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Abstract: The plausible mech~ism for the reduction of the ester groups with a strong preference for one 
located a to the hydroxyl groups of (S)-mafates and (R,R)-tartrate-based derivatives has been proposed together 
with some results with regard to its applications to the syntheses of chiral synthons. 

Introduction 
Inexpensive and replenishable sources of chiral carbon compouods such as carbohydrates, a-amino acids, or 

hydroxy acids have been enjoying large popularity in organic symhesis, in particular, enantiomerically pure 
natural product synthesis, over the years .t Among them, the hydroxy acids should be useful because they hold 
carboxylic acid groups which am not shared by other chiral carbon sources except for the a-amino acids. 
Unfortunately because available entries, except for ($)-lactic acid, are dicarboxylic acids such as @)-ma& acid or 
(R,R)-tattaric acid, these are not readily amenable to site selective reduction, and in general, submission to metal- 
hydride reduction gives poly-hydroxyl compounds and, consequently, there survives no carbonyl functionality.* 
This is probably because an efficient method for site-selective traosformations of the carboxyl groups has been 
lackig with a few exceptions, for instance, partial hydrolysis of diethyl2,3-~-isopropylidene-L-~~e*b,c or 
enzymaticahy differentiated hydrolysis of dimethyl (S)-make.2 

BHs_THFiQ “C, 26 h 

N&t4 (20 maI%) 
74% 26% 

After long-standing endeavor toward this issue, we succeeded in reducing the ester group a to the hydroxyl 
group in diethyl (S>malate (DEM) in an extremely selective manoer with the combination of borane-dimethyl 
sulfide complex (BMS) and catalytic sodium tetrahydroborate (NaBH,) (Eq 1).3 This solution bases on 
knowledge that a given epoxide can be reduced with borane-THF complex much faster in the presence of catalytic 
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NaBIl4 or LiBb than without the catalyst as has been observed by Brown and Yoon (Eq 2).4 They pointed out 
that borane coordinates to the epoxide. which enhances the polarization of its C-O bond, resulting in facile 
delivery of hydride from added borate anion to the carbon concerned. Although the synthetic potential of this 
chemistry had never been exploited in organic synthesis, a mechanistic description had provided us with a 
valuable clue with respect to how we can achieve the site selective reduction of the ester group a to the hydroxyl 
group even in the presence of the b-ester group for Q-malates or (RR)-tarn-ate-based diesters. 

Although a possible mechanism for such a process had been tentatively presented in a separated paper.s which 
is shown again below (Scheme I), there had been no idea for the fate of the intermediate (4 or 5) or what’s 
happening during the course of 5 --t 1. It had been also unclear whether the reaction was kinetically controlled or 
not. In this article we disclose a revised mechanism in these contexts based on the results obtained from additional 
significant experiments. We also provide some chiral synthons available through the selective reduction as a key 
step. 

Scheme I. 

4 
DEM 

Results and Discussion 
Selective reduction of(S)-malie acid diesfers. When DEM was treated with one-mole equivalent BMS in THF 

at room temperature, evolution of hydrogen gas took place immediately and ceased after 45 minutes. the amount 
of which was equivalent to a molar quantity of the DEM employed. Diagnosis by TLC at this stage indicated that 
no reduction had proceeded yet, only one spot corresponding to the starting DEM being visualized. This fact 
clearly suggests that the initial product should be oxyborane-type intermediate 3 (Scheme I). After NaBQ (5 
mol%) was added to the reaction mixture, immediate TLC monitoring indicated that reduction actually started and 
required one hour at room temperature for completion followed by EtOH addition for quenching the reduction: it 
should be noted that only a small amount of hydrogen gas evolved on this operation, which probably means that 
nearly all hydrogens having existed on the boron atom were consumed for the reduction.6 

After neutralizing sodium ethoxide stemming from the catalyst with p-toluenesulfonic acid and ensuing 
evaporative workup, the residual mixture was subjected to column chromatography (SiOz), giving rise to ethyl 
(3S)-3,4diiydroxybutanoate la in 88-97% yield. Attempted distillation of this chromatographically pure diol 
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ester resulted in signiticant decomposition of the product. Treatment of crude la with 2Nimethoxypropane in 
acetone in the presence of p-toluenesulfonic acid gave the corresponding 3.4~O-isopropylidene derivative 6a. 
Careful capillary GLC analysis of this acetonide indicated that it consisted of 6a and a very small amount of 7a? 
corresponding to p-ester-reduction product 2a. in a ratio 200 : 1. It turned out that there exist enough differences 
between these acetonides in terms of GLC retention times* and TLC &values.9 Separation of a mixture of 6a and 
7a by fractionation or column chromatography to give optically and chemically pure 6a which, on spectroscopic 
diagnosis (IR, tH-NMR, tsC- NMR, and mass). was totally consistent with the expected structure. 

OH 

cc 
COaMe 

HO 
lb 2b 

if- &&R 
0x0 cw R4 

6a: R-Et 
6b: R-Me 

7a: R-Et 
7b: R-Me 

8 

Dimethyl (S)-malate (DMM) was also reduced in the same way as that for DEM and subsequently transformed 
to the corresponding acetonide 6b and 7bta in a ratio 99:l. The optical rotation value of 6b was identical with that 
derived from DMM via enzymatically-promoted hydrolysis and ensuing “BMS” reduction of the resulting 
carboxylic acid functionality? Reduction of 6b with LAH afforded (2S)-1,2-O-isopropylidene-l,2,4-butaneuiol8, 
which indicated physical and spectral properties as well as optical rotation value identical with those reported by 
Meyers.11 

Revised Mechanism. The initial formation of the oxyborane intermediate 3 seems highly probable in this 
process as mentioned above. Accordingly, actual reduction must ensue from 3. This means, in turn. that the 
observed site selectivity in this reduction should reflect an activation energy difference between two possible 
transition states where the boron atom intramolecularly coordinates on either of the carbonyl oxygens to form the 
five or six-membered structures, Ts or T,j (Scheme I). It is well known that the probability of neighboring-group 
participation is dependent on the ring size formed in a transition state. In most cases, neighboring-group 
participation is most favored for five-membered cyclic array as a result of the balance between strain energy and 
entropy factors under kinetically controlled conditions. t* ln addition, rather severe 1,3&u&l interaction between 
the ester alkoxy-group and the hydrogen on the boron atom should be involved in the transition state T6 because 
of short boron-oxygen bond length. The following experimental result falls in line with this interpretation. 

When DEM was treated with BMS in toluene in place of THF at room temperature, the evolution of hydrogen 

gas was observed likewise, indicating the formation of 3. Unlike THF, the reduction has never proceeded to an 

any extent in this solvent even after overnight standing of the solution. The addition of catalytic NaBl& to the 
solution at this stage immediately initiated the reduction. The reaction completed within 2 hours, giving rise to the 
diol esters in almost the same yield as in the case of THF solvent. The site selectivity, however, turned out to be 
92:s (6a:7a) as verified by GLC analysis. ln addition, prolonged standiig of 3 in toluene (3 days) and subsequent 
reduction by a addition of catalytic NaBb did not change the ratio. These results provide strong support that the 
standard conditions (45 minutes with BMS and 1 hour exposure to NaB&) allow the reduction to proceed under 
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kinetically controlled conditions and that the reduction proceeded almost exclusively through Ts, leading to 1. 
Much better selectivity observed for DEM (200 : 1) as compared with DMM (99 : 1) can be explained on this 
basis: the ethoxy group involved in Te must suffer from somewhat larger non-any repulsion than the methoxy 
group. We also examlned the reduction of ethyl (3S)-4-(~eert-butyldime~ylsilyloxy)-3-f 9, 
derived from la through selective silylation, to 10 under the standard conditions as mentioned above. As 
expected, it was observed that completion of the reduction required extremely longer time, clearly indicating that 
‘I’6 transition state is fairly unfavorable. 

Scheme II. 

OH 1)1m0leqBMs/45mln 
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Scheme III. 
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We described in the previous mechanism (Scheme I) that only 5 leads to 1. However, in the revised proposal, 
we should consider another possible pathway that 4 can release sodium alkoxide to give an aldehyde which is 
~rne~~ely followed by activation of itself through ~ron~oo~mation (11) (Scheme III). Thus, the reduction of 
11 proceeds likewise as the process 4 to 5, giving rise to 13 via 12. On the other hand, sodium a&oxide-induced 
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Scheme IV. 
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Scheme V. 

34% rec. 
a) Ph,PdMXOh4e 24 

26%; 5.5 : 1 25 25% 

rearrangement of the ethoxy group to the boron atom iu S results in the formation of 14. l%e aldehyde group of 14 
coordin~~g with the boron atom is quickly reduced in the same manner as 11 to 13 to fumish one of the final 
products 16. Otherwise 5 would be led to an aldehyde by an alcohol workup. Indeed, when the reduction of DEM 
was conducted in the presence of W~swo~~Emmons reagent (Na salt) or the reaction mixture before or after 
workup was treated with the same reagent, no enoate was detected at all. This indicates that an aldehyde was not 
one of foal products or, even if exists as an intermediate in this pmcess, it is very quickly reduced. 

As has already mentioned, the edition of alcohol to the reaction (workup) was ~cornp~i~ by an only small 
amount of hydrogen evolution.6 This probably means that boron-hydrogen bond remained only in limited species 
at the final stage of the reduction. The mvised mechanism suggests that the species having boron-hydrogen bond 
should be 13, the amount of which may correspond to that of NaBH4 added. In line with this gumption, an 
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amount of hydrogen gas evolved turned out to be roughly parslleled to such expectation.6 
If the revised mechanism is to be the case, the mechanism outlined in Scheme IV can be proposed when 3 is 

treated with equimolar amount of an alcohol prior to the addition of NaBHs. In thii case, two reaction pathways 
commencing from 17 produced from 3 are to afford not only 1 but also a-hy~oxy~dehyde (20) via the final 
products 19 and 23, respectively. In the event, to a solution of DEM in THF was added BMS to effect the 
formation of 3 followed by the addition of EtOH (molar equivalent) and the mixture was stirred until evolution of 
hydrogen completed. Then, a catalytic amount of NaBH4 was added to the reaction mixture and the reaction was 
continued for 1 h. Indeed, after usual workup (ethanol addition), the reaction mixture was treated with 
me~oxyc~~ny~e~ylene~phenylpho~ho~e to give a mixture of r_ and 8-hydroxy-a$- unsammmd ester (24 
and 25) in 26% yield together with unchanged DEM (34%) and a mixture of la and 2a. It should be mentioned 
that the reduction through I7 resulted in significant damage on the site-selectivity as 5.5 : 1. This probably stems 
from an increase in Lewis acidity of the boron atom as a consequence of the additional appendage of an 
electronegative group to it (dioxyborane intermediate 17) as compared with 3, which provided an increasing 
oppo~ity for the boron to coo~m~e with the p-carbonyl group. 

Thus. it is a well-founded conjecture that the reduction of malic acid diesters involves the formation of 3 as the 
initial intermediate which allows quick hydride delivery from NaBH4 to itself. Thus-generated second 
intermediate 4 is destined to be partitioned into two reaction pathways leading to 11 and 14. The catalytic action 
assembled among 11,14, and NaBH4 must be invoked in order to explain unusually large rate enhancement 
exhibited by added NaBH4. In any event, BMS can offer one hydride for the fo~ation of the oxyborane 
intermediate 3 which plays a crucial role in activating neighboring carbonyl ~nction~ity site-selectively. Two 
hydrides involved in BMS can be efficiently supplied to the carbonyl carbon by way of 3, no hydrides of BMS 
being consumed wastefully. 

Reduction of tartaric acid derivatives. We recorded only three examples for the application of the site- 
selective reduction of a-hydroxy ester as mentioned above to tartaric acid family in the previous reports.3~5~13 In 
order to gain more insight into the mechanism, in particular, with regard to transition state model, systematic 
studies on the site-selective reduction of this class of compounds have been conducted. 

26a-d 27a-d 28a-d 29a-d 

(a: R = Et. Fh THP: b: R = El, R’= FBU; C: R P Me, R’= Pivat& R = &I@, t+ Bn) 

30a-d 31a-d 32a-d 33a-d 

(~:~=~~,f=Br:b:R=Me,Z=CI,C:R~Et,Z~M8;d:~~Ef~~~ 

Thus, to explore a trend in the site selectivity for the tartrate series, 26a-d were prepared from dimethyl or 
&ethyl (RJ?)-tarn-ate (DMT or DET) by (1) a conventional method for alcohol protection14 followed by isolation 
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Table 1. Selective Reduction of Tartrate Derivativesa 

Acetonide 

Ewv 

Substrate 

R’orZ R Yieldi%c 

Ratiob 

5-mem. : 6-mem. 

1 26a 

2 26b 

3 26c 

4 26d 

5 30a 

6 30alh 

I 30a’lk 

8 30b 

9 3oc 

10 30d 

THpd 
t-Bu 
pival8 
Bn 
Br 
Br 
Br 
Cl 
CH3 
N3 

Et 
Et 
Me 
Me 
Me 
Et 
i-Pr 
Me 
Et 
Et 

8Oe 40 (28a)e l(29a)e 

80 8 (28b) l(29b)’ 

76 9 (2%) l(29c)f 

55 2 (ad) l(29d) 

74 4 (32a) l(33a) 
64i 9 (32a’)i l(33a’)i 
50’ 99 (32a”)’ 1(33a”)* 

82 19 (32bp l(33b)“’ 

65 99 (32c) l(33c) 
75 99 (326) l(33d) 

(a) 1. BMS (1.02 mol eq)/MiF/rtL? h; 2. NaBH4 (5 mol%)/rtf2 h; 3. 2,2dimetboxypropane/aceton~ 
TsOH(cat)jrt/completion of the reaction by TLC; (b) Determined by capillary GLC: the 6-membered 
actonides were always ehned more slowly; (c) For chromatographicatly pure product before converting 
these products to the corresponding acetonides, the structure of each regioisomer given by the reduction 
was determined by an NMR spectroscopy for the corresponding primary-O-TBDMS-protected 
derivatives. in some cases, because they were able to be easily separated by u3; (d) Diastereomeric 
mixtures at stereogenic center of TX-IF’ moiety; (e) Acetonide, not synthesized: this ratio was obtained after 
converting the reduction mixture to ethyl 4-(rerf-butyldimethyIsiloxy)-3(or I)-mesyloxy-2(or 3)- 
hydroxybutanoate (see ref. 5); (f) The formation of the o-membered acetonide required a large excess of 
2,2dimethoxypropane and prolonged reaction dme: otherwise the Smembered acetonide was exchtsively 
formed (see text); (g) 2.2~Diiethylpropanoatee; (h) Diethyl es~, (i) Required much longer reaction time, 
(j) The O-alkyl group of 32a’ should be a ethyl group; (k) Diisopropyl esteq (I) The. O-alkyl group of 
32a” should be a isopropyl group. (m) Acetonide, not synthesized: this ratio was obtained after 
converting the reduction mixture to methyl 4-(fert-butyldimethylsiloxy)-2(or 3)-chloro-3(or 2)- 
hydroxybutanoate 

1 
* 

Tas Tss 

Tas Tss 

On the other hand, regiochemical outcomes for (R,R)-type substrates such as 26a-d seem to depend on a 
delicate balance between steric and electronic factors. We had hoped that the corresponding six-membered boron- 
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coordinated species Ts6 would interfere the hydride anion to approach the carbonyl group because of axial 
arrangement of the protected hydroxyl groups, which would increase a-reduction selectivity. However, thk is not 
the case except for 26a (TI-IP-protection: Entry 1 in Table 1). Reasonable explanation for the relative population 
between TSS and Ts6 in this series must await future investigations. 

Synthetic upplicutions: An easy access to diol esters 1 from makes and a-substituted diol esters 27 or 31 from 
tartrate-based diesters has made approach to potent chiral synthetic intermediates possible. We have already 
reported on the synthetic works concerning with otherwise risky access to such compounds.sJJ*Js In addition, 
several other laboratories have announced interesting synthesests employing la or lb prepared after our method.3 
Here, we present additional efforts to synthesixe valuable chiral synthons. 

(A) Synrhesis of (S)3,3-O-hopropylideneglyceruldehyde. (It)- and (S)-2,3-0-Isopropylideneglyceraldehyde 
37 and 38, respectively, are well-accepted as highly versatile chiral synthons in organic synthesis.~ Whereas the 
(R)-isomer has been within our facile teach over fiity 21 years, the (5’)antipode has been rather hard to access until 
recently.22 Because it can fulfill various synthetic requirements, a practical route to the (S)-isomer has been 
investigated and two representative protocols beginning with L-ascorbic acid23 and L-tartaric acid?” have been 
published so far. The site selective reduction of 26c opens the third entry to thii area (Scheme VII). In the event, 
under the standard conditions for the tartrate series, the reduction of 26c resulted in the formation of 27c and 39 in 
the ratio 9 : 1. The mixture of 27c and 39 was directly treated with 2,2_dimethoxypropane and acetone in CHsCls 
to effect the formation of only five-membered crystalline acetonide 28~ in 73% yield after distillation: to our 
delight, no sign of a six-membered isomer was detected by a capillary GLC or rsC-NMR diagnosis. Higher-purity 
grade 28~ was available, if necessary, by recrystallization. Usual LAH reduction of 28~ and non-aqueous workup 
(see experimental) led to L-threitol-1,2-acetonide 40 in 94% yield after distillation, the immediate precursor for 
38.24b Indeed 40 was led to 38 through oxidative C-C bond cleavage (NaIO4) as reported24b Both 28~ and 40 
exhibited so high stability that they could be stored in a refrigerator for years without any detectable deterioration. 

Scheme VII. 

37 38 40 

p 
HO&OaMe b 

dP” &v 
27c 2ac a 

26c --t + 

3 MS /IXFM h and. then, NaBpm R hi b) 2.2dimethoxy~d 
‘kOWHz’3z/rV3 h:; c) LAH /l’HF/O “C-n/2 h; d) NalO4, 
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(B) Synthesis of opfical& active &lacrams. The synthetic potential of 41 as a trans-3-amino-p-lactam 
framework is noteworthy. This bromo ester is available through recourse to the site-selective reduction of 30a 
followed by its primary hydroxy protection in a high yield. For instance, an SN~ displacement of the C-2 bromine 
of 41 with HN3-amine reagent (i-PnEtNHN3: 2.2 eq) in DMF proceeded to afford 2-azidobutanoate (42) in 75% 
yield, in which no epimerization at the stereogenic centers was detected. 25 The reaction of 42 with methoxysmine 
hydrochloride mediated by trimethylaluminum 26 afforded sn N-methoxyamide in 55% yield. Subsequent 
execution of a single-pot procedure for N3 to NHBoc conversion 27 effected the fonnation of the corresponding N- 
hoc-amino-N’-methoxyamide (43) in 86% yield. This was led to the trans-plactam (44: 53.4 = 1.5 Hz) in 70% 
yield under the Mitsunobu conditions28 followed by reductive demethoxylation. In addition, ci.r-$lactam (48) was 
available from trans-epoxyester (45) accessible again from 31a via 41. 5 Through highly regioselective cleavage 
of the epoxy group at C-2 with the same azide reagent as above, 46 bearing anti-azidohydrin arrangement was 
provided.29 Essentially the same sequence of aansformations from 46 as for 42 except for a reversed execution of 
the Mitsunobu reaction and N3 to NHBoc conversion27 provided the cis+lactam (48: 53.4 = 5.1 Hz) in 38% 
overall yield (4 steps). TBSdeprotected 48 was identified with the corresponding reported compoundW in all 
respects. Thus, four possible stereoisomers become available in a formal sense with very high ensntiomeric and 
diastereomeric purity from tartaric acid-based chiral synthons such as 2-bromo-3-hydroxy- and 2,3- 
epoxybutanoate derivatives because the availability of their antipodes is now self-evident when starting from D- 
tartaric acid. 

Scheme VIII. 
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(a) TBS-Cl/iidazolefl’HF/rt, 20 min; (b) R=Me (i-Pr)2EtNHN3PMF/40°Cc, 10 k (c) 1. HZIPd- 
C/Boc2O/AcOEt/rt. 3-3.533. 2. NH20Me/A1Me3/PhH/50°C, 34 h; (d) 1. DEAD/Fh3PIl’HF/rt. 2. 
Na/NH3&BuOH /l’HF/-60”C, 10 min; (e) R=Me NaOMe/MeOH/OOC (1 b)- n (45 min); (0 (i- 
Pr)2EWWN3/ DMF/rt, 24 h; (g) NH2OMe/AlMe@hHW’C, 34 h; Q 1. DEAD/Ph3P/IWF/rt. 2. Hz/w- 
C/Boc2O/AcOEtm, 3-3.5L 3. Na/NHVl-BuOH ~/-60°C. 10 min. 

Concluding remark. The mechanism which seems plausible has been proposed from the observations that 
workup resulted in a small amount of hydrogen evolution corresponding to catalytic NaBHs and the replacement 
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of one of two hydrides existing on the boron atom with an alkoxide group af the stage of 3 led to the formation of a 
significant amount of formyl derivatives. However, its unambiguous description, in particular, the catalytic cycle 
illustrated in Scheme I, is open to future studies including isotope scrambling experiments. 

The method for the selective reduction of vicinal hydroxy-ester functionality to Qdiol framework requires 

only BMS and catalytic NaBHa. This procedure can be carried out on as large as a 35-g scale with operational 
simplicity at ambient temperature. The site selectivity observed for a number of cases turned out to be, in general, 
high and, more importantly, one of the ester groups was left behind unchanged. The survived ester group was able 
to be incorporated into molecules to serve as an important functional group for tiuther elaboration. 

Experimental Section 

General Methods. Melting points were determined on a Yamato capillary melting point apparatus and are 
uncorrected. IR spectra were obtained with a Hitachi 215 grating infrared spectrometer, only the major 
absorptions being cited. The *H-NMR spectra, 60,100, 200,300, and 500 MHz, were recorded on JEOL PMX- 
60-SI, JEOL FX-100. Varian VXR-200, Varian VXR300, and Varian VXR-500 instruments, respectively. The 
13C-NMR experiments operated at 25,50,75, and 126 MHz were carried out on the JEOL FX-100, Varian VXR- 
200, Varian VXR300, and Varian VXR-500, machines, respectively. Deuteriochloroform containing 
tetramethylsilane (TMS: 1%) or without TMS was used for the JEOL instruments or the Varian machines, 
respectively, where the chemical shifts are given in 6 units relative to internal TMS for the former or relative to 
internal CHC13 for the latter. Multiplicities are reported with the following abbreviations: s = singlet (NMR) or 
shoulder (IR), d = doublet, t = triplet, q = quartet, m = multiplet, b = broad. Optical rotation were taken on a 
JASCO DIP-4 digital polarimeter using a 3.5 mm$ x 0.5 dm Pyrex cell. Mass spectra were obtained on a JEOL 
JMS-DX303 instrument operated in the chemical ionization (CI) mode. Elemental analyses were made with a 
Perkin-Elmer 2400 CHN Elemental Analyzer. GLC analyses were carried out on a Shimazu CC-IA gas 
chromatograph employing a glass-capillary column (Thermon-1000: 30 m x 0.25 mm+). Analytical TLC was 
executed on pre-coated Merck silica gel 60 F254 (0.25 mm thickness). 

THF and ether were distilled from sodium benzophenone ketyl just before use. Toluene was distilled from 
sodium. Acetonitrile, benzene, dichloromethane, pyridiie, and triethylamine were distilled from Cal& Acetone 
was distilled after drying over molecular sieves (4A). Ethanol and methanol were distilled from magnesium. 
Borane-dimethyl sulfide complex (BMS) is purchased from Aldrich. Sodium tetrahydmbortie (NaBa) was 
obtained from Kishida Chem. Co. in 98% purity (specific grade tablets for arsenic analysis) and ground to powder 
under nitrogen atmosphere when it is put to use. Organic sulfonic acids were used as its hydrate. Diesters of (.S)- 
malic acid or (RR)-tartaric acid were prepared following the published method.31 

Column chromatography was carried out with Merck product (silica gel 60-7743) and abbreviated as “CC 
(weight of SioZ used)“. A procedure expressed as “concentration” (or “be concentrated”) means rotatory 
evaporation of solvent or combined extracts under suction at 30-40 “C. Description such as “a workup” 
corresponds to a series of experimental procedures involving washing with brine, drying (MgSO4 for ether extract 
and Na2S04 for other solvents), filtration, and concentration. All reactions were carried out under an atmosphere 
of dry nitrogen or argon, employing flame-dried glasswares. 

Ethyl (3S)-3,4-Dihydroxybutanoate (la) and Ethyl (3.Q3,4-O-Isopropylidene-3,4-dihydroxybutanoate 

(6a). Caution! Dimethyl sulfide complexed with borane is released during the course of the reaction, in 

particular, rapidly after the addition of NaBH4. This experiment should be carried out in a well-ventilated hood. 

In a l-L, two-necked, round-bottomed flask mounted with a short reflux condenser was placed a solution of 
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DEM (33.5 g, 0.176 mol) in THF (380 mL). To this was added BMS (10 M, 1.03 eq) dropwise at 20 ‘C under 
stirring during 30 min. The solution was stirred at that temperature until evolution of hydrogen ceased (30 mitt). 
Then, the flask was cooled with a water-ice bath (10 “C) and stirring was continued for 10 min. To the solution 
was added NaBH4 powder (333 mg, 5 mol%) in one portion (exothermic) under vigorous stirring at that 
temperature. When the exothermic reaction subsided, the water bath was removed and the reaction was continued 
at room temperanne until the disappearance of DEM (30 min-1 h) on TLC diagnosis [Rfvalues with hexane- 
AcOEt (1:19): 0.5 (DEM) and 0.2 (la)] . To the reaction were added EtOH (60 mL) and p-TsOH (1.67 g, 5 
mol%) and resulting slightly cloudy solution was stirred for 30 min at room temperature, followed by 
concentration to give a colorless gum. This was dissolved in benzene-EtOH (1:l; 380 mL) and the resulting 
solution was concentrated again: this operation was repeated. To the residue was added benzene (300 mL) and 
the solution was concentrated, which was repeated to eliminate EtOH and B(OEt)a as thoroughly as possible to 
give a clear, colorless gum. CC (120 g) of this crude diol using EtOAc afforded la (32.1 g) in 97% yield after 
overnight treatment of the residual diol under high vacuum (0.05 mmHg): [a]25D +6.22O (c 1.22, CHCl3): the 
continuing elution with AcOEt-MeOH (85 : 15) gave 1,2,4&01 (0.13 g, 0.8%). Attempted distillation of the 
chromatographically pure la under reduced pressure resulted in a significant decomposition. 

A part of the diol(l.82 g, 12.3 mmol) in acetone (6.5 mL) with 2,2-dimethoxypropane (1.7 mL) and p-TsOH 
(0.12 g) was stirred at room temperature for 20 min, neutralized with EtsN, diluted with Et20 (20 mL), and 
filtered through a silica gel pad (15 x 30 mm), the pad being rinsed with Et20 (60 mL). The combined Et20 
solutions were concentrated by distillation (Vigreux column) to give a colorless oil: GLC analysis (140 “C, carrier 
gas Nz; 5 mumin) indicated that the oil consisted of 6a (t~=ll.l min) and 7a (fn=16.1 min) in the ratio 200~1. Rf 

values for 6a and 7a with hexane-AcOEt (4:l) were 0.26 and 0.45, respectively. An authentic sample of 7a was 

prepared as reported by Mot? and used as a standard in the GLC and TLC analyses. The W-chemical shifts of 
the acetal carbons are typical for 6a (109.9 ppm) and 7a (99.0 ppm) and highly diagnostic. CC (15 g) of this oil 
with 150 mL of hexane+EtzO (51) afforded 6a (2.0 g, 86%) free from 7a after distillation: bp 110 “C/23 mmHg; 
[a1240 +27.0” (c 1.17, CHC13), [a]z4 D +15.4’ (c 1.34, EtOH); ‘H-NMR (100 MHz) 6 1.27 (t. 3H, CH3). 1.36 (s. 
3H, CH3), 1.41 (s, 3H, CH3), 2.49 (dd, lH,J gem = 15.8 HZ, Jvic= 7.1Hz, CHH), 2.74 (dd, lH,Jga = 15.8 Hz.Jvic= 
6.1 HZ, CHIf), 3.65 (dd, lH, Jvic = 6.3 HZ, J aem = 8.2 Hz, ring-Cm), 4.16 (q, 2H, C&CHz), 4.16 (dd. lH.Jvic = 
5.8 Hz,Jgem = 8.2 Hz, ring-CHH), 4.51 (m, lH, ring-CH); 13C-NMR (25 MHz) 6 14.2(q), 25.5 (q). 26.9 (q), 39.0 
(t). 60.5 (t), 69.2 (t), 72.2 (d), 109.9 (s), 170.4 (s); exact mass, m/z 188.1042 (calcd for CsHteG4. m/z 188.1049). 
Anal. Calcd for W-h604, C, 57.43; H, 8.57. Found: C, 57.31; H, 8.47. 

Methyl (3S)-3,4-@Isopropylidene-3,4-dihydroxybutanoate (6b): bp 79-80 ‘C/6 mm; [a]22D +18.2” (c 
5.03, CHCb), [U12*o +8.62” (c 5.01, EtOH), (lit.* [U]o +17.0” (c 2.00, CHC13); lH-NMR (100 MHz) 6 1.36 (s, 
3H, CH3), 2.52 (s, 3H, CH3), 2.52 (dd, lH, J gem = 15.7 HZ, Jvic = 6.8 HZ, CWH), 2.71 (dd, lH, Jgun = 15.7 Hz, Jvk 

= 6.4 HZ, Cl-W), 3.65 (dd, lH, Jgem = 8.3 HZ, JvicE6.3 Hz, ring-Cm), 3.70 (s, 3H, OCH3), 4.16 (dd. lH, Jgem = 

8.3 HZ, Jvic = 5.9 HZ, ring-CW), 4.45 (m, lH, ring-CH); 13C-NMR (50 MHz) 6 25.4 (q), 26.8 (q), 38.7 (t), 51.6 
(q), 69.0 (t), 71.9 (d), 109.1 (s), 170.9 (S); IR (film) 1745, 1421, 1385, 1375, 1215, 1070 cm-t; mass m/z (EI, 70 
eV) 159 (M - CH3). 

US)-1,2-O-Isopropylidene-1,2,4-butantriol (8). To a cooled solution of 6b (2.58 g, 14.8 mmol) in THF (25 
mL) was added a solution of LiAlH4 in THF (1.32 M, 0.55 mol eq) at -40 OC. The clear solution was stirmd at - 
40 - -30 “C for 3 h and, then, CHzClz (25 mL) was introduced to it. The reaction was quenched by careful, 
dropwise addition of THF-Hz0 (l:l), which operation was stopped when the formation of colorless and unsticky 
precipitates was effected. The solids were removed by filtration through cclite pad and the filter cake was rinsed 
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with CHzCla. The comb&d organic solutions were dried (NazSO4). concentrated, and distilled to give 8 (1.95 g, 
90%): bp 49-50 YY0.35 mmHg; [a]ztD -1.49” (c 9.83, MeOH) (lit. 11 bp 55-61 “C/B.05 mmHg; [a]D -2.23’ (C 

9.8. MeOH)). 
Ethyl (3S)4(tert-Butyldimethylsilyoxy)-3-hydroxybutanoate (9). To a stirred solution of la (4.78 g, 32.3 

mmol) in THF (33 mL) were added imidazole (2.778, 1.3 es) and TBDMSi-Cl (5.21 g, 1.05 es) at 0 OC. The 
mixture became immediately milky and was stirred for 2 h at 0 ‘C, being diluted with ether (300 mL). followed by 
the addition of Ha0 (100 mL). A workup gave a pale yellow oil, which, on CC afforded 9 (8.05 g, 95%): [u]no 
-5.95O (c 1.32, CHCls); IR (film) 3480, 1745, 1475. 1265, 1125, 840, 785 cm-*; tH-NMR S 0.10 (s, 6H, 
Si(CH3)2), 0.95 (s, 9H, SiC(CH&), 1.30 (t. 3H, CH3), 2.53 (d, 2H, J = 6.0 Hz, CHz), 3.63 (m, 2H, OCHs), 3.82 
4.30 (m, 1H. OCH), 4.71 (q, 2H, OCH2); Anal. Calcd for CizH26D&i. C, 54.92; H, 9.99. Found C, 54.72; H, 
9.81. 

Diethyl (R,R)-O-(2’-Tetrahydropyranyl)tartrate (26a). Method A; A mixture of diethyl (R,R)-tartrate 
(DET: 48.2 g, 0.234 mol), dihydropyrane (22.0 mL, 1.5 eq), and D-camphorsulfonic acid (1.1 g. 0.02 eq) in 
CHzClz (250 mL) was stirred at rt for 3.5 h. The mixture was diluted with CH2Clz (250 mL). washed with 
saturated NaHCOs and Hz0 to remove almost all of unchanged DET. A workup and CC (50 g) with hexane- 
EtOAc (1:l) gave a clear colorless oil (67.4 g) consisted of 26a, bis-THP derivative, and DET in a mole ratio 
17:ll:l as determined by HPLC analysis. The second CC (2.6 kg) with hexane-EtOAc (2:l) and (1:l) effected 
separation of 26a (33.3 g) and the bis-THP derivative (27.2 g): the bis-THP derivative was partially deprotected 
with p-TsOH in EtOH to be converted into the three-component mixture which was submitted to CC to save 26a. 
26a: tH-NMR (60 MHz) 6 1.30 and 1.33 (t, 6H, diastereomeric CHs), 1.2G1.80 (m, 4H, ring-CHz), 3.1b3.75 
(m, 4H, ring-CHZO), 4.28 (q, 4H, OCHz), 4.3M.75 (m, IH, OCH), 4.86 (bs, lH, anomeric CH). 

Method B; A mixture of DET (2.66 g, 13.0 mmol), triethyl orthoacetate (11.8 mL, 64.5 mmol), and p-TsOH 
(37 mg, 0.15 eq) in THF (70 mL) was stirred at rt for 2.5 h. Neutralization with Etfl(O.027 mL. 0.15 eq) and 
concentration gave an oil, which was dissolved in EtOH (30 mL) followed by the addition of p-TsOH (37 mg, 
0.15 eq) and water (5 mL). The solution was stirred at rt for 1.5 h. Neutralization with EtsN (0.027 mL, 0.15 eq), 
concentration, and CC with hexane-EtOAc (1:3) gave a colorless oil (3.03 g = mono-0-acetyl-DET 35; 94%). A 
mixture of the oil, DHP (1.34 mL, 1.2 eq), and D-carnphorsulfonic acid (60 mg, 0.02 eq) in CH2C12 (20 mL) was 
stirred at rt for 0.5 h. Neutralization with EtsN (0.035 mL, 0.02 eq), concentration, and CC with hexane-EtOAc 
(1:3) gave 0-acetyl-O’-THP-DET (36) as a colorless oil (4.13 g, 99%). Deacetylation from this was performed 
successfully with an equimolar amount of NaOEt in EtOH at 0 ‘C for 1 h. The desired 26a was obtained in 82% 
yield after aqueous citric acid (10%) treatment, extraction with EtzO, a workup, and CC. 

Diethyl (R,R)-0-(tert-Butyl)tartrate (26b). Into a measuring pressure bottle cooled in a dry ice-acetone bath, 
was condensed 2-methylpropene (16.5 mL, 1.2 eq). The outlet of the pressure bottle was connected by a double 
ended needle with a flask charged with a solution of diethyl (R,R)-tartrate (DET: 30 g, 0.145 mol) in CHzCl2 (250 
mL) containing HzSO4 (98%: 2 mL), which was cooled to -20 OC. Then, the dryice-acetone bath was removed 
and, as a result, the olefii was transferred into the tattrate solution. The mixture was stirred at -20 “C-rt for 5.5 
h, and a workup gave a colorless oil which was submitted to CC (60 g). The column was eluted successively with 
hexane and hexane-EtOAc (1O:l). The hexan*EtOAc fractions afforded 26b (19.3 g, 50%). 26b: [a]22D +16.8” (C 

4.92, CHC13); tH-NMR (60 MHz) 6 1.16 (s, 9H, C(CH3)3), 1.32 (t, 6H, CH3), 4.01-4.65 (m. 6H, OCH, OCHz); 
IR (film) 3500,1768, 1755 (s), 1735 (s), 1372,1260, 1192, 1132,1100, 1035 cm-t; exact mass, m/z 262.1408 
(calcd for ClZH2206, m/z 262.1417). Anal. Calcd for C~ZHZ&. C. 54.95; H. 8.45. Found: C, 54.70; H, 8.37. 

Dimethyl (R,R)-O-(l,l-Dimethylpropanoyl)tartrate (26~). To a solution of DMT (16.5 g, 0.0926 mol) in 
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4.90 (m, 2H, CHCl, CHOH). 
Diethyl (2S,3R)-fHydroxy-2-methylsuccinate (30~): prepared after Mori’s procedute;t7~ [a]“u +9.80” (c 

2.15. EtaO) (lit.17a [aI% +9.75” (c 1.90, EtaO)) ; lH-NMR (60 MHz) 6 1.24 (t, 3H, CH3). 1.27 (d. 3H, CH3), 1.30 
(t. 3H. CHs), 3.01 (dq, 1H. CH(Me)). 3.21 (d, lH, exchangeable with DaO). 4.13 (q, 3H, CHaO), 4.25 (q, 3H, 
CHaO). 4.0-4.4 (m. lH, CH-0). 

Diethyl(2&3R)-2-Azido-3-hydroxysuccinate (30d). To a solution of diethyl(2R,3R)-2,3-epoxysuccinate”l 
(1.27 g, 6.73 mmol) in DMF (3.7 mL) was added a solution of HNs in DMF, prepared by mixing trimethylsilyl 
axide (1.79 II& 13.5 mmol) and MeOH (0.54 mL. 13.5 mmol) at 0 OC, followed by the addition of DMF (3 mL), 
and the mixture was stirred at 60 “C for 12 h. Then, a solution of 5% HCl in MeOH (1 mL) was added to the 
mixture, the solution being stirred at rt for 1 h and concentrated under reduced pressure to give an oil, which, on 
CC eluted with hexane-EtOAc (l:l), led to 30d (1.51 g. 97%): [a]17n +16.5O (c 1.47, CHaClz); IR (film) 3500, 
2160, 1750 cm-l; tH-NMR (60 MHz) 6 1.30 (t, 6H, CHa), 3.44 (d, lH,J = 5.5 Hz, OH), 4.23 (q. 4H. GCHr), 4.30 
(d, lH, J = 4.0 Hz, CHN3), 4.61 (dd. lH, J = 5.5 Hz, 4.0 Hz, CHOH); exact mass, m/z 231.0856 (calcd for 
CsHr3NsOs. m/z 231.0856). Anal. Calcd for CsH1sNs0s, C, 41.56; H, 5.57. Found C. 41.44, H, 5.46. 

Structure Determination for Products in the Selective Reduction of Tartrate Series. The following 
description with regard to structure determination for products obtained from the selective reduction of 26d is 
representative. Corresponding acetonides or, in some cases, 4-O-rert-butyldimethylsilyl derivative from 27 or 31 
were carefully analyzed by an NMR except for 27a. Attempted acetonidation (2.2-dimethoxypropane/acetone/ 
TsOHKHaCla) of the reduction product (27a + p-reduction product) obtained from 26a resulted in the formation 
of a complex mixture. Accordingly, its structure was determined after converting the mixture to ethyl 4-&r& 
butyldimethylsiloxy)-2(or 3)-hydroxy-3(or 2)-mesyloxybutanoate via a series of routine reactions (for detail, see 
ref. 5). 

Typical experiment: To a solution of 26d (3.07 g, 11.5 mmol) in THF (23 mL) was added BMS (1.20 mL, 
1.05 eq) at rt and the mixture was stirred for 2 h. NaB& (22 mg, 5 mol%) was added to the mixture. the reaction 
being continued for 2 h at rt. After workup as described for the reduction of DEM, the crude product was 
dissolved in THF (12 mL), the solution being cooled to O°C. To this THF solution was added TBDMSi-Cl(l.73 
g, leq) followed by an addition of imidazole (1.73g, 1 eq), the reaction being continued at 0°C for 1 h. The 
reaction mixture was diluted with ether (250 mL) and a workup gave a colorless oil consisted of two products as 
shown by TLC. Purification of the oil by CC (90 g) f umished less polar product (A: 0.75 g, 18.3%) and more 
polar product (B: 1.50 g, 36.7%). A: [a]26 o +18.5’ (c 2.64, CHCl3); rH NMR (60 MHz) 6 0.6 (s, 6H). 0.88 (s, 
9H), 2.93 (d, lH, J = 8 Hz, OH), 3.61 (s, 3H), 3.70-3.80 (bs, 3H, TBSOWz and CIf(OBn)), 4.32 (bd, lH, J = 8 
Hx, Uf(OH)), 4.49 and 4.65 (ABq, 2H, J = 11.5 Hz), 7.40 (s, 5H). B: [a]21 o +57.1’ (c 5.83, CHCl3); ‘H NMR 
(60 MHz) 6 0.8 (s, 6H), 0.88 (s, 9H), 2.51 (bd, lH,J = 6.1Hz, OH), 3.58-4.10 (m, 3H, TBSCKXz and CX(OH)), 
3.80 (s. 3H). 4.19 (d, lH, J = 2.2 Hz, CH(OBn)), 4.48 and 4.81 (ABq, 2H, J = 12 Hz), 7.29 (s, 5H). Anal. Calcd 
for Ci8HsoG5Si, C, 60.98; H, 8.53. Found: C, 60.70; H, 8.61. 

A part of the crude reduction product was treated overnight with a large excess of 22dimethoxypropane in 
acetone containing 5% p-TsOH at rt to give a mixture of acetonides. After evaporation of the volatile, the residual 
oil was analyzed by a 13C-NMR which indicated that the major product was a 5-membered acetonide and the 
minor one was a B-membered acetonide based on the typical chemical shifts of acetal carbon (ad: 6 110 and 29d: 
99 ppm). GLC analysis of this acetonide mixture led to the same conclusion as that from the r3c-NMR analysis 
as just mentioned based on the general trend of the order of elution (vide supra). The GLC analysis also provided 
the ratio of 28d and 29d precisely. 
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All these information confirmed that B should be assigned as methyl (2R,3S)-2-(Obenzyl)-4-(O+butyl- 

dimethylsilyl)-2.3.4-trihydroxybutanoate derived from 27d. while A methyl (2R,3S)-3-(0-benzyl)-4-(O-t-butyl- 

dimethylsilyl)-2,3,4-trihydroxybutanoate derived from the 8-ester reduction product. 

28b: [c&I +18.2O (c 6.23, CHCls); JR (film) 1765,1750,1730,1460,1375 cm-1 ; 1H NMR (60 MHz) 8 1.20 

(s, 9H). 1.28 (t, 3H), 1.35 (s, 3H). 1.41 (s, 3H), 3.95-4.50 (m, 6H). Anal. Calcd for C13H2405, C, 59.98; H. 9.29. 
Found: C. 59.85; H. 9.22. 28~: vide infra. 32a: 1% NMR (25 MHz) 6 25.2 (q), 27.0 (q), 44.8 (d), 53.0 (q). 67.4 

(t), 76.1 (d), ~ (s), 168.5 (s). Anal. Calcd for CsH1304Br, C. 37.97; H, 5.18. Found: C, 37.71; H, 5.20. 33~ 

13C NMR (25 MHz) 6 18.8 (q), 28.7 (q), 41.1 (d), 52.6 (q), 64.4 (t), 75.9 (d). m (s). 168.0 (s). 321~: 1H NMR 

(208 MHz) S 1.02 (d, 3H), 1.16 (t, 3H), 1.23 (s, 3H), 1.30 (s. 3H). 2.56 (m, IH), 3.61 (dd, lH), 3.93 (dd, 1H). 

4.06 (q. 2H). 4.19 (m, 1H); 1% NMR (50 MHz) 6 12.5 (q), 14.0 (q), 25.1 (q), 26.4 (q), 42.1 (d), 60.3 (t), 66.5 (t), 

76.6 (d), W (s), 173.9 (s). 32d: *H NMR (100 MHz) 6 1.32 (t, 3H), 1.36 (s, 3H), 1.47 (s, 3H), 3.91-4.09 (m. 

3H), 4.28 (q, 2H). 4.45 (m. 1H); t3C NMR (25 MHz) 6 14.1 (q), 25.1 (q), 26.3 (q). 62.1 (t), 63.3 (d), 65.7 (t). 

75.3 (d), IUQ (s), 167.9 (s); IR (CH2Cla) 2120, 1745 cm-t; the underlined signals corresponding to the acetal 

carbons ate highly diagnostic. Methyl (2SjS)-4-(tert-Bur>lldinterhylsiloxy)-2-bromo-3-hy~o~-b~a~ate (41): tH 

NMR (509 MHz) 6 0.09 (s, 3H), 0.10 (s, 3H), 0.91 (s, 9H), 2.94 (d, lH, J = 8.7 Hz, OH), 3.81 (s, 3H). 3.82-3.88 

(m, 2H). 4.03-4.09 (m, lH, W-OH). 4.24 (d, lH, J = 9.1 Hz, W-Br); t3c NMR (126 MHZ) 6 -5.53 (q), -5.49 

(q). 18.2 (s), 25.8 (q), 43.5 (d), 53.0 (q), 62.7 (t), 72.4 (d), 169.5 (s). Methyl (2S3R)4-(tert-butykiimethylsiky)-3- 

bromo-2-hydroxybutanoate: tH NMR (500 MHz) 6 0.06 (s, 3H), 0.07 (s, 3H), 0.88 (s, 9H), 3.28 (d, 1H. J = 5.8 

Hz, OH), 3.81 (s. 3H), 3.964.00 (m, 2H), 4.34 (ddd, lH, .I = 2.7.5.2.9.3 Hz, W-Br), 4.57 (dd, 1H. J = 2.6,5.8 

Hz, W-OH); 13C NMR (126 MHz) 6-5.58 (q), -5.57 (q), 18.2 (s), 25.7 (q), 52.5 (d), 52.7 (q). 63.4, (t) 71.8 (d), 

171.8 (s). Methyl (2SJS)-4-(tert-ButyldimethylsiIoxy)-2-chloro-3-hydro~but~ate: tH NMR (500 MHz) 80.09 

(s, 3H). 0.1 (s, 3H), 0.91 (s, 9H), 2.83 (d, lH,J= 8.7 Hz, OH), 3.78-3.85 (m, 2H). 3.82 (s, 3H), 4.05 (m H-l), 4.26 

(d, lH, J = 8.6 Hz); 13C NMR (126 MHz) g-5.6 (q),-5.5 (q), 18.3 (s), 25.8 (q), 52.9 (9). 54.9 (d), 62.2 (t), 72.7 

(d), 169.1 (s); Anal. Calcd for CttH2304ClSi, C, 46.71; H, 8.20. Found: C, 46.69; H, 8.11. Methyl (2S_?R)4- 

ftert-Butyldimethylsiloxy)-3-chforo-2-hydroxy-butanoate: tH NMR (500 MHz) 6 0.06 (s, 3H), 0.07 (s, 3H), 0.87 

(s, 9H), 3.26 (d, lH, J= 6.1 Hz, OH), 3.90-3.96 (m, 2H), 3.81 (s, 3H), 4.28 (m lH), 4.54 (d, 1H. J = 8.6 Hz); t3c 

NMR (126 MHz) S-5.62 (q), -5.60 (q), 18.3 (s), 25.7 (q), 52.7 (q), 60.8 (d), 63.1 (t), 71.9 (d). 171.8 (s). 

Methyl (2R,3S)-3,4-0-Isopropylidene-2-O-pivaloyl-2,3,4-(trihydroxy)butanoute (28~). The Selective 

reduction of 26~ (12.4 g, 47.3 mmol) was carried out in a similar way to that described above for the tattrate series 
to provide a mixture of 27c and 39. The mixture was treated with 2,2_dimethoxypropane (12 mL), acetone (14 

ml-), and TsOH (0.6 g) in CHaClz (50 mL) at rt for 3 h, neutralized by the addition of EtsN (1 mL), diluted with 

CHaCla (250 mL), and a workup gave a yellow oil. Purification of this oil by CC (120 g) eluted with hexane- 
EtGAc (8:l) led to the desired 28~ as crystals (9.50 g, 73%) after distillation. 28~: bp 85-87 Tfl.1 mmHg; mp 
43-44 “C [u13’D +28.2” (c 9.34, CHCl3); IR (CHCl3) 1770, 1738, 1482, 1440, 1148, 1072 cm-t ; *H NMR (100 
MHz) 6 1.28 (s, 9H, C(CH3)3). 1.36 (s, 3H, CH3), 1.46 (s, 3H, CH3), 3.78 (s, 3H, GCH3), 3.89 (dd, lH, Jgun = 8.7 
HZ, Jvic = 5.6 Hz, ring-CHH), 4.10 (dd, lH, J gem = 8.7 HZ, Jvic = 6.6 HZ, tit@-CHH), 4.52-4.68 (m, lH, ring-CH). 
5.09 (d, lH, J= 3.9 Hz, CH-OPv); 13C NMR (25 MHz) 6 25.3 (q), 26.2 (q), 27.0 (q), 38.8 (s), 52.3 (q), 65.4 (t). 
71.8 (d) 74.7 (d), 110.2 (s), 168.0 (s), 177.6 (s); GLC (capillary Thermon 1000, 30 m x 0.25 mm, 170 “c) single 
component with retention time 13.9 mitt; exact mass, m/z 274.1414 (calcd for CtsH22G6, m/z 274.1417). Anal. 
Cakd for C13H2206, C, 56.92; H, 8.08. Found: C, 56.88; H, 7.99. 

L&O-Jsopropylidene-L-threitol (40). To a solution of 28c (5.15 g, 18.8 mmol) in THF (100 mL) was added a 

solution of LAH (1.23 M in THF: 25.9 mL, 1.7 mol eq) slowly at 0 ‘T under rigorous stirring. The reaction was 
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stirred at 0 OC - rt during 2 h, cooled in an ice-bath, quenched by an addition of a mixture of THF/H~O (l:l, 14 
mL) to effect formatlon of colorless, easy-to-filtrate precipitates. The solid was removed by filrmtion through a 
celite pad and the filter cake was thoroughly rinsed with CH2Cl2. The combined organic solutions were dried 

(NazSOJ) and concentrated to give a colorless oil, which, on distillation, afforded 40 (2.87 g, 94%): bp 101-102 
‘C/O.1 mmHg; [a]2sD +3.48” (c 6.67, MeOH) (lit. 24a [a]D +3.9” (c 1.4, MeOH, 1it.mb [a]“D +2.7“ (C 2.96, 
CHC13); IR (fii) 3420,1380,1370. 1215,106O cm- 1; 1H NMR (100 MHz) 6 1.37 (d, 3H, J = 0.7 Hz, CH,), 
1.45 (d. 3H,J= 0.5 Hz, CH3). 2.60 (bd, 2H, OH), 3.66 (bs, 3H, CHOH, CH20I-I). 3.77-4.23 (m. 3H, ring-H); 13C 
NMR (25 MHz) 6 25.2 (q). 26.4 (q), 63.7 (t), 65.7 (t). 72.4 (d), 76.6 (d), 109.3 (s). 

(R)-1.2-O-Isopropylideneglycerol (88% yield) derived from 40 by means of oxidative C-C bond cleavage 
(NaI04) and subsequent reduction (NaBH4): [a]25D -14.6’ (c 3.05, MeOH) (lit. 24a [a]D -10.6.‘; liL21a [a]D 
-10.76“). 

Methyl (2S,3S)-4-(terf-ButyIdimethylsiloxy)-2-bromo-3-hydroxybutax~oate (41). A mixture of 31a and 

methyl (2&3R)-2,4-dihydroxy-3-bromobutanoate (4 : 1) (1.73 g, 25.4 mmol) was dissolved in THF (35 mL), and 
to this solution was added TBDMSi-Cl(3.2 g, 21.2 mmol). The mixture was stirred at rt for 20 min. diluted with 
ether-hexane (1:l; 260 mL). and washed with H20, cold l%-HCl, and NaHC03. A workup gave a colorless oil, 
which was briefly purified by CC (75 g) with hexane-EtOAc (1O:l) to afford the protected ester (5.268,99%): a 
mixture of 43 and the silylated methyl 3-bromo-2,4_dihydroxybutanoate. 

Methyl (2R,3R)-2-Azido-3-hydroxy-4-(t-butyldimethylsiloxy)butanoate (42). A mixture of 41 and the 

silylated minor bromodiol stemming from the p-ester-reduction product (ratio 4 : 1) (4.34 g, 13.3 mmol) was 
dissolved in DMF (15 mL). To this solution were added diisopropylethylamine hydrochloride (4.50 g, 26.5 
mmol) and sodium azide (1.80 g, 26.5 mmol) and the mixture was stirred at 40 OC for 10 h. The reaction was 
diluted with water, extracted with ether, and a workup gave an oil, which was purified by CC (hexane-EtOAc 
20:1 - 5:l) to give 42 (2.17 g, 75% based on 31a). Under the conditions, the p-ester-reduction product or the 
corresponding azide product therefrom seemed to decompose. 42: [a]25D -41.3” (c 2.69, MeOH); IR (fii) 
3500,2100, 1740 cm-l; IH NMR ( MHz) 6 0.08 (s, 3H, 0.90 (s, 9H), 2.49 (d. J = 6.5 Hz, lH, OH), 3.66 (dd. J = 
6.6, 10.1 Hz, lH), 3.72 (dd, J = 5.9, 10.1 Hz, IH), 3.84 (s, 3H), 4.05 (d, J = 3.1 Hz, lH), 4.16 (m, 1H); 1% NMR 

( 126 MHz) 6 -5.52, -5.48, 18.2,25.8,52.5,62.8,63.3,72.3, 169.7. 

(2S,3S)-2-(N-Boc)amino-3-hydroxy-4-(t-butyldimethylsiloxy)-l\r’-methoxybutaneamide (43). Azidoester 

42 was converted to the corresponding N-methoxyamide after Weinreb’s procedure26 in 56% yield. To a 
suspension of 10% Pd on carbon (30 mg) in EtOAc (7 mL), pre-saturated with hydrogen, was introduced a 
solution of the amide (0.283 g, 0.93 mmol) and BoczO (244 mg, 1.2 eq) in EtOAc (3 mL).n The mixture was 
stirred at rt for 4 h under an atmosphere of hydrogen, filtered through a celite-pad, and concentrated under reduced 
pressure to give an oil, which, on CC (hexane-EtOAc l:l), afforded 43 (274 mg, 78% yield) as a colorless crystal. 
43: [a]26D+15.20 (c 2.68, MeOH); IR (film) 3350,1670, 1620 cm- ‘; ‘H NMR (500 MHz) 6 0.053 (s, 6H), 0.88 
(s, 9H), 1.43 (s, 9H), 1.89 (bs, lH, OH), 3.60 (d, 2H, J = 6.5 Hz), 3.76 (s, 3H), 4.14.3 (m, 2H), 5.58 (bd, lH), 9.5 
(bs, 1H); 13C NMR (126 MHz) 6 -5.60, -5.55, 14.1, 18.2,25.8,28.2,52.3,62.8,64.4,70.6, 80.7, 156.4, 169.3; 

Anal. Calcd for C16HMN20&, C, 50.77; H, 9.05. Found: C, 50.63; H, 9.11. 
(~,4S)-3-f-Butoxycarbonylamino-4-(f-butyldime~hylsiloxymethyl)-2-a~tidinone (44). To a solution of 43 

(0.073 g, 0.19 mmol) in THF (3 mL) was added triphenylphosphine (60 mg, 1.2 eq), followed by the addition of 
diethyl azodicarboxylate (0.035 mL, 1.2 eq). The mixture was stirred at rt for 1 h, concentrated under reduced 
pressure, and purified by CC (hexane-EtOAc 5:l) to furnish the N-methoxyazetidinone in 73% yield as a colorless 
crystal. A solution of this azetidinone in THF (2 mLkt-BuOH (2 mL) mixed solvent was added to a reducing 
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agent prepared from liquid ammonia (5 mL) and sodium (50 mg) at -60 OC. After stining at that temperature for 5 
minutes, the reaction was quenched by the addition of saturated aqueous ammonium chloride, extracted with 
CHKh, and a workup gave an oil, which, on CC (hexam+EtOAc 1:l) provided 44 as a colorless oil in 96% yield. 
44: Ial~+45.0° (C 2.18, MeOH); IR (ti) 3280, 2900,1760,1710 cm-l; 1H NMR (500 MHz) SO.054 (s, 3H), 
0.059 (s, 3H), 0.88 (s, 9H), 1.43 (s, 9H), 3.6b3.74 (m, 2H). 3.80 (bd. 1H) , 4.44 (bdd, lH), 5.19 (bd, lH), 6.10 
(bs. 1I-I); 1x NMR (126 MHz) i-5.48. -5.40. 18.2.25.8,28.3,58.6,59.8.63.5,80.4, 154.9, 167.2; Anal. Calcd 
for C1M30NZ0&ir C, 54.51; H, 9.15. Found: C, 54.44, H, 9.11. 

Methyl (2R~-4-(rert-Butyldimethylsiloxy)-traanoate (45). A mix- of TBSO-ester 41 
and the silylated minor bromodiol stemming from the p-ester-reduction product (ratio 4 : 1) (5.22 g, 15.9 mmol) 
was dissolved in MeOH (50 mL), the solution being cooled in an ice-bath. To the cold solution was slowly 
introduced a solution of NaOMe in MeOH prepared from NaH (60% suspension in oil: 0.67 g, 16.7 rnmol) and 
MeOH (10 mL) at 0 ‘C. The reaction was continued at 0 OC for 1 h and 45 min at 0 oC-r&, diluted with ether- 
hexane (1:l; 300 mL). A workup gave a colorless oil, which was purified by CC (80 g) with hexane-EtOAc 
(l&l) and subsequent distillation to convergently afford pure 45 (3.05 g. 78%). 45: bp 90-91 OQO.7 mm; [a]% 
-24.7’ (C 6.96, CHCl$; [a]mD -39.7“ (C 4.39, Et20); IH-NMR (500 MHz) 10.03 (s. 3H, SiCHs), 0.04 (s, 3H. 
SiCH3). 0.86 (s, 9H. SiC(CH3)3), 3.28 (m. 1H. ring-H), 3.42 (d, lH, J = 1.9 Hz, ring-H), 3.74 (dd. 1H. &II = 12.4 
HZ, Jvic = 3.6 HZ, CHHO), 3.75 (s, 3H, OCH3), 3.88 (dd, IH, Jgem = 12.4 Hz, Jvic = 2.6 Hz, CHHO); 13C-NMR 
(50 MHz) 6-5.5 (9). 18.2 (s), 25.7 (9). 50.0 (d), 52.3 (q), 58.1 (d), 61.1 (t), 169.4 (s); Anal. Calcd for CilHuO&i. 
C, 53.63; H. 9.00. Found: C. 53.51; H. 8.90. 

Methyl (2S~~)-2-Azido-3-hydroxy9-(f-butyldimethylsitoxy)butanoate (46). To a solution of 45 (0.865 g, 
3.5 mmol) in DMF (3 mL) were added diisopropylethylammonium azide29 (2.10 g, 11 nunol) and the mixture was 
stirred at rt for 36 h. The reaction was diluted with water, extracted with ether, and a workup gave an oil, which 
was purified by CC (hexane-EtOAc 1O:l) to give 46 (0.656 g, 65%). 46: [aIn,-18.2’ (c 1.59, CHCl3); IR (film) 
3400, 2900, 2100. 1710 cm-l; 1H NMR (500 MHz) 6 0.067 (s, 3H). 0.071 (s, 3H). 0.88 (s, 9H), 2.70 (bs, lH), 
3.72 (dd, lH, J = 3.8, 10.4 Hz), 3.75 (dd, lH, J = 4.0, 10.4 Hz) , 3.81 (s, 3H), 3.93-3.99 (m. 2I-I); 13C NMR (126 
MHz) 6-5.53. -5.48, 18.3,25.8,52.7,62.7,62.9,71.7, 169.4; Anal. Calcd for CllH23N304Si, C. 45.67; H, 8.01. 
Found: C. 45.60; H, 8.11. 

(2S,3R)-2-Azido-3-hydroxy-4-(1-butyldimethylsiloxy)-~-methoxybutanamide (47). N-Methoxyamidation 
of 46 was conducted after the procedure by Weinreb26 to afford 47 in 62% yield. 47: [a]26D +6.54“ (c 3.12, 
MeOH); IR (film) 3400, 2100,1670,1250 cm- l; ‘H NMR (500 MHz) 6 0.075 (s, 6H), 0.88 (s, 9H), 3.28 (bs, 
lH), 3.70-3.75 (bd. 2H) , 3.78 (s, 3H), 3.90-4.10 (m, 2H), 9.17 (bs, 1H); 13C NMR (126 MHz) 6 -5.49, -5.40, 
18.3,25.0,62.2,63.1,64.6,71.9, 166.2; Anal. Calcd for CllH2.+N4O&i, C, 43.40; H, 7.95. Found: C. 43.22; H, 
7.80. 

(3S,4S)-3-t-Butoxycarbonylamino-4-(t-butyldimethylsiloxymethyt)-2-azetidinone (48). A series of 
reactions involving j3-lactam cyclization, single-pot N3 to NHBoc conversion, and reductive demethoxylation was 
successfully performed for 47 in the same way as described above for 42 to 44 transformation. 48: [a]% +35.3’ 
(c 1.16, MeOH); IR (film) 3400, 2920.1760, 1700 cm- l; lH NMR (500 MHz) 6 0.061 (s, 3H), 0.076 (s. 3H), 
0.88 (s. 9H), 1.41 (s, 9H), 3.75 (dd, lH,J = 2.0 Hz), 3.82-3.85 (m, 1H) , 3.86 (dd, lH, J= 2.4 Hz), 5.33 (dd, 1H. 
J = 4.7 Hz), 5.56 (bd, 1H). 5.80 (bs, 1H); 13C NMR (l+26 MHz) S -5.68, -5.48, 18.1,25.7,28.2,54.4,59.4,61.0, 
80.1, 155.0.169.1; Anal. Calcd for C15H3oN204Si, C, 54.51; H, 9.15. Found: C, 54.33; H, 9.01. 

TBS-deprotection of 48 (n-Bu4NF / THF / rt / 0.4 h) afforded the corresponding 4-hydroxymethylazetidiione in 
82% yield with [a]“o +21° (c 0.21, CHCb), which is identical as that reported [lit.30 [a]25D+21” (c 0.55, CHCb)]. 
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