26) Corey, E. J.; Venkateswarlu, A. J. Am. Chem. SOC. 1972, 94, 

(27) Gigg, R.; Conant, R. J. Chem. Soc., Chem. Commun. 1983,465. 
(28) Falorni, M.; Lardicci, L. J. Org. Chem. 1986, 51, 5291. 

6190. 
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followed by NH&l neutralization and aqueous treatment, 
gave moderate yields of secondary lactam 4OZ9 due to 
concomitant base cleavage of the strained amide moiety 
of both 36 or 40. Debenzylation of 36 using NdNH330 in 
the presence of tert-BuOH, followed by quenching of the 
reaction mixture with AcOH, gave 40 reproducibly in 
yields of 95-100% without the need of an aqueous 
treatment.31 Bicycle 40, with (BOC)20 and 4-DMAF' in 
pyridine32 followed by methanolic NaBH, reduction of the 
resulting N-BOC imide 7,33 gave (hydroxymethy1)cyclo- 
pentane 41 in 92% overall yield. Removal of the N-BOC 
moiety of 41 with saturated HC1 in CHzC12, gave the 
hydrochloride salt of 10, aminocyclopentane 42, in 97% 
yield. Thus, the preparation of the first analogue 42 was 
accomplished in 37% overall yield from D-serine (3). 

Preparation of 48, the HCl Salt of Aminocyclo- 
pentane 11. Preparation of the hydrochloride 48, begin- 
ning from bicycle 36, is shown in Scheme 4. Treatment 
of 36 with 1 M TBAF in THF,26 followed by conversion 
of the resulting alcohol 43 to t ~ s y l a t e ~ ~  44 proceeded 
uneventfully in 96% overall yield from 36. All attempts 
to invert the 6-(S)-configuration of tosylate 44 through 
the use of S~2-type displacement reactions (F-, I-, MeS-, 
etc.), however, gave only unreacted 44.35 

The failure of this approach was attributed to steric 
hindrance by the hydrogens of the single carbon bridge 
on the exo-face of the azabicyclo[2.2.llheptane ring 
moiety of 44. Since an SN2-transition state requires an 
anti-relationship between nucleophile and leaving group, 
the trajectory required for attack by the fluoride ion 
would be greatly hindered by the single carbon bridge of 
44. Potentially, a possible solution could be in control of 
the proximity of the fluoride ion to the hydroxyl-derived 
leaving group through a close ion pair association in the 
transition state structure. In support of this hypothesis, 
treatment of 43 with DAST in the presence of pyridine 
gave 45 in 60% yield as the only isolable product.36 
Again, debenzylation using NdNH3 in the presence of 
tert-BuOH, followed by an AcOH quench, afforded 46 in 
88% yield.30,31 

NMR data matched those re- 
ported3' for the racemate of 46, for which stereochemistry 
had been assigned by comparison of 13C-19F coupling 
constants of a 7-unti-bromo-2-exo-fluoroazabicyclo[2.2.11- 
heptane precursor in agreement with those reported for 
the analogous deazabicyclo[2.2.llheptane system.38 A 
more rigorous proof of stereochemistry was provided by 
the magnitude of 19F-lH coupling constants and the use 
19F-IH NOE difference experiments as shown in Figure 

The IH, 19F, and 

Campbell et al. 

(29) Kim, M. Y.; Starrett, J. E., Jr.; Weinreb, S. M. J. Org. Chem. 
1981,46, 5383. 
(30) Sisko, J . ;  Henry, J .  R.; Weinreb, S. M. J. Org. Chem. 1993,58, 

4945. 
(31) The only modification of this experimental protocol was that 

excess acetic acid was used in place of ammonium chloride to quench 
the reaction, and no aqueous treatment was used. The crude mixture 
was filtered through Celite (see Experimental Section). 
(32) Flynn, D. L.; Zelle, R. E.; Grieco, P. A. J. Org. Chem. 1983,48, 

23. 
(33) Katagiri, N.; Muto, M.; Nomura, M.; Higashikawa, T.; Kaneko, 

C .  Chem. Pharm. Bull. 1991,39,1112. 
(34) Mazzocchi, P. H.; Ammon, H. L.; Liu, L.; Colicelli, E.; Ravi, P.; 

Burrows, E. J. O g .  Chem. 1981, 46, 4530. 
(35) (a) Cox, D. P.; Terpinski, J.; Lawrynowicz, W. J. Org. Chem. 

1984,49,3216. (b) Ishikawa, N.; Kitazume, T.; Yamazaki, T.; Mochida, 
Y.; Tatsuno, T. Chem. Lett. 1981, 761. 
(36) Pankiewicz, K. W.; Krzeminski, J.; Ciszewski, L. A.; Ren, W-Y.; 

Watanabe, K. A. J. Org. Chem. 1992, 57, 553. 
(37) Palmer, C. F.; Parry, K. P.; Roberts, S. M.; Sik, V. J. Chem. 

SOC. Perkin Trans. 1 1992, 1021. 
(38) Alvernhe, G.; Lament, A.; Haufe, G. Synthesis, 1987, 562. 
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Figure 2. F19-'H NOE difference experiments (46) and NOE 
interactions derived from NOESY experiments on 49 and 55. 

2. The assignment of geminal and vicinal protons to the 
fluoro group at C-6 and (2-5, respectively, was based on 
the magnitude of 19F-lH coupling constant (JF,HG = 54 
Hz, J F , H ~ ~ ~ ~  = 34 Hz, and J F , H ~ ~ ~ ~ ~  = 17 Hz). Assignment 
of the exo-fluoro configuration, as well as the stereochem- 
ical assignments of the protons at C-5 and C-7, then were 
determined unambiguosly through 19F-lH NOE differ- 
ence experiments. The fluorine produced no NOE en- 
hancement to H-7anti though it displayed NOES of 
approximately 2% to H-7syn, 1.9% to H-Bexo, 2.1% to H-1, 
and 14.2% to H-6endo. With ample quantities of 46 in 
hand, completion of the synthesis was straightforward. 
Treatment of 46 with (BOC)20/4-DMAF'/py1idine,3~ fol- 
lowed by reduction33 of the resulting imide 8 gave 
(hydroxymethy1)cyclopentane derivative 47 in 81% over- 
all yield from 45. Removal of the N-BOC protecting 
group of carbamate 47 using HCl in CHzCl2 gave the 
hydrochloride 48 of (lR,2€2,4S)-l-amino-2-fluoro-4-(hy- 
droxymethy1)cyclopentane (1 l), in 98% yield. Thus, the 
preparation of the fluoro analogue 48 was accomplished 
in 18% overall yield from D-serine (3). 

Preparation of Aminocyclopentene 55. The prepa- 
ration of the cyclopentene analogue 55 is outlined in 
Scheme 5. Our initial attempt began with tosylate 44. 
Although the dehydrohalogenation of the C-6 epimer of 
tosylate 44 has been reported,34 a similar attempt with 
44 failed. All efforts at elimination from 44 were unsuc- 
cessful. Reversal of the configuration at C-6, however, 
was possible by treatment of alcohol 43 with diiodotriph- 
enylphosphorane in refluxing toluene to afford iodide 49 
in 93% yield.39 The stereochemical assignment of 49 was 
corroborated through lH-'H decoupling and 2-D NOESY 
experiments (Figure 2). For example, the IH NMR 
spectrum of 49 demonstrated H-6 as a ddd with J6,5endo 

= 7.6 Hz, J6,5exo = 3.8 Hz, and J6,7anti = 1.8 HZ (W- 

(39) (a) Sardina, F. J.; Howard, M. H.; Morningstar, M.; Rapoport, 
H. J. Org. Chem. 1990,55, 5025. A mechanistic study on this reaction 
is presented in (b) Garegg, P. J.; Regberg, T.; Stawinski, J.; Stromberg, 
R. J. Chem. SOC. Perkin Trans. 2 1987, 271. 
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Scheme 6. Preparation of Cyclopentane 22 
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coupling). The assignment was strengthened further by 
2-D NOESY experiments demonstrating that H-Gendo 
showed significant cross peaks to the benzyl methylene 
and aromatic CH moieties; whereas Hdexo showed a 
cross peak to H-7syn. The lack of a cross peak of H-Gendo 
to either H-7endo or H-7syn was also supportive. As 
expected, the dehydrohalogenation of iodide 49 with DBU 
in refluxing xylenes gave olefin 60 in a notable 98% 
yield.40 Reductive debenzylation of the amide moiety of 
49 using N m H 3  in the presence of tert-BuOH, however, 
produced a multitude of p r o d u ~ t s . ~ ~ , ~ ~  

Since N-benzyl olefin 60 appeared unsuitable, the 
p-methoxybenzyl (PMB) olefin analogue 61 was prepared 
from silyl ether 39, as the PMB-amide moiety can be 
removed under a variety of mild oxidative  condition^.^^ 
Alkylation of the sodium salt of 40 withp-methoxybenzyl 
bromide in the presence of TBAI provided an alternative 
preparation of 39 in 98% yield. Desilylation of 39 using 
TBAF,2'j treatment of the resulting alcohol 62 with 
diiodotriphenylphosphorane in refluxing toluene,39 and 
dehydrohal~genation~~ of the iodide 63 afforded olefin 61 
in a 93% overall yield from 39. Although standard 
hydride abstraction methods failed to remove the PMB- 
protecting moiety of 61,37,41 success was realized through 
an oxidation-hydrolysis sequence using CAN in 2/1, CH3- 
CN-HZO,~~ and a following treatment of the product 
mixture containing 63 with (BOC)20 in pyridine/4- 
DMAP32 gave pure 9 in 59% overall yield from 61. 

Reduction of imide 9 with methanolic sodium boro- 
hydride afforded alcohol 55 in 93% yield.33 No epimer- 
ization of the intermediate aldehyde had occurred under 
these reaction conditions. Corroboration of the cis-1,4- 
relationship between the C-1 carbamate and C-4 hy- 
droxymethyl substituents of 66 was provided through the 

(40) Hart, D. J.; Mckinney, J. A. Tetrahedron Lett. 1989, 2611. 
(41 )  Greene, T. W.; Wuts, P. G. In Protective Groups in Organic 

(42) Yamura, M.; Suzuki, T.; Hashimoto, H.; Yoshimura, J.; Oka- 
Synthesis, 2nd ed.; Wiley: New York, 1991; p 401. 

moto, T.; Shin, C. BuZ1. Chem. SOC. Jpn. 1986, 58, 1413. 
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use of a 2-D NOESY experiments (Figure 2). Significant 
NOESY cross peaks were observed between Hl-H5a, H4- 
H5a, and H-5b to the protons of the hydroxymethyl 
substituent at C-4; whereas, no correlation was observed 
between H-5b and H-1. In addition a small cross peak 
was observed between H-1 and H-4. Thus, the desired 
cis-relationship of the carbamate and alcohol moiety of 
66 was maintained through the reduction sequence. 
An additional route to 66 allows the possibility of 

preparing numerous olefin-substituted analogues, though 
the overall yield of this sequence was substantially lower 
(Scheme 5). This sequence uses alcohol 62 as the starting 
point. Oxidation of alcohol 62 gave ketone 66 in 98% 
yield. Conversion of this ketone to vinyl triflate analogue 
67 proved most problematic, however, due to the insta- 
bility of the triflate moiety. Trapping of the lithium 
enolate of 66 with N42-pyridy1)triflamide gave the best 
results with the formation of enol triflate 67 in -40% 
yield. Trapping of the lithium or potassium enolate of 
66 with PhN(M2 gave only a 20% yield of 67. Reduction 
of 67 under standard conditions [Pd(PPh&(OAc)z/HCOzW 
n-Bu3N/DMF] gave olefin 61 in 39% yield.43 

Presumably, this alternative route could provide new 
olefin-substituted analogues through standard vinyl tri- 
flate coupling processes;44 however, this avenue was left 
unexplored. More obvious paths to olefin 62 proceeding 
through the base induced45 elimination of tosylhydrazone 
68 (prepared in -100% yield by condensation of (p- 
tosy1sulfonyl)hydrazine with 66 in the presence of cata- 
lytic mineral acid) or pyrolysis46 of thionocarbonate 
analogue 69 (prepared in 98% yield by treatment of 56 
with p-cresol thionoformate in the presence of 4-DMAP) 
were unsuccessful. 

Formation of a Symmetrical Intermediate and 
Determination of Enantiomeric Ratios. In order to 
determine whether any racemization had occurred during 
the titanium homoenolate [3 + 31-coupling reaction, the 
enantiomeric purity of alcohol 43 was determined. To 
minimize the possibility of enantiomeric enrichment 
during purification after the [3 + 31-coupling reaction, 
recrystallization was not used as a purification method 
in the preparation of 43. The enantiomeric ratio (er) of 
alcohol 43 was determined by derivatization of 43 with 
(R)-1-phenethyl isocyanate and racemic (R/S)-1-phen- 
ethyl i~0cyanate.l~ The corresponding carbamates were 
then each subjected to HPLC analysis to establish 
detection limits; the er was determined to be >100/1. 
Thus, no racemization had occurred during manipulation 
of serinal 17 or the [3 + 31-coupling reaction. 

In the synthesis leading to olefin 66, another potential 
racemization pathway is through formation of a sym- 
metrical charged intermediate due to the equilibration 
of iodides 49/63 during the iodination andor dehydro- 
halogenation reactions as shown in Figure 3. Determi- 
nation of the er of olefin 66 should demonstrate whether 
stereochemical integrity was maintained during these 
crucial reactions. Although treatment of 66 with Wl- 
phenethyl isocyanate and racemic (R/S)-1-phenethyl iso- 

(43) (a) Paquette, L. A.; Meister, P. G.; Friedrich, D.; Saurer, D. R. 
J .  Am. Chem. SOC. 1993, 115, 49. (b) Comins, D. L.; Dehghani, A. 
Tetrahedron Lett. 1992, 33, 6299. 
(44) (a) Oh-e, T.; Miyaura, N.; Suzuki, A. J.  Org. Chem. 1993, 58, 

2201. (b) Stille, J. K. Angew. Chem., Int. Ed. Engl. 1986,25, 508. 
(45) Kawabata, T.; Grieco, P. A.; Sham, H.-L.; Kim, H.; Jaw, J. Y.; 

Tu, S. J. Org. Chem. 1987, 52, 3346. 
(46) Preparation of thionocarbonates: Robins, M. J.; Wilson, J. S.; 

Hannske F. J. Am. Chem. SOC. 1983,105,4059. Pyrolysis procedure: 
Paquette, L. A.; Leone-Bay, A. J. Am, Chem. SOC. 1983, 105, 7352. 
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not proceed to completion even after multiple treatments. 
This lack of reactivity was overcome by using the pen- 
tafluorophenyl ester of MTPA. This C~F5-ester was 
prepared conveniently in approximately 8045% overall 
yield through the coupling of MTPA in the presence of a 
3-fold excess of pentafluorophenol,sO followed by standard 
extractive isolation, filtration through silica gel (eluting 
with hexanes), and recrystallization from hexanes. Cou- 
pling of the highly crystalline R- and S-form of the 
MTPA-CGF~ ester (150-170 mol %) with 47 and dZ-55 in 
the presence of 340 mol % of 4-DMAP in acetonitrile gave 
the corresponding MTPA esters rapidly in essentially 
quanitative yield. The isolation from these reactions was 
simple and consisted of washing with mild base to remove 
pentafluorophenol, removing excess reagent by a hexane 
filtration through silica gel, and eluting the products from 
the silica gel with ethyl acetate. 

Integration of the 'H and 19F NMR resonances of the 
reaction of the MTPA-C6F5 ester (R-form) with dl-55 
produced, as expected, a 111 mixture of diastereomeric 
esters. Analysis of the lH decoupled 19F NMR resonances 
of the 2-trifluoromethyl group of the esters, resulting 
from the coupling of the R- and S-MTPA-CGF~ esters with 
47, established an er >100/1, after a doping study.51 
Thus, the enantiomeric integrity of the fluoro analogue 
had been maintained during and aRer this crucial 
inversion sequence in sharp contrast to iodides 49/53. 
Whether the stronger C-F bond andor the lower reac- 
tion temperature prevented the formation of a sym- 
metrical intermediate, is unknown. 

Synthesis of Cyclopentene 68, HCl Salt of 12. 
Since the vinyl triflate route produced cyclopentene 12 
in unacceptable yield, an alternative synthetic route 
(Scheme 6) was examined in which incorporation of the 
A2y3-olefinic moiety would be postponed until aRer the 
reductive ring opening of the N-BOC-azabicyclo[2.2.11- 
heptane function of 10. An elimination sequence involv- 
ing the secondary hydroxyl of an analogue of 42 was 
chosen that should completely preclude the formation of 
a symmetrical intermediate through avoidance of inver- 
sion of the 2-(S) configuration of 60. 

Treatment of primary alcohol 41 with MOMCl in the 
presence of DIEA gave 60 with differentially protected 
primary- and secondary-alcohols in 94% yield, setting the 
stage for incorporation of the A2v3-double bond. Fluoride 
mediated cleavage of the silyl ether of 60, followed by 
mesylation of the resulting alcohol 61, gave 62 in 
quantitative yield. Attempts at elimination from mesy- 
late 62 using sodium methoxyethoxide in DMF at 0 "C 
produced three olefins: a 4/1 mixture of the A1*2/A1,5 (111 
mixture) and A2s3-olefinic products, 63 and 64, respec- 
tively. Since a 9-Pf analogue of 62 has been shown to 
eliminate only to the A2,3-olefin under identical condi- 
tions, this result further confirms the profound directing 
influence of the 9-Pf moiety.14 A KOBut induced elimina- 
tion of the mesylate 62 in DMSO at room temperature 
produced solely 63. 

An initial attempt to promote a syn-elimination of the 
secondary hydroxyl of 61 through use of the Burgess 
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Figure 3. Postulated symmetrical intermediate. 

cyanate gave the corresponding carbamates which proved 
inseparable by HPLC analysis,15 the reaction of 55 with 
Mosher's acid (MTPA), EDC, and 4-DMAP allowed de- 
termination of an er of 72/28 through 'H NMR analyses 
of the resulting olefinic ester resonan~es.~' This result 
was confirmed by (a) derivatization of alcohol 55 with 
(R) and (R,S)-N-(phenylsulfonyl)proline,48 and (b) through 
chiral GC assay of N-BOC imide 9.49 

A final piece of supporting evidence for the existence 
of the symmetrical intermediate came through determi- 
nation of the enantiomeric composition of olefin 52, 
emanating from the vinyl triflate route. Chiral GC assay 
of N-BOC imide 9 derived from this olefin revealed only 
a single enantiomer (er > 10Ol1). Evidently, the forma- 
tion of a symmetrical intermediate via the iodides plays 
a signifiant, though not exclusive, role. 

Also, it has been reported34 that the C-6 epimer of 
tosylate 44 undergoes substitution with phenoxide ion 
under solvolytic conditions with complete retention of 
configuration. Although in this case it was hypothesized 
that the symmetrically charged intermediate shown in 
Figure 3 may have played an exclusive role, neither the 
racemic nature of the starting material nor the low mass 
balance was considered. The loss of enantiomeric purity 
in the present study provides more credible support for 
involvement of this achiral intermediate in this reaction 
type. 

The EDC-coupling reaction of MTPA with olefin 55 
required multiple treatments, although the ester was 
afforded cleanly.47 The reaction of fluoro analogue 47 
(prepared in 90% yield by treatment of HC1 salt 48 with 
(BOC)zO/DIEA), however, was even more sluggish and did 

(47) Use of a long relaxation delay or normal PW (RD = 0 )  in 
acquiring the 'H NMR spectra gave identical results. Dale, J .  A,; Dull, 
D. L.; Mosher, H. S. J .  O g .  Chem. 1969, 34, 2543. 

(48) Maurer, P. J.; Takahata, H.; Rapoport, H. J .  Am. Chem. SOC. 
1984, 106, 1095. 

(49) Chiral GC analyses were performed with a J&W Cyclodex-B 
cyclodextrin column by comparison of rac-9 [prepared from treatment 
of rac-54 (Aldrich) with (BOC)20/4-DMAP/pyridinel and imide 9 
prepared through our method. Thermal cleavage of the N-BOC moiety 
was a major event; however, the measured er, 72/28, was identical 
with the MTPA and proline ester analogues of alcohol 66. 

(50) Bodansky, M.; Bodansky, A. The Practice of Peptide Synthesis; 
Reactivity and Structure Concepts in Organic Chemistry; Springer- 
Verlag: New York, 1984; Vol. 21, p 122. 

(51) Use of a long relaxation delay, normal PW (RD = 0) or lH 
decoupling in acquiring 19F NMR spectra gave identical results. For 
the doping study, a 1% dope of the (SI-MTPA ester of 47 added to the 
R-ester of 47 gave a 1% increase in the integration of the minor 
diastereomer demonstrating the sensitivity of the method. 
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Scheme 6. Preparation of 68, the HCl Salt of 12 
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reagent52 failed. Also, although the reaction of 61 with 
thiocarbonyl diimidazole proceeded uneventfully to afford 
imidazolide 65 in 91% yield, distillative pyrolysis (25 - 
200 "C; 12 mmHg) produced a 4.511 mixture of cyclic 
thiocarbamate 66 and desired olefin 64 with no detection 
of 63. 

We then turned to the thiocresol carbonate analogue 
67, which was prepared using p-cresyl chlorothionofor- 
mate in CH&N/.Q-DMAP in 77% yield, along with 15% 
of 66. Distillative pyrolysis (25 - 200 "C; 12 mmHg) 
afforded the desired olefin 64 isolated as its N-BOC 
derivative in 87% yield. Hydrolysis of 64 with 2 M HCY 
MeOH gave pure hydrochloride salt 68 in quanitative 
yield (95% based on a single recrystallization from Eb0- 
MeOH). A vapor diffusion recrystallization of a small 
portion of this material produced crystals of X-ray quality 
(Figure 41, providing proof not only of the structure, but 
also the absolute p on figuration.^^ This hydrochloride salt 
exists in a H-bonded network with two molecules per unit 
cell and shows a 22" puckering of the cyclopentene ring 
from planarity. When stored free of moisture at 24 "C, 
it is stable for long periods, in contrast with the noted 
instability of the free base ~ o F ~ . ~ ~ ~ J ~  

In order to assess the enantiomeric purity of crude 68, 
it was converted to N-BOC derivative 55 and treated with 
the R-MTPA-CsF5 ester. The MTPA ester of 65 was 
formed in quantitative yield and showed an er >100/1, 
using a doping Thus, the HC1 salt of 12, alcohol 
68, has been prepared enantiomerically pure, constitut- 
ing a formal chirospecific synthesis of carbovir ( l).55 

(52) Burgess, E. M.; Penton, H. R., Jr.; Taylor, E. A. J. Org. Chem. 
1973, 38, 26. 

(53) The authors have deposited atomic coordinates for 4 and 12.HC1 
with the Cambridge Crystallographic Data Centre. The Coordinates 
can be obtained on request from the Director, Cambridge Crystal- 
lographic Data Centre, 12 Union Road, Cambridge, CB21EZ, U. K. 

(54) The doping experiment consisted of adding 1% of the mixture 
resulting from the reaction of d,l-55 with (R)-MTPA-CsFs ester to the 
crude ester derived from the reaction with 55, formed via the 
pyrolysis-hydrolysis-(BOC)zO sequence. Analysis of the 'H coupled 
19F NMR signals were used to determine an er > 200/1. 

68 

n 

Figure 4. Structure of 68, the HC1 salt of (1R,4S)-l-amino- 
4-(hydroxymethyl)-2-~yclopentene (121, as determined by X-ray 
crystallography. 

Formal Chirospecific Syntheses of Mannono- 
lactam, Deoxymannojirimycin, and Prosopinone 
through Tribenzyl Lactam 69. A variation in the 
synthetic pathway to the carbocyclic nucleosides precur- 
sors allowed improved and expedient access to 69 used 
in the racemic syntheses55 of D-mannonolactam, deoxy- 
mannojirimycin, and prosopinone, providing a formal 
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Scheme 7. Formal Asymmetric Syntheses of 
d-Mannonolactam, Deoxymannojirimycin,  and 

Prosopinone via Tribenzyl Lactam 69 

Campbell e t  al. 

(multiplicity determined from DEFT). 19F spectra were ref- 
erenced to the racemate of compound 45 as reported.37 
Solvents were dried and purified prior to use: THF and 
xylenes were distilled from sodium metal; CH2C12, DMF, DMA, 
toluene, hexanes, and pyridine were distilled from CaH2. 
Reactions requiring an inert solvent were conducted under Ar 
or N2. After extractive isolation, the organic phase was dried 
over MgS04 unless otherwise noted and evaporated under 
reduced pressure. Chromatography was carried out using 
230-400 mesh silica gel. The width of the column cor- 
responded to the amount of of silica gel used in the separa- 
tion: (a) 1.6 cm width, 0-20 g silica; (b) 3 cm width, 20-90 g; 
(c) 5-cm width, 90-360 g; (d) 8-cm width, 360-500 g. HPLC 
analyses were conducted on a 4.6 x 250 mm-5 pm Microsorb 
SI normal-phase silica column, monitoring at 254 nm. El- 
emental analyses were determined by Microanalytical Labo- 
ratories, University of California at Berkeley. 
N-(9-Phenyl-9-fluorenyl)-D-serine Isoxazolidide 0- 

Benzyl Ether (15). A solution of 41.9 g (104 mmol) of alcohol 
1418" in 350 mL of THF was treated with NaH (3.96 g, 157 
mmol) a t  rt and the resulting suspension stirred for 5 min. To 
this mixture was added 386 mg (1.04 mmol) of TBAI, followed 
by 12.8 mL (108 mmol) of benzyl bromide. The suspension 
was stirred for 24 h, and 12 mL of glacial AcOH was added 
slowly, followed by 180 mL of water. The aqueous solution 
was extracted with EtOAc (2 x 300 mL), and the organic layers 
were combined, washed with 100 mL of saturated aqueous 
NaHC03 solution, dried, and evaporated. The residue was 
chromatographed (300 g of silica gel, eluting with 30% EtOAd 
hexane) to afford 49.8 g (97%) of benzyl ether 15 as a white 
solid, A portion was recrystallized from 30% EtOAchexane 
to provide an analytical sample: mp 94 "C; [aI2O~ +169" (c  1.5, 
CHC13); IR (CHzC12) 3035, 1640 cm-'; 'H NMR 6 1.82 (s, lH), 
1.95 (s, lH), 2.70 (s, lH), 3.23 (s, lH), 3.34 (s, lH), 3.51 (s, 
lH), 3.53 (me, 3H), 4.4 (me, 2H), 7.15-7.38 (m, 13H), 7.38 (d, 
J = 7.1, 3H), 7.66 (t, J = 7.8, 2H); 13C NMR (two doublets of 
ArH obscured) 6 26.69 (t), 42.71 (t), 52.45 (d), 68.12 (t), 72.83 
(t), 73.02 (s), 73.30 (t), 119.38 (d), 119.60 (d), 125.45 (d), 126.00 
(d), 126.83 (d), 126.99 (d), 127.25 (d), 127.35 (d), 127.91 (d), 
128.07 (d), 128.10 (d), 128.17 (d), 138.36 (s), 139.63 (s), 141.27 
(s), 144.61 (s), 149.42 (s), 149.77 (s), 173.17 (s). Anal. Calcd 
for C32H30N203: C, 78.3; H, 6.2; N, 5.7. Found: C, 78.4; H, 
6.4; N, 5.8. 

2(R)-[ (9-Phenyl-9-fluorenyl)aminol-3-(benzyloxy)pro- 
panal (17). To a rapidly stirring suspension of 787 mg (20.7 
mmol) of LiAlH4 in 120 mL of THF cooled to -5 "C was added 
a solution of 9.60 g (19.6 mmol) of acylisoxazolidide 15 in 80 
mL of THF cooled to 0 "C over a 5 min period. The slurry 
was stirred for 40 min, 2.5 mL of water was added dropwise, 
9.6 g of KHS04 dissolved in 48 mL of water was then added, 
and the mixture was warmed to rt. The mixture was stirred 
for an additional 10 min and partitioned between 600 mL of 
Et20 and 125 mL of 1 M NaH2P04, and the aqueous layer was 
washed with Et20 (100 mL). The organic layers were com- 
bined, washed with 125 mL of water and 125 mL of brine, 
dried, and evaporated. The residue was chromatographed (300 
g of silica gel, eluting with 20% EtOAdhexane) to afford 8.18 
g (99%) of the aldehyde 17 as a colorless oil: IR (CHzC12) 3038 
(br), 1725 cm-'; 'H NMR 6 2.79 (t, J = 5.1, lH, CHN), 3.24 
(dd,J=9.6,5.6,1H),3.39(s,lH),3.55(dd,J=9.7,5.1,1H), 
4.34 (s, 2H), 7.10-7.34 (m, 14H), 7.48 (dd, J = 7.9, 6.5, 2H), 
9.48 (d, J =  1.0, 1H); 13C NMR 6 61.72 (d), 69.95 (t), 72.77 (s), 
72.97 (t), 119.92 (d), 119.98 (d), 125.13 (d), 125.36 (d), 126.12 
(d), 127.27 (d), 127.56 (d), 127.69 (d), 127.95 (d), 127.98 (d), 
128.29 (d), 128.34 (d), 128.47 (d), 128.68 (d), 137.64 (51, 140.43 
(s), 140.56 (s), 144.27 (s), 148.84 (SI, 149.36 (s), 203.01 (5). 
HRFABMS Calcd for C2&6N02 (M + HI': 420.1968. 
Found: 420.1964. 

Preparation of (55)-5-[( 1R)-l-[(9-Phenyl-9-fluorenyl)- 
amino]-2-(benzyloxy)ethyl]dihydrofuran-2(3H)sne (anti- 
Lactone 4) from Titanium Homoenolate 22B. The iodozinc- 
homoenolate 26 was prepared by stirring 9.60 g (37.5 mmol) 
of tert-butyl 3-iodopropionate, 3.82 g (58.7 mmol) of freshly 
prepared Zn-Cu couple, 62 mL of toluene, and 6 mL of DMA 
under a nitrogen atmosphere (1 h at rt, 4 h at 80 "C). The 
mixture was cooled to rt and the excess Zn-Cu couple allowed 
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0 NaH 0 

1 
OH 
30 
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69 7-steps total 
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er > 1 00: 1 

chirospecific synthesis of these polyhydroxylated pip- 
eridines (Scheme 7). The strategic intermediate 69 for 
the  target molecules was prepared in 94% yield simply 
through N,O-dibenzylation of the  corresponding lactam 
alcohol 30, resulting from the hydrogenation-cyclization 
sequence of lactone 4. In this way, intermediate 76 was 
prepared enantioselectively (er > 100/1) in seven steps 
and 42% overall yield from D-Serine (3).56 

Conclusion 

We report a titanium homoenolate [3 + 31-coupling 
method for the preparation of the HCl salts of enantio- 
merically pure (LR,2S,4S)-l-amino-2-hydroxy-4-(hy~o~- 
methy1)cyclopentane (lo), (LR,2R,4S)-l-amino-2-fluoro- 
4-(hydroxymethyl)cyclopentane (111, and (LR,BS)-l-amino- 
4-(hydroxymethy1)-2-~yclopentene (121, precursors to car- 
bocyclic nucleosides. In t h e  determination of the  
enantiomeric ratios of the  target molecules, the highly 
lipophilic crystalline pentafluorophenyl ester of MTPA 
was used and had the major advantages over the acid 
chloride of purity, high reactivity, and simple removal 
of excess reagent. The titanium homoenolate coupling 
methodology developed also can be applied to the formal 
chirospecific syntheses of three polyhydroxylated alka- 
loids, D-mannonolactam, deoxymannojirimycin, and 
prosopinone. 

Experimental Section 
General. All melting points are uncorrected. NMR spectra 

were taken in CDCls and are referenced to TMS unless 
otherwise noted. I3C NMR data are recorded as chemical shift 

(55) Although 12 has been reported as a free base (refs l l c ,  13, and 
citations in ref 141, it was described as unstable and was not 
characterized. The only reported salts are the dibenzoyltartrate (ref 
13) and the trifluoroacetate (ref 14), precluding direct comparison. The 
NMR data reported in ref 14, however, are in close agreement with 
those of 68. 

(56) The synthesis of rac-69 in seven steps and 12% overall yield 
has been reported by Cook, G. R.; Beholz, L. G.; Stille, J. R. J. Org. 
Chem. 1994, 59, 3575. 
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to settle. To another reaction vessel were added 11 mL of 
toluene, 56 mL of CHzClz, and 5.53 mL (18.59 mmol) of Ti- 
( 0 i P r ) d .  The solution was cooled to -40 "C, and 2.04 mL (18.59 
mmol) of Tic14 was added dropwise. The resulting yellow 
solution was warmed to  rt, vigorously stirred for 15 min, and 
then recooled to -40 "C. To this solution was added the 
iodozinc-homoenolate solution via cannula (leaving solids 
behind), producing a dark red solution containing titanium 
homoenolate 22B. The resulting solution was stirred at -20 
"C for 5 min and then cooled to -40 "C. TO this mixture was 
added a solution of 7.80 g (18.6 mmol) of aldehyde 17 in 10 
mL of CHzClz at -50 "C via cannula, and the mixture stirred 
for 1 h, warmed to -20 "C over a 1 h period, stirred for 14 h, 
and then slowly warmed to rt over 3 h. The red solution was 
stirred 15 h, poured into a mixture of 50 mL of water, and 
extracted with 200 mL of EtOAc. A small amount of insoluble 
residue in the reaction mixture was dissolved in 10 mL of CH2- 
Clz and added to the aqueous layer, which was extracted with 
EtOAc (3 x 100 mL). The organic layers were combined, 
washed with brine (2 x 50 mL), dried, and evaporated. The 
resulting residue was chromatographed (350 g of silica gel, 
eluting with 30% EtOAhexane) to afford 400 mg (4%) of 
hydroxy ester 23 and 8.20 g (93%) of lactone 4 existing as a 
6.5/1 mixture of anti/syn diastereomers. 

A solution of 2.05 g of lactone 4 (6.511 antilsyn) in 22.5 mL 
of MeOWpetroleum ether/CHzClz 10/1/0.5 was gradually cooled 
to  0 "C over 6 h. The resulting slurry was filtered to afford 
1.50 g (69%) ofanti-4 (>98% pure). A similar recrystallization 
from the mother liquor afforded 300 mg (14%) of a 3/1 mixture 
of anti lsyn lactone 4. A solution of 10 mg of anti4 dissolved 
in 2 mL of 12% benzenehexane was left to slowly evaporate 
over 24 h to produce crystals of anti-4 suitable for X-ray 
analysis. 

Data for 6.7/1 mix of antilsyn-23: IR (CHzClz) 3500 (s), 
3410, 1723 cm-l; lH NMR 6 1.42 (s, 9H); 1.55-1.60 (m, 2H), 
1.60-1.70 (m, lH),  2.08 (m, 1.18H), 2.15-2.30 (m, 2H), 2.59 
(dd,J=9.5,4.0,0.82H),3.00(d,J=9.5, lH),3.1O(m,0.82H), 
3.29 (dd, J = 9.6, 4.8, 0.18H), 3.50-3.57 (m, lH), 4.14 (s, 
1.72H), 4.26 (s, 0.28H), 7.17-7.41 (m, 16H), 7.67 (dd, J =  7.5, 
lH), 7.71 (dd, J = 7.5, 1H); 13C NMR (some ArH doublets 
obscured) 6 28.03 (q), 28.52 (t), 28.68 (t), 31.83 (t), 32.53 (t), 
55.54(d), 56.15(d), 69.16(t), 69.23(t), 71.16(d), 71.99 (s), 72.29 
(d), 72.70 (t), 72.91 (t), 79.84 (s), 79.91 (s), 119.75 (d), 119.89 
(d), 119.91 (d), 124.76 (d), 125.27 (d), 125.65 (d), 125.92 (d), 
125.96 (d), 127.09 (d), 127.56 (d), 127.59 (d), 127.62 (d), 127.69 
(d), 127.92 (d), 128.15 (d), 128.23 (d), 128.29 (d), 128.31 (d), 
128.35 (d), 137.85 (s), 137.94 (s), 139.86 (s), 139.91 (s), 140.53 
(s), 140.66 (s), 144.92 (s), 145.14 (s), 148.45 (s), 149.23 (s), 
150.36 (s), 151.35 (s), 173.12 (s), 173.23 (s). Anal. Calcd for 
C36H39N04: C, 78.6; H, 7.1; N, 2.6. Found: C ,  78.2; H, 7.1; N, 
2.5. 

Selected Data for syn-4 'H NMR (CsDs) 6 2.78 (dd, J = 
9.5, 7.2, lH, BnOCH), 4.26 (dt, J = 6.6, 3.8, lH,  lactone CHI. 
Data for anti-4: mp 130 "C; [aIz0~ -247.3" (c 1.0, CHCl3); IR 
(CHzClz) 3313,1770 cm-'; 'H NMR ( c a s )  6 1.58-1.84 (m, 3H), 
1.88-1.96 (m, lH), 2.20 (m, lH), 2.37 (dd, J = 9.4, 4.0, lH), 
2.64(s , lH) ,3 .14(dd,J=9.4 ,  1.5,1H),3.86(d,J= 11.6, lH), 
3.90 (d, J = 11.6, lH), 4.08 (9, J = 7.1, lH), 6.91-7.20 (m, 
13H), 7.29 (d, J = 7.3, lH), 7.37 (d, J = 7.4, lH), 7.41-7.45 
(m, 3H); lH NMR (CDC13) 6 2.18-2.30 (m, 2H), 2.36-2.48 (m, 
3H), 2.54 (dd, J =  9.4, 3.9, lH), 2.83 (s, lH),  3.17 (dd, J =  9.4, 
1.4, lH), 4.16 (d, J = 11.5, lH), 4.24 (d, J = 11.5, lH), 4.49- 
4.53 (m, lH), 7.20-7.28 (m, 8H), 7.31-7.38 (m, 5H), 7.41- 
7.47 (m, 3H), 7.68 (d, J = 7.5, lH), 7.73 (d, J = 7.6, 1H); 13C 
NMR (1 ArH doublet obscured) 6 25.16 (t), 28.62 (t), 55.19 (d), 
68.18 (t), 72.33 (s), 72.73 (t), 80.59 (d), 119.99 (d), 124.87 (d), 
125.90 (d), 126.07 (d), 127.20 (d), 127.64 (d), 127.68 (d), 127.74 
(d), 127.90 (d), 128.22 (d), 128.32 (d), 128.43 (d), 128.48 (d), 
138.03 (s), 140.03 (s), 144.94 (s), 148.35 (s), 151.13 (s), 177.48 
(s). Anal. Calcd for C32HzgN03: C, 80.8; H, 6.1; N, 3.0. 
Found: C, 81.1; H, 6.0; N, 3.1. 
(5S,6R)-5-Hydroxy-6-benzyloxymethyl-2-piperidi- 

none (6.511, antilsyn-30 from 6.511, antilsyn-4). To a 
solution of 4 ( 6 3 1 ,  antilsyn, 7.83 g, 16.5 mmol) in 350 mL of 
40% THFMeOH, was added 1.65 g of 10% Pd-C. The 
resulting slurry was degassed and then stirred under a balloon 
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of hydrogen for 26 h. The slurry was degassed under nitrogen 
and filtered through Celite, and the Celite pad was washed 
with an additional 400 mL of MeOH and 50 mL of CH2Clz. 
The solvent was removed through distillation at atmospheric 
pressure at which time all of the intermediate amino lactone 
4A was no longer present. The residue was chromatographed 
(100 g of silica gel, eluting with CHzClz - 2.5% MeOWCHz- 
Clz) to afford 3.79 g (98%) of 6.5/1, antilsyn-30 as a colorless 
oil. Selected data for syn-30: 'H (C6Ds) 6 1.07-1.18 (m, 
lH), 2.07-2.17 (m, lH), 2.47-2.57 (m, lH), 6.32 (s, 1H). 

(5S,6R)-S-Hydroxy-6-[ (benzyloxy)methyll-2-piperidi- 
none (anti-30 from anti-4). Applying the procedure de- 
scribed above for preparing alcohol 30, 3.20 g (6.73 mmol) of 
anti-4 afforded 1.52 g (96%) of pure anti-30 mp 76-77 "C; 
[aIz0~ +23.8" (c 1.2, CHCl3); IR (CH2C12) 3588,3378,1658 cm-'; 
lH NMR 6 1.79-1.90 (m, lH), 1.93-2.01 (m, lH), 2.30 (ddd, J 
=17.7,10.1,6.3,1H),2.46(dt,J=17.7,5.5,1H),3.40~t,J~ 
8.8, lH), 3.48 (9, J = 7.4, lH), 3.63 (s, lH,  OH), 3.68 (dd, J = 
8.9, 4.5, lH), 3.69-3.75 (m, lH), 4.52 (s, 2H), 6.35 (s, lH), 
7.27-7.36 (m, 5H); 13C NMR 6 28.06 (t), 28.40 (t), 58.02 (d), 
66.30 (d), 71.92 (t), 73.44 (t), 127.69 (d), 1227.93 (d), 128.47 
(d), 137.28 (s), 171.60 (8). Anal. Calcd for C13H1'1N03: C, 66.4; 
H, 7.3; N, 6.0. Found: C, 66.0; H, 7.3; N, 5.8. 

(SS,GR)-S-[ (tert-Butyldimethylsilyl)oxyl-6-[~nzyloxy~- 
methyl]-2-piperide (anti-32 from anti-30). To a solu- 
tion of 1.48 g (6.27 mmol) of anti4 in 37 mL of DMF was added 
2.99 g (43.9 mmol) of imidazole, followed by 3.78 g (25.1 mmol) 
of TBDMSC1. The solution was stirred for 15 h and partitioned 
between 200 mL of 1/1 Et2O/petroleum ether and 50 mL of 
water. The water layer was washed with EtzO/petroleum 
ether ( l / l ,  3 x 100 mL). The combined organic layers were 
washed with 200 mL of brine, dried, and evaporated. The 
residue was chromatographed over 75 g of silica gel (eluting 
with 45% EtOAhexane) to afford 2.01 g (92%) of anti-32 as 
a colorless oil: [aI2O~ +38.7" (c 1.3, CHC13); IR (CHzC12) 3385, 
1663 cm-l; 'H NMR 6 0.04 (s, 3H), 0.06 (s, 3H), 0.86 (s, 9H), 
1.77-1.84 (m, lH), 1.86-1.92 (m, lH), 2.30 (ddd, J = 17.8, 
9.5,6.2,1H),2.51(dt,J=17.8,5.8,1H),3.32(t,J=8.7,1H), 
3.47 (m, lH),  3.61 (dd, J = 9.0, 3.9, lH), 3.72, (ddd, J =  10.3, 
6.5, 3.6, lH), 4.49 (d, J = 11.8, lH), 4.53 (d, J = 11.8, lH), 
6.21 (s, lH), 7.27-7.36 (m, 5H); 13C NMR 6 -5.03 (q), -4.44 
(q), 17.79 (s), 25.57 (q), 28.27 (t), 28.45 (t), 58.70 (d), 66.53 (d), 
71.36 (t), 73.31 (t), 127.65 (d), 127.80 (d), 128.39 (d), 137.41 
(s), 171.02 (8). Anal. Calcd for C19H31SiN03: C, 65.3; H, 8.9; 
N, 4.0. Found: C, 65.1; H, 9.1; N, 4.1. 

(SS,GR)-5-[(tert-Butylyldimethy~ilyl)oxyl-6-[~nzyloxy~- 
methyll-2-piperidinone (anti-32 from 6.711 antilsyn-30). 
Applying the procedure described above for the preparation 
of anti-32,3.77 g (16.0 mmol) of a mixture of anti/syn-30,6.5/ 
1, was converted to anti-32. Chromatography of the crude 
reaction mixture over 450 g of silica gel (eluting with 50% 
EtOAhexane) afforded 4.32 g (77%) of anti-32 as a colorless 
oil, followed by 650 mg (12%) of 1.5/1 synlanti-32. 

(5S,6R)-l-Benzyl-5-[ (tert-butyldimethylsilyl)oxyl-6- 
[(benzyloxy)methyl]d-piperidinone (34). To a solution of 
4.29 g (12.3 mmol) of 32 in 45 mL of THF was added 486 mg 
(20.25 mmol) of NaH. The slurry was stirred for 15 min and 
a solution of 1.57 mL (13.3 mmol) of neat benzyl bromide was 
added, followed by 72 mg (0.19 mmol) of TBAI. The mixture 
was stirred for 42 h, 1 mL of tert-BuOH added, followed by 
the slow dropwise addition of 1.5 mL of water. The aqueous 
solution was extracted with CHzClz (4 x 80 mL). The organic 
extracts were combined, washed with 75 mL of brine, dried, 
and evaporated. The residue was chromatographed (250 g of 
silica gel, eluted with 35% EtOAdhexanes) to afford 5.32 g 
(99%) of benzyl amide 34 as a pale yellow oil: [aIz0~ +28.6" (c  
1.3, CHCl3); IR (CH2C12) 1645 cm-l; lH NMR 6 -0.07 (s, 3H), 
0.03 (s, 3H), 0.83 (s, 9H), 1.72-1.80 (m, lH), 1.94-2.04 (m, 
lH), 2.39 (ddd, J = 17.8, 6.4, 2.4, lH), 2.73 (ddd, J = 17.8, 
11.6, 7.0, lH), 3.38 (dd, J=  14.5, 7.5),3.38-3.43 (m, lH), 3.56 
(dd, J = 14.5, 8.2, lH), 3.93 (d, J = 15.3, lH), 4.18 (m, lH), 
4.43 (d, J = 12.1, lH), 4.50 (d, J = 12.1, lH), 5.40 (d, J = 15.3, 
lH), 7.21-7.44 (m, 10H); 13C NMR 6 -5.03 (q), 17.88 (s), 25.16 
(t), 25.65 (q), 27.04 (t), 47.66 (t), 62.29 (d), 65.67 (d), 69.20 (t), 
73.18 (t), 126.96 (d), 127.47 (d), 127.75 (d), 127.80 (d), 128.37 
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(d), 128.41 (d), 137.13 (s), 137.58 (s), 170.08 (s). Anal. Calcd 
for C26H37N03Si: C, 71.0; H, 8.5; N, 3.2. Found: C, 71.3; H, 
8.5; N, 3.4. 
(SS,BR)-l-Beql-5-[ (tert-butyldhethylsilyl)oxyl-6-(hy- 

droxymethyl)-2-piperidinone (35). A solution of 4.40 g 
(10.0 mmol) of 34 in 48 mL of absolute ethanol was degassed 
under a nitrogen atmosphere, and 1.30 g of 10% Pd-C was 
added. The resulting slurry was degassed once more and then 
stirred under a balloon of hydrogen over 23 h. The slurry was 
degassed under a nitrogen atmosphere and filtered through 
Celite, and the Celite pad washed with 500 mL of CH2C12. The 
filtrate was evaporated to  afford 3.50 g (100%) of the primary 
alcohol 35 as a white solid which was taken directly into the 
next reaction without further purification. A small portion of 
alcohol 35 was chromatographed over a plug of silica gel 
(eluting with 2% MeOWCH2C12): mp 99-100 "C; [aI2O~ +49.6" 
(c 3.6, CHCl3); IR (CH2Clz) 3605, 3200-500 (br), 1635 cm-l; 
'H NMR 6 -0.08 (s, 3H), 0.02 (s, 3H), 0.82 (s, 9H), 1.75-1.81 
(m, lH), 2.10-2.20 (m, lH), 2.35 (ddd, J = 17.9, 6.7, 2.4, lH), 
2.69 (ddd, J =  17.8, 11.6, 6.9, lH), 3.23-3.30 (m, lH), 3.47 (s, 
lH), 3.58-3.70 (m, 2H), 4.00 (d, J = 15.4, lH), 4.16 (p, J = 
1.7, lH), 5.37 (d, J = 15.4, lH), 7.20-7.33 (m, 5H); I3C NMR 

47.63 (t), 61.19 (t), 64.30 (d), 66.06 (d), 127.13 (d), 127.62 (d), 
128.53 (d), 137.02 (s), 170.99 (9). Anal. Calcd for C19H31N03- 
Si: C, 65.3; H, 8.9; N, 4.0. Found: C, 65.1; H, 9.0; N, 4.0. 
(5S,BR)-l-@-Methoxybenzy1)-5-[ (tert-butyldimethyl- 

silyl)oxy]8-[ (benzyloxy)methyll-2-piperidinone (37). To 
a solution of 330 mg (0.0440 mmol) of 32 in 3.5 mL of THF 
was added 45.0 mg (1.89 mmol) of NaH. The slurry was 
stirred for 15 min, and a solution of 168 pL (1.18 mmol) of 
neatp-methoqbenzyl bromide42 was added, followed by 72 mg 
(0.016 mmol) of TBAI. The mixture was stirred for 21 h, and 
1 mL of tert-BuOH was added, followed by 100 mL of AcOH. 
After 5-10 min, water was added slowly dropwise and the 
mixture partitioned between 75 mL of CHzCl2 and 10 mL of 
water. The aqueous solution was extracted with CHzClz (2 x 
50 mL). The organic extracts were combined, washed with 
30 mL of brine, dried, and evaporated. The residue was 
chromatographed (75 g of silica gel, eluted with 30% - 50% 
EtOAdhexanes) to afford 430.3 mg (97%) ofp-methoxybenzyl- 
amide 37 as a pale yellow oil: [ a I z 0 ~  +33.1" (c 1.1, CHCL); IR 
(CHzClZ) 1638 cm-l; lH NMR 6 -0.11 (s, 3H), -0.01 (s, 3H), 
0.78 (s, 9H), 1.67-1.75 (m, lH), 1.89-1.99 (m, lH), 2.34 (ddd, 
J =  17.8,6.5,2.3, lH), 2.65 (ddd, J =  17.8, 11.7, 7.0, lH), 3.35 
(dd, J = 14.1, 7.9, 3.34-3.39 (m, lH), 3.52 (dd, J = 14.1, 8.0, 
lH), 3.75 (s, 3H), 3.80 (d, J = 15.0, lH), 4.10-4.14 (m, lH), 
4.41(d,J=12.1,1H),4.47(d,J=12.1,1H),5.30(d,J=15.0, 
1H),6.78 (d, J = 8.6, 2H), 7.12 (d, J = 8.6,2H), 7.23-7.37 (m, 

(q), 27.12 (t), 47.12 (t), 55.25 (q),62.01 (d), 65.62 (d), 69.25 (t), 
73.22 (t), 113.88 (d), 127.52 (d), 127.84 (d), 128.46 (d), 129.24 
(d), 129.34 (s), 137.66 (s), 158.76 (s), 170.04 (5). Anal. Calcd 
for Cz~H3gN04Si: C, 69.0; H, 8.4; N, 3.0. Found: C, 68.8; H, 
8.4; N, 3.3. 
(5S,6R)-l-(p-Methoxybenzyl)-5-[ (tert-butyldimethyl- 

silyl)oxy]-6-(hydroxymethyl)-2-pipe~&none (38). Ap- 
plying the procedure for preparing alcohol 35, 560 mg (1.19 
mmol) of benzyl ether 37 was converted to 453 mg (100%) of 
alcohol 38 as a white solid which was taken directly into the 
next reaction without further purification: mp 87-88 "C; [ U I ~ ~ D  
+62.8" (C 1.1, CHC13); IR (CH2C12) 3620, 3100-3500 (br),1640 
cm-'; 'H NMR 6 -0.10 (s, 3H), -0.01 (s, 3H), 0.78 (8, 9H), 
1.69-1.75 (m, lH), 2.12 (ddd, J = 16.1, 11.5, 6.5, lH), 2.31 
(ddd, J = 17.8, 6.3, 2.6, lH), 2.64 (ddd, J = 17.8, 11.6, 6.9, 
lH), 3.23-3.27 (m, lH), 3.56 (9, lH), 3.47 (s, lH), 3.64 (t, J = 
6.0, 2H), 3.75 (s, 3H), 3.93 (d, J = 15.1, lH), 4.12-4.14 (m, 
lH), 5.27 (d, J =  15.1, lH), 6.79(d, J =  8.6, 2H), 7.16(d, J =  

25.65 (q), 27.19 (t), 47.04 (t), 55.24 (q), 61.15 (t), 63.99 (d), 66.06 
(d), 114.00 (d), 129.08 (d), 129.18 (s), 158.83 (s), 170.85 (9). 
Anal. Calcd for C20H33N04Si: C, 63.2; H, 8.8; N, 3.7. Found: 
C, 62.9; H, 8.6; N, 3.6. 
(5S,6R)-l-Benzyl-5-[(tert-butyldimethylsilyl~o~l-6-(bro- 

momethy1)d-piperidinone (5). To a solution of 3.40 g (9.73 
mmol) of primary alcohol 35 and 4.52 g (13.6 mmol) of CBr4 

6 -4.99 (q), -4.97 (q), 17.91 (s), 25.56 (t), 25.68 (q), 27.12 (t), 

5H); I3C NMR 6 -5.03 (q), -4.96 (q), 17.90 (s), 25.15 (t), 25.66 

8.5, 2H); 13C NMR 6 -5.03 (q), -4.93 (91, 17.88 (91, 25.60 (t), 

Campbell e t  al. 

in 52 mL of CH2C12 at 0 "C was added a solution of 3.06 g 
(11.67 mmol) of PPh3 in 26 mL of CHzClz dropwise over a 5 
min period. The solution was warmed to rt over a 1 h period, 
stirred for an additional 13 h, and then evaporated. The 
residue was chromatographed (150 g of silica gel, eluted with 
25% EtOAdhexane) to  afford 3.73 g (93%) of bromide 5 as a 
white solid: [aI2O~ +27.7" (c 2.2, CHCl3); mp 78-79 "C; IR 
(CH2C12) 1641 cm-'; lH NMR 6 -0.04 (9, 3H), 0.05 (9, 3H), 
0.83 (s,9H), 1.78-1.87 (m, lH), 1.93-2.04 (m, lH), 2.42 (ddd, 
J =  17,9,6.3,3.8, lH), 2.74(ddd, J =  17.7, 10.7,6.8, lH), 3.21 
(dd, J = 10.8, 9.7, lH), 3.44 (dt, J = 9.3, 2.5, lH), 3.55 (dd, J 
= 10.8, 2.8, lH), 3.89 (d, J = 15.3, lH), 4.30 (p, J = 2.7, lH), 
5.46 (d, J = 15.3, lH), 7.23-7.33 (m, 5H); 13C NMR 6 -4.92 
(q), -4.89 (q), 17.86 (s), 24.87 (t), 25.66 (q),27.31 (t), 30.65 (t), 
47.45 (t), 63.27 (d), 65.36 (d), 127.39 (d), 127.85 (d), 128.65 
(d), 136.51 (s), 169.75 (5). Anal. Calcd for ClgH30N02BrSi: C, 
55.3; H, 7.3; N, 3.4. Found: C, 55.5; H, 7.2; N, 3.5. 
(SS,GR)-l-(p-Methoxybenzy1)-5-[ (tert-butyldimethyl- 

silyl)oxy]-6-(bromomethyl)-2-piperidinone (6). Applying 
the procedure for preparing alcohol 35, except that the reaction 
mixture was stirred for 22 h instead of 13 h, 425 mg (1.12 
mmol) of alcohol 38 was converted to 440 mg (89%) of bromide 
6: [a]zOD +32.0° (c 1.3, CHC13); mp 71-72 "C; IR (CHzClz) 1639 
cm-l. 'H NMR 6 -0.08 (s,3H), 0.01 (s,3H), 0.77 (s,9H), 1.71- 
1.80 im, 1H), 1.88-1.98 (m, lH), 2.36 (ddd, J =  17.8, 6.2, 3.8, 
lH), 2.66 (ddd, J = 17.8, 10.6, 6.9, lH), 3.17 (dd, J = 10.6, 
9.8, lH), 3.38 (dt, J = 9.4, 2.5, lH), 3.50 (dd, J = 10.9, 2.7, 
lH), 3.75 (s, 3H), 3.78 (d, J = 15.1, lH), 4.25 (p, J = 2.6, lH), 
5 .35(d,J=15.1,1H),6.80(d,J=8.6,2H),7.16(d,J=8.5,  
2H); I3C NMR 6 -5.00 (91, -4.97 (q), 17.75 (s), 24.73 (t), 25.55 
(q), 27.26 (t), 30.61 (t), 46.74 (t), 55.15 (q),62.85 (d), 65.17 (d), 
113.99 (d), 128.53 (s), 129.21 (d), 158.91 (SI, 169.57 (SI. Anal. 
Calcd for CzoH32SiN03Br: C, 54.3; H, 7.3; N, 3.2. Found: C, 
54.6; H, 7.2; N, 3.2. 

( 1R,4S,6S)-6-(tert-Butyldimethylsiloxy~-2-benzyl-2- 
azabicyclo[2.2.1]-3-heptanone (36). To a solution of KH- 
MDS (27.80 mL of a 0.92 M solution in THF, 25.58 mmol) in 
480 mL of THF cooled to -55 "C was added a solution of 5.26 
g (12.75 mmol) of bromide 5 in 190 mL of THF at rt at a rate 
such that the internal temperature stayed below -50 "C 
during the addition (15-20 min). The dark pink solution was 
warmed to  -35 "C gradually over 15 min, stirred 40 min, and 
warmed to rt over a 15 min period. The resulting cloudy pink 
solution was stirred for an additional 5 min, and then 745 pL 
(13.0 mmol) of glacial AcOH was added. The mixture was 
concentrated to 15 mL under reduced pressure, diluted with 
50 mL of water, and extracted with EtOAc (4 x 100 mL). The 
organic layers were combined, washed with 100 mL of brine, 
dried, and evaporated. The resulting residue was chromato- 
graphed (350 g of silica gel, eluted with 25% EtOAdhexane) 
to afford 4.17 g (99%) of bicyclic amide 36 as a colorless oil 
which slowly crystallized over several days to a white solid: 
mp 65-66 "C; [ a I z 0 ~  -81.3' (c 1.1, CHC13); IR (CHzClz) 1693 
cm-l; lH NMR 6 0.05 (8, 3H), 0.07 (s, 3H), 0.90 (5, 9H), 1.37 
(dt, J = 12.7, 3.1, lH), 1.39 (d, J = 9.8, lH), 1.74 (dddd, J = 
9.8, 1.5, 1.5, 1.5, lH), 2.15 (ddd, J =  12.8, 8.2, 4.4, lH), 2.73- 
2.77 (m, 1H), 3.55 (s, lH), 4.02 (d, J =  15.3, lH), 4.51 (dt, J =  
8.2, 2.6, lH), 5.12 (d, J = 15.3, lH), 7.22-7.33 (m, 5H); 13C 
NMR 6 -4.93 (91, -4.73 (91, 17.94 (s), 25.77 (ql35.08 (t), 38.43 

(d), 128.50 (d), 137.85 (s), 177.12 (9). Anal. Calcd for C19H29- 
NO&: C, 68.8; H, 8.8; N, 4.2. Found: C, 68.4; H, 9.0; N, 4.3. 
(1R,4S,6S)-6-(tert-Butyldimethylsiloxy)-2-~-methoXY- 

benzyl)-2-azabicyclo[2.2.1]-3-heptanone (39). Procedure 
A Applying the procedure for preparing bicyclic amide 36, 
418 mg (0.946 mmol) of bromide 6 was converted to 308 mg 
(90%) of bicyclic amide 39. 
Procedure B. Applying the procedure for preparing 37, 

878 mg (3.64 mmol) of secondary amide 40 was converted to 
1.29 g (98%) of PMB-amide 39 as a pale yellow oil: [aI2'~ 
-78.5" (c 2.0, CHC13); IR (CH2Clz) 1693 cm-'; 'H NMR 6 0.04 
(s,3H), 0.06 (s,3H), 0.89 (s, 9H), 1.30-1.36 (m, 2H), 1.70 (dm, 
J=9.8,1H),2.13(ddd,J=12.8,8.2,4.4,1H),2.72-2.74(m, 
1H), 3.52 (9, 1H), 3.77 (s, 3H), 3.94 (d, J =  15.1, 1H), 4.49 (dt, 
J = 8.2, 2.6, lH), 5.04 (d, J = 15.0, lH), 6.83 (d, J = 8.6, 2H), 
7.14 (d, J = 8.5, 2H); I3C NMR 6 -4.91 (q), -4.72 (91, 17.95 

(t), 45.96 (d), 46.87 (t), 62.06 (d), 75.04 (d), 127.15 (d), 127.82 
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(s), 25.79 (q), 35.08 (t), 38.51 (t), 46.03 (d), 46.24 (t), 55.20 (q), 
61.84 (d), 75.05 (d), 113.94 (d), 129.15 (d), 128.50 (d), 129.82 
(s), 177.02 (s). Anal. Calcd for C20H31N03Si: C, 66.4; H, 8.6; 
N, 3.9. Found: C, 66.4; H, 8.6; N, 3.8. 
(~,4S,6S)-6-(tert-Butyldimethylsiloxy)-2-azabicyclo- 

[2.2.1]-3-heptanone (40). Into a solution of 1.0 mL (10.6 
mmol) of tert-BuOH and 12 mL of THF cooled to -78 "C was 
condensed in 5 mL of ammonia. Sodium metal was added in 
several pieces (200 mg, 8.66 mmol), producing a dark blue 
solution. To this mixture was added a solution of 624 mg (1.88 
mmol) of N-benzyl amide 36 in 12 mL of THF at -78 "C. The 
solution was stirred for 6 min, warmed to -33 "C for 2 min, 
and recooled to -78 "C, and 207 ,uL (3.62 mmol) of glacial 
AcOH was added. The ammonia was then allowed to quickly 
evaporate, the residue diluted with 50 mL of THF, and the 
resulting slurry filtered through a pad of Celite. The reaction 
flask was washed with dry THF (4 x 50 mL), and the washings 
in turn were transferred and filtered through the Celite pad. 
The combined filtrate was evaporated and the resulting 
residue chromatographed (30 g of silica gel, eluted with 50% 
EtOAdhexane - 2% MeOH-50% EtOAckexane) to afford 450 
mg (99%) of 40 as a pale yellow glassy solid. Using this 
procedure, 2.32 g of 36 was converted to 1.60 g (94.5%) of 40: 
mp 76-77 "C; [ a I z 0 ~  -170.4" (c 1.1, CHCl3); IR (CH2C12) 3433, 
1722 cm-l; 'H NMR 6 0.01 (s, 3H), 0.01 (s, 3H), 0.82 (s, 9H), 
1.23 (dt, J = 12.9, 2.9, lH), 1.45 (d, J = 9.9, lH), 1.87 (dddd, 
J = 9.8, 1.6, 1.6, 1.6, lH), 2.11 (ddd, J = 12.9, 8.4, 4.4, lH), 
2.58-2.62 (m, lH), 3.61 (s, lH), 4.51 (dt, J = 8.3, 2.6, lH), 
5.71 (s, 1H); 13C NMR 6 -4.81 (91, -4.76 (q), 17.90 (s), 25.70 
(q), 35.66 (t), 38.31 (t), 45.91 (d), 59.73 (4, 73.31 (d), 181.66 
(s). Anal. Calcd for ClzH23NO2Si: C, 59.7; H, 9.6; N, 5.8. 
Found: C, 60.0; H, 9.7; N, 5.6. 
(1R,4S,6S)-N-(tert-Butyloxycarbonyl)-6-(tert-butyldi- 

methylsiloxy)-2-azabicyclo[2.2.1]-3-heptanone (7). To a 
mixture of 1.57 g (6.50 mmol) of amide 40 and 849 mg (6.95 
mmol) of DMAP dissolved in 41 mL of anhydrous pyridine was 
added 3.62 g (16.59 mmol) of (BOC)20. The solution was 
stirred for 36 h and then evaporated, and the residue was 
chromatographed (45 g of silica gel, eluted with 10% EtOAc/ 
hexane - 25% EtOAc/hexane) to  afford 2.22 g (100%) of imide 
7: [aI2O~ -24.5" (c 1.1, CHCl3); mp 67-68 "C (soften), 69-70 
"C (melt); IR (CHzClz) 1781, 1752, 1714 cm-l; 'H NMR 6 0.05 
(s, 3H), 0.06 (s, 3H), 0.86 (s, 9H), 1.39 (dt, J = 12.9, 2.9, lH), 
1.45-1.51 (m with s at 1.51, lOH), 1.91 (dddd, J = 9.8, 1.6, 
1.6, 1.6, lH),2.18(ddd, J =  13.1, 8.5,4.5, lH),2.74(dm, J =  
3.1, lH), 4.43-4.49 (m, 2H); 13C NMR 6 -5.01 (q), -4.86 (q), 
18.13 (s), 25.80 (q), 28.05 (q), 34.58 (t), 36.61 (t), 47.32 (d), 62.14 
(d), 72.46 (d), 82.17 (s), 150.20 (s), 174.97 (9). Anal. Calcd for 
C17H31N04Si: C, 59.8; H, 9.2; N, 4.1. Found: C, 59.8; H, 9.3; 
N, 4.1. 
(m,2S,4S)-i-[ (tert-Butyloxycarbonyl)aminol-2-[ (tert- 

butyldimethylsilyl)oxy]-4-(hydroxymethyl)cyclopen- 
tane (41). To a solution of 2.22 g (6.50 mmol) of imide 7 in 
85 mL of MeOH was added NaBH4 (3 x 1.23 g, 32.5 mmol) 
over 1 h. The mixture was stirred for 30 min, an additional 
1.23 g portion of NaBH4 was added, and the mixture was 
stirred 2 h more. The mixture was concentrated to  one-fifth 
volume and diluted with 100 mL of saturated aqueous NH4- 
C1, and the resulting aqueous solution was extracted with 
EtOAc (4 x 150 mL). The organic layers were combined, 
washed with 50 mL of brine, dried, and evaporated. The 
residue was chromatographed (70 g of silica gel, eluted with 
35% EtOAc/hexane) to  afford 2.19 g (98%) of alcohol 41 as a 
colorless oil: [aI2O~ +41.1" (c 1.4, CHCls); IR (CH2C12) 3620, 
3427, 1720 cm-'; 'H NMR 6 0.08 (s, 3H), 0.09 (s, 3H), 0.91 (9, 
9H), 1.40-1.50 (m with s at 1.43, lOH), 1.97-2.10 (m, 2H), 
2.20-2.32 (m, 2H), 3.52 (dd, J = 10.2, 5.2, lH), 3.57 (dd, J = 
10.2, 5.1, lH), 3.80-3.90 (m, lH), 4.07-4.13 (m, lH),  4.74 (d, 
J = 5.7, 1H); 13C NMR 6 -5.00 (q), -4.80 (91, 18.11 (s), 25.80 
(q), 28.39 (q), 31.51 (t), 36.60 (t), 36.70 (d), 55.30 (d), 66.79 (t), 
73.32 (d), 79.16 (s), 155.38 (s). Anal. Calcd for C17H35N04Si: 
C, 59.1; H, 10.2; N, 4.1. Found: C, 59.3; H, 9.8; N, 4.2. 
(1R,2S,4S)-l-Amino-2-hydroxy-4-(hydroxymethyl)cy- 

clopentane Hydrochloride (42). To a solution of 220 mg 
(0.637 mmol) of 41 in 0.5 mL of CHzClz cooled to 0 "C was 
added 6 mL of saturated HC1 in CH2C12. The solution was 
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warmed to rt, stirred for 16 h, and evaporated. The residue 
was digested in 4 mL of MeOH and filtered, and the filtrate 
was evaporated to afford 103.5 mg (97%) of hydrochloride salt 
42 as an amber oil. lH and 13C NMR analyses indicated only 
the desired product to be present. The oil was dissolved in 
1.5 mL of MeOH and was added dropwise to a rapidly stirring 
solution of 23 mL of Et20 to produce an off-white solid. The 
supernatant was decanted and the solid dried at 80 "C (0.3 
torr)  for 2 days to afford 90 mg (84%) of 42: mp 107-108 "C; 
[aI2O~ +20.6" (c 1.3, CHC13); IR (Nujol) 3250-3600 (br), 1900- 
2000 cm-l; lH NMR (CD30D) 6 1.50-1.62 (m, 2H), 2.08-2.24 
(m, 2H), 2.23-2.31 (m, lH), 3.42 (td, J = 7.7, 5.0, lH), 3.51 
(dd,J=9.4,5.5,1H),3.54(dd,J=9.4,5.1,1H),4.19(q,J= 

55.60 (d), 66.27 (t), 71.62 (d). Anal. Calcd for CsH14NOzCl: 
C, 43.0; H, 8.4; N, 8.4. Found C, 43.1; H, 8.1; N, 8.5. 

( lR,4S,6S)-6-Hydroxy-2-benzyl-2-azabicyclo[ 2.2.11-3- 
heptanone (43). To a solution of 343 mg (1.03 mmol) of silyl 
ether 36 in 10 mL of THF was added 2.0 mL (2.0 mmol) of 1 
M TBAF in THF. The resulting yellow solution was stirred 
for 20 min and concentrated to approximately one-half volume, 
and 1 mL of glacial AcOH was added. The mixture was 
chromatographed (30 g of silica gel, eluting with EtOAc - 1% 
MeOHiEtOAc) to afford 225 mg (100%) of alcohol 43: [ a I z 0 ~  
-135" (c 1.2, CHC13); mp 135-136 "C; IR (CH2C12) 3605,1693 
cm-l; lH NMR 6 1.37 (dt, J = 13.2, 2.9, lH), 1.41 (d, J = 9.9, 
lH), 1.80 (dm, J = 9.8, lH), 2.25 (ddd, J = 13.2, 8.5, 4.3, lH), 
2.71-2.85 (m, lH), 2.95 (s, lH), 3.60-3.69 (m, lH), 4.12 (d, J 
= 15.2, lH), 4.55 (dm, J = 8.4, lH), 5.05 (d, J = 15.2, lH), 
7.18-7.42 (m, 5H); 13C NMR 6 34.83 (t), 39.43 (t), 45.94 (t), 
47.05 (t), 62.28 (d), 74.29 (d), 127.38 (d), 128.00 (d), 128.63 
(d), 137.60 (s), 177.42 (8). Anal. Calcd for C13H15N02: C, 71.9; 
H, 7.0; N, 6.4. Found: C, 71.5; H, 7.1; N, 6.3. 

( 1R,4S,6R)-6-Fluoro-2-azabicyclo[2.2.11-3-heptanone 
(46). To a solution of 652 mL (5.12 mmol) of DAST in 1.12 
mL of pyridine was added a solution of 163 mg (0.750 mmol) 
of alcohol 43 in 3.9 mL of CH2C12. The mixture was stirred 
for 30 h, cooled to 0 "C, and quenched by the dropwise addition 
of 1 mL of water. The solution was partitioned between 100 
mL of CHzClz and 20 mL of saturated aqueous NaHC03 
solution. The aqueous layer was washed with of CHzClz (2 x 
40 mL), and the combined organic extracts were washed with 
40 mL of 2 M aqueous HCl and 10 mL of brine, dried, and 
evaporated. The residue was chromatographed (15 g of silica 
gel, eluted with 30% EtOAdhexanes) to afford 99 mg (60%) of 
intermediate N-benzyl fluoro compound 45 as a glass which 
was taken directly into the next reaction without further 
purification. 

Applying the procedure for preparing secondary amide 40, 
98 mg (0.450 mmol) of benzyl amide 45 was converted to 51 
mg (88%) of fluoro amide 46, recrystallized from the minimum 
amount of 75% EtOAdhexanes (75% recovery), followed by 
sublimation at 50-60 "C, 0.1 torr. 
Selected Data for 45: IR (CH2C12) 1710 cm-l; lH NMR 6 

1.73-2.00(m,3H),2.12(dddd, J=  17, 14.0, 6.4,2.6, 1H),2.79 
(dm, J = 2.2, lH), 3.76 (br s, lH), 4.07 (d, J = 14.9, lH),  4.49 
(d, J =  14.9, lH), 4.62 (ddd, J =  54.1,6.3, 1.3, lH), 7.22-7.45 
(m, 5H); 19F NMR 6 -5.41 (ddd, JF-H = 54, 35, 17); 13C NMR 
6 33.90 (t, Jc-F = 20.7), 37.03 (t, Jc-F = 1.9),43.35 (d, Jc-F = 
1.51, 44.91 (t), 61.18 (d, Jc-F = 26.81, 90.70 (d, Jc-F = 191.91, 
127.81 (d), 127.98 (d, 2C), 128.81 (d, 2C), 136.73 (s), 177.27 
(S). 
46 mp 131-132 "C; [ a l Z o ~  -95.4 (c 1.0, CHCl3); IR (CH2- 

c l ~ )  3438, 1715 cm-'; 'H NMR 6 1.85 (ddd, J = 33H-F, 13.9, 
3.5, lH, H-5,,), 1.91 (dm, J = 10.2, 1.6, lH,  H-7,,), 2.07 (dm, 

lH, H-5,,dO), 2.68 (dm, J = 3.0, lH,  H-41, 3.94 (br s, lH,  H-11, 

5.0, 1H); 13C NMR (CD30D) 6 32.04 (t), 36.20 (t), 38.32 (d), 

J = 10.0, lH, H-7anti), 2.12 (dddd, J = 1 6 . 7 ~ - ~ ,  14.0, 6.4, 2.6, 

4.89 (dddd, J = 5 4 . 1 ~ - ~ ,  5.6, 3.0, 1.5, lH,  H-61, 5.90 (s, lH, 
NH); "F NMR 6 -7.85 (ddd, JF-H = 54.3,34.0,16.7); 13C NMR 
6 32.93 (t, Jc-F = 20.8, C-5), 37.97 (t, Jc-F = 1.6, C-71, 42.50 
(d, C-41, 57.45 (d, Jc-F = 27.1, (2-11, 92.05 (d, Jc-F = 192.0, 
C-6), 180.97 (s, C-3). Anal. Calcd for CeHaFNO: C, 55.8; H, 
6.2; N, 10.8. Found: C, 56.1; H, 6.2; N, 10.8. 

(1R,4S,GR) -N-(tert-Butyloxyc~bonyl)-6-fluoro-2-azabi- 
cyclo[2.2.1]-3-heptanone (8). Applying the procedure for 
preparing imide 7, 112 mg (0.870 mmol) of amide 46 was 
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converted to  185 mg (93%) of imide 8, sublimed at 60-70 "C, 
0.1 torr: mp 100-101 "C; [aI2O~ -18.7' (e 1.4, CHCl3); IR(CH2- 
Cl2) 1793, 1769, 1718 cm-l; 'H NMR 6 1.52 (s, 9H), 1.85-2.07 
(m, 3H), 2.26(dddd,J= 1 7 ~ - ~ ,  14.7, 6.4, 1.5, lH), 2.82 (dm, J 
= 2.5, lH), 4.58 (apparent br s, lH), 4.97 (ddd, J = 53H-F, 6.3, 
1.4, 1H); "F NMR 6 -6.90 (ddd, JF-H = 53,34, 17); 13C NMR 
6 27.99 (91, 33.42 (t, Jc-F = 21.71, 34.32 (t, Jc-F = 1.3), 44.58 
(d, Jc-F = 1.41, 60.57 (d, Jc-F = 28.91, 83.44 (SI, 90.48 (d, Jc-F 
= 191.0), 149.03 (s), 174.42 (8). Anal. Calcd for CllH&03: 
C, 57.6; H, 7.0; N, 6.1. Found: C, 57.8; H, 7.0; N, 6.2. 

( LR,2R, 4S) - 1 - [ (tert-But yloxycarbonyl)amino1-2-fluoro- 
4-(hydroxymethyl)cyclopentane (47). Applying the pro- 
cedure for preparing alcohol 41,173 mg (0.760 mmol) of imide 
8 was converted to 164 mg (93%) of alcohol 47: mp 98-99 "C; 
[aI2O~ +10.6" (e 1.6, CHCl3); IR (CH2C12) 3625,3445,3375, 1715 
cm-'; 'H NMR (two different N-H forms) 6 1.44 (s, 9H), 1.74- 
2.25 (m, 3H, OH, 2 x H-3), 2.30-2.40 (m, lH, H-51, 2.42- 
2.47 (m, lH, H-5), 3.61-3.68 (m, 2H), 4.07-4.12 (m, lH), 4.89 
(dm, JH-F = 59, lH,  H-21, 5.23-5.41 (s, 0.77 H, NH), 5.52- 
5.64 (s, 0.23H, NH); selected data (C&N, 298 K) 3.63-3.76 
(m, 2H, OCHz), 5.20 (dm, J = 52.4, lH, H-21, 7.42 (6,  0.13H, 
NH), 7.62 (m, 0.87H, NH); selected data (C&N, 398 K) 6 3.68 

NMR ('H decoupled, 298 K, CDC13) 6 -1.07 (0.77F), -1.44 
(0.23F); (1H decoupled; C&N, 298 K) 6 -2.68 (0.87F), -3.40 
(0.13F), ('H decoupled, C&N, 398 K) 6 -2.50 (1F); 'H coupled 
I9F signals appear as a ddd, J = 52,36, 21; 13C NMR 6 28.37 
(q, Me x 3), 32.73 (t, Jc-F = 20.3, C-3), 32.73 (t, C-5),56.51 (d, 
Jc-F = 19.8, C-l), 64.59 (t, HOCH2 at C-41, 79.48 (s, C(CH3)3), 
98.98 (d, Jc-F = 173.4, C-2), 155.20 (s, C-0). Anal. Calcd 
for CllH20N03F: C, 56.6; H, 8.6; N, 6.0. Found: C, 56.9; H, 
8.4; N, 6.1. 
(lR,2R,4S)- 1-Amino-2-fluoro-4-(hydroxymethyl)cyclo- 

pentane Hydrochloride (48). To a solution of 162 mg (0.690 
mmol) of carbamate 47 dissolved in 0.5 mL of CHzCl2 at 0 "C 
was added 7 mL of saturated HC1 in CHzC12, and the solution 
warmed to rt. The resulting slurry was stirred 16 h, the liquor 
decanted, and the solid triturated with 10 mL of 80% CH2CW 
hexanes. The solid was dried at 70 "C, 0.3 torr for 2 days to 
afford 115.6 mg (98%) of hydrochloride 48: [aI2O~ -10" (e 1.7, 
CH30H); mp 159-160 "C; IR (Nujol) 3200-3400 (br), 2040- 
2140 (br) cm-'; 'H NMR (CD30D) 6 1.50 (dt, J = 13.1, 8.1, 
lH),  1.87-2.12 (m, 2H), 2.33-2.52 (m, 2H), 3.53 (d, J = 4.9, 
2H), 3.69 (dtd, J = 2 0 . 6 ~ - ~ ,  7.6, 3.41, 5.10 (ddt, J = 5 2 . 4 ~ - ~ ,  
6.4, 3.2, 1H); 19F NMR (CD30D) 6 0.59 (m); I3C NMR (CD3- 
OD) 6 33.11 (t, Jc-F = 2.5, (2-51, 34.85 (t, Jc-F = 21.8, C-31, 
39.23 (d, C-41, 58.02 (d, Jc-F = 27.9, C-l), 65.09 (t, HOCHz at 
C-41, 97.50 (d, Jc-F = 179.3, C-2). Anal. Calcd for C6H13- 
NOClF: C, 42.5; H, 7.7; N, 8.3. Found: C, 42.5; H, 7.7; N, 
8.2. 
(1R,4S,6R)-6-Iodo-2-benzyl-2-azabicyclo[2.2.11-3-he~ 

tanone (49). Applying the procedure for preparing PMB-iodo 
amide 53, except that the reaction mixture was heated to 
reflux for only 2.5 h instead of 3.75 h, 241 mg (1.11 mmol) of 
alcohol 43 was converted to  164 mg (93%) of iodide 49: mp 
63-64 "C; [aI2O~ -58.1' (e 1.6, CHC13); IR (CH2C12) 1703 cm-'; 

(d, J = 4.7, 2H, OCHz), 5.13 (dp, J = 52.4, 2.7, lH, H-2); "F 

'H NMR 6 2.03 (dddd, J =  10.0, 1.8, 1.8, 1.8, lH,  H-7mti), 2.20 
(d, J = 10.0, lH,  H-7,,), 2.34 (ddd, J = 14.1, 3.9, 3.9, lH,  
H-5eXo), 2.45 (ddd, J = 14.1, 7.6, 1.8, lH, H-5endo), 2.83 (dd, J 
= 3.7, 1.9, lH, H-4), 3.73 (ddd, J =  7.6,3.8, 1.8, lH, H-6), 3.88 
(m,1H,H-l),4.03(d,J=15.0,1H,ArCHN),4.59(d,J=15.0, 
lH, ArCHN), 7.25-7.42 (m, 5H, ArH); 13C NMR 6 18.47 (d), 
37.28 (t), 38.14 (t), 44.42 (t), 46.56 (d), 66.27 (d), 127.80 (d), 
127.85 (d), 128.83 (d), 136.57 (s), 176.34 (s). Anal. Calcd for 
C13H14NOI: C, 47.7; H, 4.3; N, 4.3. Found: C, 47.9; H, 4.4; 
N, 4.1. 
(1R,4S)-2-Benzyl-2-azabicyclo[2.2.11-5-hepten-3-one (50). 

To a solution of 330 mg (1.01 mmol) of iodide 49 in 8 mL of 
xylenes was added 760 mL (5.05 mmol) of DBU and the 
solution heated to reflux for 16.5 h. The mixture was cooled 
to rt, diluted with 80 mL of CH2C12, and extracted with 3 M 
aqueous HCl(2 x 20 mL). The organic layer was washed with 
20 mL of saturated aqueous NaHC03,25 mL of brine, dried, 
and evaporated. The residue was chromatographed (15 g of 
silica gel, eluted with 22% EtOAdhexane) to afford 191 mg 
(95%) of olefin 50 as a colorless oil: IR and NMR data identical 

Campbell et  al. 

with those reported.34 HRMS calcd for C13H13NO (M+): 
199.0993. Found: 199.0997. Anal. Calcd for C13H13NO: C, 
78.4; H, 6.6; N, 7.0. Found: C, 77.9; H, 6.7; N, 7.1. 
(1R,4S)-2-(p-Methoxybenzyl)-2-azabicyclo[2.2.11-5-hep- 

ten-S-one (51). Applying the procedure described above for 
preparing olefin 50, 1.42 g (3.98 mmol) of iodide 53 was 
converted to 0.895 g (98%) of olefin 51 as a low melting glass. 
Vinyl Triflate Reduction. Alternative Preparation of 

51. To a solution of 1.4 mg (5.3 pmol) of PPh3 in 0.4 mL of 
DMF was added 0.60 mg (2.6 pmol) of Pd(0Ac)z and the 
resulting mixture stirred for 10 min. To this solution was 
added 38.6 mg (0.101 mmol) of vinyl triflate 57 in three 0.5- 
mL portions of DMF, followed by 74.3 pL (0.312 mmol) of BQN 
and 8 pL (0.2 mmol) of anhydrous HC02H. The mixture was 
stirred 6 h and then partitioned between 50 mL of 50% Et2O/ 
petroleum Et20 and 10 mL of 1 M aqueous H3P04 solution. 
The organic layer was dried then evaporated, and the resulting 
residue chromatographed (17 g of silica gel, 20% - 55% EtOAd 
hexanes) to afford 9 mg of olefin 51 (39%): mp 33-35 "C; [aI2O~ 
-40.0" (e 2.2, CHC1,); IR and NMR data identical with those 
rep~rted.~'  Anal. Calcd for C14H15N02: C, 73.3; H, 6.6; N, 
6.1. Found: C, 73.1; H, 6.7; N, 6.1. 
(1R,BS,6S)-6-Hydroxy-2-(p-methoxy~n~l)-2-azabic~ 

cl0[2.2.11-3-heptanone (52). Applying the procedure for 
preparing alcohol 43, 1.587 g (4.390 mmol) of TBS ether 39 
was converted to  1.048 g (97%) of alcohol 52: mp 139.3-140 
"C; [aI2O~ -129" (c 1.0; CHCl,); IR (CH2C12) 3610, 3100-3600 
(br), 1689 cm-l; 'H NMR 6 1.33-1.42 (m, 2H), 1.74 (dm, J = 
9.6, lH), 2.22 (ddd, J =  13.0,8.6,4.3, lH), 2.70-2.74(m, lH), 
3.57-3.63 (m, 2H), 3.76 (s, 3H), 4.05 (d, J = 15.0, lH), 4.51- 
4.59(m,lH),4.97(d,J=15.0,1H),6.82(d,J=8.4,2H),7.17 
(d, J =  8.4,2H); 13C NMR 6 34.56 (t), 39.38 (t), 45.92 (d), 46.34 
(t), 55.15 (q), 62.03 (d), 74.02 (d), 113.94 (d), 129.27 (d), 129.53 
(s), 158.85 (s), 177.35 (5). Anal. Calcd for C14H17N03: C, 68.0; 
H, 6.9; N, 5.7. Found: C, 67.7; H, 6.9; N, 5.7. 
(1R,4S,GR)-6-Iodo-2-(p-methoxybenzyl)-2-azabicyclo- 

[2.2.1]-3-heptanone (53). To a suspension of 1.98 g (7.53 
mmol) of PPh3 and 1.37 g (20.1 mmol) of imidazole in 20.4 mL 
of toluene was added 1.91 g (7.53 mmol) of iodine, forming a 
brown slurry which was heated to 60 "C for 10 min. To this 
mixture was added 1.01 g (4.12 mmol) of alcohol 43 in one 
portion, followed by 49 mL of toluene at 60 "C. The hetero- 
geneous mixture was heated to  reflux for 3.75 h, cooled to  rt, 
and partitioned with 15 mL of water. The aqueous solution 
was extracted with CHzClz (5 x 70 mL), and the combined 
organic extracts were washed with 100 mL of saturated 
aqueous NaHC03 and 100 mL of brine, dried, and evaporated. 
The residue was chromatographed (45 g of silica gel, eluted 
with 25% EtOAdhexane) to  afford 1.46 g (97%) of iodide 53 
as a colorless oil which slowly solidified into a white solid: mp 
88-94 "C; [aI2O~ -43.6' (e 1.4, CHCl3); IR (CH2C12) 1703 cm-'; 
'H NMR 6 2.01 (dm, J = 10.0, lH), 2.19 (d, J = 10.0, lH), 
2.34(ddd,J=14.1,3.9,3.9,1H),2.44(ddd,J=14.1,7.6,1.8, 
lH),  2.83 (dd, J = 3.7, 1.9, lH), 3.68-3.73 (m, lH), 3.81 (s, 
3H), 3.87-4.0 (m, lH), 4.03 (d, J = 14.9, lH), 4.49 (d, J = 
15.0,1H),6.88(d,J=8.6,2H),7.17(d,J=8.6,2H);13CNMR 
6 18.69 (d), 37.31 (t), 38.07 (t), 43.88 (t), 46.61 (d), 55.20 (91, 
66.17 (d), 114.20 (d), 128.56 (s), 129.18 (d), 159.19 (s), 176.22 
(5). Anal. Calcd for C ~ ~ H ~ ~ N I O Z :  C, 47.1; H, 4.5; N, 3.9. 
Found: C, 47.4; H, 4.6; N, 3.9. 
(1R,4S)-N-(tert-Butyloxycarbonyl)-2-azabicyclo[2.2.11- 

5-hepten-3-one (9). To a rapidly stirring solution of 95 mg 
(0.415 mmol) of amide 51 dissolved in 3.3 mL of 67% CH3CN/ 
H2O cooled to 0 "C was added 636 mg (1.16 mmol) of CAN. 
The mixture was stirred for 17 min and diluted with 8 mL of 
ice-cold water, and the resulting aqueous solution was poured 
into a solution of 65 mL of rapidly stirring EtOAc. The 
aqueous layer was separated and extracted with EtOAc (2 x 
60 mL), and the combined organic extracts were washed with 
saturated aqueous NaHC03 solution (2 x 15 mL), dried, and 
evaporated to afford 32.6 mg of products. The residue was 
chromatographed (20 g of silica gel, eluted with 60% EtOAd 
hexane - 10% MeOH-50% EtOAdhexane) to afford 33 mg of 
crude secondary lactam 54. This residue was dissolved in 1.9 
mL of anhydrous pyridine, and 39 mg (0.32 mmol) of DMAF' 
was added, followed by 163 mg (0.75 mmol) of (B0C)zO. The 



Syntheses of Carbocyclic Nucleoside Precursors 

solution was stirred for 22 h, the resulting orange solution 
evaporated, and the residue chromatographed (15 g of silica 
gel, eluted with 15% EtOAdhexane - 22% EtOAdhexane) to 
afford 51.6 mg (59% overall from olefin 51) of imide 9 as a 
white solid. This solid and r ~ c - 9 ~ ~  were analyzed by chiral 
GC on a J&W Cyclodex-B cyclodextrin column using T&nj = 
200; t o  = 1 min; TO = 80 "C; rate = 0.70 "C/min; [tr ((lR,4S)- 
9), 20.04 min; t ,  ((lS,M)-9), 20.90 min; er of ((1R,4S)-9)/ 
((lS,M)-Q) = 72/28]: mp 68-71 "C; [ a I z 0 ~  -94.6" (c 1.2, 
CHCl3); IR (CH2C12) 1780, 1755, 1708 cm-'; 'H NMR 6 1.50 
(9, 9H), 2.14 (dm, J = 8.5, lH), 2.34 (dm, J = 8.5, lH), 3.37- 
3.40 (m, lH), 4.95 (9, J = 1.8, lH), 6.65 (dt, J = 5.3, 3.5, lH), 
6.89 (dd, J = 5.3, 2.2, 1H); 13C NMR 6 27.99 (q), 54.39 (d), 
54.87 (t), 62.35 (d), 82.54 (s), 138.16 (d), 139.97 (s), 150.34 (s), 
176.18 (s). Anal. Calcd for CllH15N03: C, 63.2; H, 7.2; N, 
6.7. Found: C, 63.5; H, 7.3; N, 6.7. 
(1R,4S)-N-(tert-Butyloxycarbonyl)-1-amino-4-(hy- 

droxymethyl)-2-cyclopentene (55). Applying the procedure 
for preparing alcohol 41, 52 mg (0.250 mmol) of imide 9 was 
converted to 48.1 mg (93%) of alcohol 55: mp 51-56 "C 
(soften), 56-59 "C; [ a Iz0~  f8.9 (c 1.7, CHCU; IR (CHZCIZ) 3627, 
3443, 1706 cm-'; 'H NMR 6 1.41 (dt, J = 13.9,4.3, lH, H-5b), 

= 13.7, 8.7, H-5a), 2.80-2.85 (m, lH, H-41, 3.57 (dd, J =  10.5, 
4.5, lH, HOCH at C-4), 3.65 (dd, J = 10.5, 4.2, lH, HOCH at 
C-4), 4.64-4.70 (m, lH, H-l), 4.85 (8 ,  lH,  NH), 5.76 (dt, J = 
5.6, 2.2, lH,  H-3), 5.80 (dm, J = 5.6, lH, H-2); 13C NMR 6 

133.90 (d), 134.01 (d), 155.27 (s). Anal. Calcd for CllH19N03: 
C, 61.9; H, 9.0; N, 6.6. Found: C, 61.9; H, 9.0; N, 6.5. 
(lR,~)-2-@-Me~oxy~~l)-2-azabicyclo[2.2.1] heptane- 

3,6-dione (56). To a solution of 332 pL (3.80 mmol) of oxalyl 
chloride in 3.8 mL of CHzClz at -78 "C was added dropwise a 
solution of 540 pL (7.60 mmol) of DMSO. The pale yellow 
solution was stirred for 20 min at  -78 "C, and a solution of 
465 mg (1.88 mmol) of alcohol 52 in 6.6 mL of CHzClz was 
added over a 10 min period. The mixture was stirred for an 
additional 1 h to produce a white slurry, 1.88 mL (13.5 mmol) 
of Et3N was added over 5 min, and the mixture warmed to rt 
over 20 min. The mixture was stirred for an additional 40 
min and then partitioned between 150 mL of CHzClz and 30 
mL of water, The organic layer was washed with 2 M aqueous 
H3P04 (2 x 50 mL) and 50 mL of brine, dried, and evaporated. 
The residue was chromatographed (30 g of silica gel, eluting 
with 60% EtOAdhexane) to  afford 452 mg (98%) of ketone 56: 
mp 85.5-86.5 "C; CaI2O~ -247" (c 1.1; CHCl9); IR (CHzC12) 1764, 
1710 cm-l; 'H NMR 6 1.85 (d, J = 10.5, lH), 2.11-2.18 (m, 
2H), 2.22 (ddd, J =  10.3,5.5,4.0, lH), 3.01-3.02 (m, lH), 3.55 
(t, J = 1.5, lH), 3.78 (s, 3H), 3.87 (d, J = 14.9, lH), 4.68 (d, J 
= 14.9, lH), 6.84 (dm, J = 8.7,2H), 7.17 (d, J = 8.6, 2H); 13C 
NMR 6 35.09 (t), 39.02 (t), 42.41 (d), 45.06 (t), 55.18 (q), 64.58 
(d), 114.11 (d), 127.88 (s), 129.57 (d), 159.29 (91, 176.48 (s), 
206.05 (s). Anal. Calcd for C14H15N03: C, 68.6; H, 6.2; N, 
5.7. Found: C, 68.5; H, 6.2; N, 5.6. 
(lR,~,6S)-6-[[@-Methylphenoxy)thiocarbonyl]oxyl-2- 

@-methoxybenzyl)-2-azabicyclo[2.2.ll-3-heptanone (59). 
To a solution of 50 mg (0.20 mmol) of alcohol 52 dissolved in 
2.1 mL of CH3CN was added 60 mg (0.5 mmol) of 4 - D W ,  
followed by 50 pL (0.32 mmoL) ofp-cresyl chlorothionoformate. 
The mixture was stirred for 15 h and then dissolved in 80 mL 
of EtOAc which was washed vigorously with 40 mL of 1 M 
aqueous NaOH, 40 mL of aqueous 2 M HC1, and 40 mL of 
brine. The solution was dried and evaporated and the result- 
ing residue chromatographed (15 g of silica gel, eluting with 
65% EtOAdhexane) to afford 80 mg (99%) of 59 as a colorless 
oil: [aIz0~ -4.7" (c 1.1, CHCl,); IR (CHzC12) 1702 cm-I; 'H NMR 
6 1.54(d, J =  10.1, lH), 1.75(dt, J =  13.9,3.1, lH), 1.89(dm, 
J = 10.1, lH), 2.52 (ddd, J = 13.9, 8.7, 4.3, lH),  2.38 (s, 3H), 
2.89-2.91 (m, lH),  3.76 (d, J = 15.0, lH), 3.80 (s, 3H), 4.02 
(m,lH),5.05(d,J=15.0,1H),5.69(dt,J=8.5,2.5,1H),6.88 
(d, J = 8.6, 2H), 7.00 (d, J = 8.4, 2H), 7.19 (d, J = 8.5, 2H), 
7.24 (d, J = 8.4, 2H); I3C NMR 6 20.89 (q), 32.49 (t), 38.92 (t), 
45.49 (d), 45.81 (t), 55.22 (q), 55.29 (d), 85.60 (d), 114.07 (d), 
121.31 (d), 128.89 (s), 129.42 (d), 130.16 (d), 136.50 (s), 151.15 
(s), 159.07 (s), 176.40 (s), 194.58 (SI. Anal. Calcd for CzZH23- 
NSO4: C, 66.5; H, 5.8; N, 3.5. Found: C, 66.5; H, 6.1; N, 3.5. 

1.44 ( 8 ,  9H, OC(CH3)3), 1.83-2.05 (s, lH, OH), 2.49 (dt, lH,  J 

-25.43 (q), 34.58 (t), 46.87 (d), 55.95 (d), 65.03 (t), 79.19 (s), 
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General Procedure for Preparation of (R)- or (S)- 
MTPA-Caa Esters. To a solution of 441 mg (2.14 mmol) of 
DCC in 2.5 mL of EtOAc cooled to 0 "C was added 1.18 g (6.41 
mmol) of pentafluorophenol. The solution was stirred 30 min, 
500 mg (2.14 mmol) of (R)-(+)-MTPA (99% ee) or (S)-(-)-MTPA 
(95% ee) were added, and the solution was stirred an additional 
1.5 h. "he mixture was warmed to rt, stirred 8 h, and cooled 
to -10 "C and 2 mL of hexane added. The urea precipitate 
was collected by filtration (450 mg), the solid washed with 1.5 
mL of cold hexane, and the mother liquor evaporated. The 
residue was dissolved in 50 mL of CHzClz, washed with 
saturated aqueous NaHC03 solution (2 x 40 mL), 40-mL of 
saturated aqueous NaHC03 containing 0.30 g of dissolved 
sodium hydroxide, and 40 mL of water, dried, and evaporated. 
The residue was chromatographed over 20 g of silica gel 
(eluting with 500 mL of hexane) to afford 806 mg (94%) of the 
(R)- or (S)-MTPA-C&'s ester. The solid could be recrystallized 
by dissolving 191 mg of the crude MTPA-C6F5 ester in 1 mL 
of hexane, cooling to -4 "C for 1 h to form a slurry, removing 
the liquor by pipette while cold, and immediately placing the 
solid under vacuum to afford 154-172 mg (85-90% recovery) 
of the MTPA-C~FS esters as a white crystalline solid. 

(R)-MTPA-C@a ester: mp 45 "C; [aI2O~ +45.1" (c 1.0, 
CHCl,); IHNMR6 3.72 (d, J =  1.2, 3H, OCH3), 7.47-7.51 (m, 
3H, ArH), 7.62-7.64 (m, 2H, ArH); 19F NMR (TFA) 6 -88.34 
(t, J = 20.5, 2F), -83.07 (dd, J = 22.3, 21.5, lF), -78.55 (d, J 
= 18.2, 2F), 1.12 (s, 3F); 13C NMR 6 56.02, 85.29 (9, Jc-F = 
20.91, 122.82 (9, Jc-F = 289, CF3), 127.16, 128.70, 130.00, 
130.98,136.73-136.87 (m), 138.85-138.89 (m), 139.17-139.46 
(m), 139.66-139.83 (m), 141.29-141.49 (m), 142.18-142.35 
(m), 163.29. Anal. Calcd for C16H~F803: C, 48.0; H, 2.0. 
Found: C, 48.0; H, 2.0. 

(S)-MTPA-C&'a ester: mp 45 "C; [ a Iz0~  -43.5 (c 1.0, CHCl3). 
Anal. Calcd for C16H8F803: C, 48.0; H, 2.0. Found: C, 47.9; 
H, 2.2. 

Formation of Carbamates 47 and 55. To a 0.45 M 
solution of HCl salt 48 or 68 in MeOH was added 200 mol % 
of (BOC)20 and 300 mol % of DIEA. The solution was stirred 
for 4 h and evaporated, and the residue was chromatographed 
over 10 g of silica gel (eluting with 30% EtOAdhexanes) to 
afford 99-100% of carbamate 47 or 55. 

General Procedure for the Preparation of Derivatives 
from MTPA-C@a Esters. To a 0.15 M solution of alcohol dl- 
55,55 (1R,4S, from pyrolysis), or 47 in dry CH3CN was added 
320 mol % of 4-DMAP, followed by 160 mol % of (R)-(+)- or 
(S)-(-)-MTPA-C6F5 ester. The mixture was stirred until the 
alcohol was consumed as determined by TLC (ca. <24 h). The 
solution was diluted with 50 mL of CHZC12, washed with 1 M 
aqueous NaOH (2 x 40 mL) and 2 M aqueous HC1 (2 x 40 
mL), dried, and evaporated. The residue was chromato- 
graphed over 10 g of silica gel (eluting with 300 mL of hexanes 
to  recover unreacted MTPA-CGF~ ester then 200 mL of EtOAc 
to afford the corresponding olefinic or fluoro MTPA ester. 
Selected data for dl-55-(R)-MTPA ester: lH NMR 6 5.71 (dm, 
J = 8.3, 2H, CH-CH for ent-ester), 5.56 (dm, J = 8.3, 2H, 
CH=CH for ester); 19F NMR 6 75.13 (s, 3F), 75.38 (s, 3F). 
Selected data for (1R,4S)-55-(R)-MTPA ester: I9F NMR (lH 
coupled) 6 75.39 (0.0101F, CF3 for ent-ester), 75.39 (2.989F, 
CF3 for ester); Selected data for 47-(R)-MTPA ester: 'H NMR 
6 4.59 (dm, J = 52.9, lH, CHF); 19F NMR ('H decoupled) 6 
-30.08 (0.0095H, C-2F for ent-ester), -29.44 (0.9905H, C-2F 
for ester). 47-(S)-MTPA ester: 'H NMR 6 4.67 (dm, J = 52.7, 
lH, CHF). 

(1R,2S,4S)- l-[(tert-Butyloxycarbonyl)amino]-2-[ (tert- 
butyldimethylsilyl)oxy]-4-[ (methoxymethoxy)methyllcy- 
clopentane (60). To a solution of 700 mg (2.025 mmol) of 
alcohol 41 in 12 mL of CHzClz was added 2.47 mL (14.18 mmol) 
of DIEA followed by 616 pL (8.11 mmol) of chloromethyl 
methyl ether. The mixture was stirred for 6 h and then 
partitioned between 10 mL of water and 70 mL of CHzClz. The 
organic layer was washed with 40 mL of 2 M aqueous HC1,40 
mL of saturated aqueous NaHC03, and 10 mL of brine, dried, 
and evaporated. The residue was chromatographed (70 g of 
silica gel, eluting with 25% EtOAdhexane) to afford 740 mg 
(94%) of acetal 60 as a colorless oil: [ a l Z o ~  +36.5" (c 1.5, 
CHC13); IR (CHZClz) 3445, 1709 cm-l; 'H NMR 6 0.03 (8 ,  6H), 
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0.88 (s, 9H), 1.23-1.57 (m with s at 1.41, l lH),  1.95 (ddd, J = 
18.9, 9.6, 4.9, lH), 2.05 (dt, J = 12.2, 7.6, lH), 2.12-2.22 (m, 
lH), 3.32 (s, 3H), 3.35-3.47 (m, 2H), 3.77-3.85 (m, lH), 4.04- 
4.08 (m, 1H), 4.58 (s, 2H), 4.78 (d, J = 8.1, 1H); 13C NMR 6 

34.58 (d), 36.52 (t), 54.90 (41, 55.04 (d), 73.11 (t), 73.11 (d), 
78.90 (s), 96.40 (t), 155.43 (9). Anal. Calcd for ClgH39N05Si: 
C, 58.6; H, 10.1; N, 3.6. Found: C, 58.3; H, 9.8; N, 3.5. 

(Ilz,!S,eS)- 1-[ (tert-Butyloxycarbonyl~aminol-2-hy~~ 
4-[(methoxymethoxy)methyllcyclopentane (61). Apply- 
ing the procedure for preparing alcohol 43, over 24 h, 740 mg 
(1.90 mmol) of TBS ether 60 was converted to 523 mg (100%) 
of alcohol 61 as a colorless oil: [aIz0~ +OB" (c 2.1, CHCld; IR 
(CH2C12) 3610,3440,1706 cm-'; 'H NMR 6 1.34-1.47 (m with 
s at 1.42, lOH), 1.55 (ddd, J = 14.5, 2.0, 1.6, lH), 2.03-2.18 
(m, 2H), 2.27-2.38 (m, lH), 3.19 (d, J = 6.9, lH), 3.36 (s,3H), 
3.43-3.50 (m, 2H), 3.77-3.88 (m, lH), 3.93-3.97 (m, lH), 4.64 
(9, 2H), 5.16 (d, J = 8.1, 1H); 13C NMR 6 28.34 (q), 31.58 (t), 
34.30 (d), 35.62 (t), 55.49 (q), 55.62 (d), 70.92 (t), 72.65 (d), 
79.07 (s), 96.45 (t), 155.72 (s). Anal. Calcd for C13H25N05: C, 
56.7; H, 9.1; N, 5.1. Found: C, 56.4; H, 9.1; N, 5.0. 

( 1R 45)- 1 - [ (tert-Butyloxycarbonyl)aminol-4- (hy- 
droxymethyl)-2-cyclopentene (64). A 25 mL round bottom 
flask containing 592 mg (1.39 mmol) of 67 was connected to a 
Kugelrohr apparatus under a vacuum of 12 Torr and was 
heated from 24 - 200 "C over a 15 min period. The apparatus 
was cooled to rt, and the resulting distillate was washed back 
into the distilling flask using 17 mL of MeOH. To this solution 
were added 610 mg (2.78 mmol) of (BOC)20 and 725 pL (4.17 
mmol) of DIEA, followed by stirring for 2 h. The solution was 
evaporated and the residue diluted with 50 mL of CHzClz 
which was washed with 2 M aqueous HCl (2 x 20 mL), 1 M 
aqueous NaOH (2 x 20 mL), and 20 mL of saturated aqueous 
NaHC03, dried, and evaporated. The residue was chromato- 
graphed (35 g of silica gel, eluted with 10 - 25% EtOAd 
hexane) to afford 312 mg (87%) of olefin 64 as a colorless oil: 
[aIz0~ -12.8' (c 2.3, CHCl3); IR (CH2C12) 3440, 1705 cm-'; 'H 
NMR 6 1.31 (dt, J = 13.6, 4.6, lH), 1.42 (s, 9H), 2.49 (dt, J = 
13.4, 8.3, lH), 2.83-2.92 (m, lH), 3.34 (8 ,  3H), 3.45-3.53 (m, 
2H), 4.61 (s,2H), 4.65-4.72 (m, lH), 4.73-4.83 (m, lH), 5.72- 
5.77 (m, lH),  5.78-5.81 (m); 13C NMR 6 28.42 (q), 35.41 (t), 
44.76 (d), 55.27 (q), 55.89 (d), 70.52 (t), 79.03 (51, 95.53 (t), 
133.08 (d), 134.56 (d), 155.19 (SI. Anal. Calcd for CnH23N04: 
C, 60.7; H, 9.0; N, 5.4. Found: C, 60.4; H, 8.9; N, 5.5. 
(~,2S,~)-1-[(tert-Butyloxycarbonyl)~ol-2-[[@-me- 

t hylphenoxy ) t hiocarbonyl] oxy] -4- [(met hoxymethoxy ) - 
methyllcyclopentane (67). The procedure for preparing 
thionocarbonate 59 was applied, except 402 mol % of 4-DMAP 
and 225 mol % of p-cresyl chlorothionoformate were reacted 
in 9 mL of CH3CN over 11.5 h with 116 mg (0.42 mmol) of 
alcohol 61 which was converted to 124 mg (69%) of 67 as a 
colorless oil. In addition, 13 mg (9.7%) of 66 was isolated and 
20 mg (17%) of 61 was recovered after chromatography (17 g 
of silica gel, eluting with 10% - 50% EtOAchexanes). 67: 
[aIz0~ +31.7" (c 1.3, CHCl3); IR (CHZC12) 3450, 1715 cm-'; lH 
NMR 6 1.39-1.50 (m), 1.47 (s, 9H), 1.83-1.90 (m, lH), 2.20- 
2.37 (m, 3H), 2.38 (s, 3H), 3.38 (9, 3H), 3.43-3.50 (m, 2H), 
4.17-4.28 (m, lH), 4.64 (s, 2H), 4.93 (d, J = 7.9, lH), 5.48- 
5.53 (m, lH),  7.01 (d, J = 8.4, 2H), 7.22 (d, J = 8.3, 2H); 13C 
NMR 6 20.89 (q), 28.34 (q), 32.89 (t), 33.65 (t), 34.28 (d), 53.29 
(d), 55.26 (q), 71.57 (t), 79.54 (s), 85.18 (d), 96.45 (t), 121.43 
(d), 130.01 (d), 136.25 (s), 151.16 (s), 155.10 (s), 194.23 (s). Anal. 
Calcd for C&~~NSOB: C, 59.3; H, 7.3; N, 3.3. Found: C, 59.3; 
H, 7.5; N, 3.4. 

-5.10 (q), -4.72 (91, 18.01 (s), 25.78 (q), 28.36 (q), 33.26 (t), 

Campbell et al. 

( 1R,eS)-l-Amino-4-(hydroxymethyl)-2-cyclo~n~ne Hy- 
drochloride (68). A solution of 312 mg (1.21 mmol) of 
carbamate 67 in 20 mL of 20% 2 N HCl/MeOH was heated at 
reflux for 23 h, cooled to rt, and evaporated and the residue 
dried under high vacuum to afford 181 mg (100%) of crystalline 
68, pure by 'H and 13C NMR. The solid was recrystallized 
from 2 mL of MeOH by slowly adding Et20 until the solution 
was turbid, then sitting 3 h, and filtering to give 153 mg after 
drying. The procedure was repeated to afford an additional 
16 mg of 68 which was combined with the first crop; total yield, 
169 mg (93%) of the HC1 salt 68 as pale brown crystals. A 
second recrystallization of 10 mg in the same solvent system 
(vapor diffusion method) afforded colorless needles: mp 129- 

14.2,4.3, lH), 2.49 (dt, J = 14.2, 8.4, lH), 2.94-3.03 (m, lH), 
3.56 (dd, J = 10.4, 4.4, lH), 3.65 (dd, J = 10.4, 4.0, lH), 4.20 
(dm, J = 7.4, lH), 5.76 (dt, J = 4.5, 2.0, lH), 5.80 (dm, J = 
4.5, 1H); 13C NMR (MeOH-dr) 6 33.24 (t), 48.37 (d), 57.04 (d), 
63.40 (d), 129.36 (d), 141.19 (d). Anal. Calcd for CsH12NOC1: 
C, 48.2; H, 8.1; N, 9.4. Found: C, 48.3; H, 8.1; N, 9.2. 
(5S,BR)-l-Benzyl-5-(enzyloxy)-6-[~benzyloxy~methyll- 

2-piperidinone (69). To a solution of 118 mg (0.50 mmol) of 
anti-30 in 2.9 mL of mechanically stirred THF was added 31 
mg (1.28 mmol) of NaH. The slurry was stirred for 15 min, 
and 127pL (1.1 mmol) of benzyl bromide was added, followed 
by 3 mg (8 pmol) of TBAI. The mixture was stirred for 24 h, 
and 1 mL of water was added slowly, followed by dilution with 
15 mL of water and 50 mL of CH2C12. The organic layer was 
separated, and the aqueous solution was extracted with CH2- 
Clz (2 x 50 mL). The organic extracts were combined, dried, 
and evaporated, and the residue was chromatographed (17 g 
of silica gel, eluting with 40% EtOAdhexanes) to  afford 196 
mg (94%) of tribenzyl amide 69: [aIz0~ +48.6" (c 1.2, CHCl3); 
IR (CH2C12) 1640 cm-l; IH NMR 6 1.95-2.09 (m, 2H), 2.43 
(ddd, J = 18.7, 6.0, 4.0, lH), 2.71 (ddd, J = 18.6, 10.2, 8.1, 
lH), 3.44 (dd, J = 9.9, 7.11, 3.56 (dd, J = 9.9, 4.0, lH), 3.68 
(m, lH), 3.87 (dd, J = 6.6, 3.0, lH), 4.01 (d, J = 15.3, lH), 
4.31(d,J=11.7,1H),4.39(d,J=11.7,1H),4.41(d,J=11.9, 
lH), 4.46 (d, J = 11.9, lH), 5.38 (d, J = 15.3, lH), 7.18-7.42 
(m, 15H); I3C NMR 6 22.35 (t), 27.37 (t), 47.87 (t), 58.54 (d), 
69.31 (t), 69.96 (t), 71.95 (d), 73.22 (t), 127.04 (d), 127.25 (d), 
127.46 (d), 127.54 (d), 127.74 (d), 127.83 (d), 128.22 (d), 128.38 
(d), 128.43 (d), 137.20 (s), 137.49 (s), 138.00 (s), 170.15 (SI. Anal. 
Calcd for C27HzsN03: C, 78.0; H, 7.0; N, 3.4. Found: C, 77.7; 
H, 7.3; N, 3.4. 

130 "C; [aI2O~ -28.8" (C 1.2; CHC13); 'H NMR 6 1.65 (dt, J = 
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