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Asymmetric Synthesis of 1-Boc-3- and 4-Hydroxypyrrolidines
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Abstract: Lewis Acid-mediated coupling reactions of (5R, 65)—2-acetoxy-4-(benzyloxycarbonyl)-5 6—dipheny1-
71

2,3,5,6-tetrahydro-4H-1,4-oxazine (2 ) with allylsilanes (3a-d) proceeded to give the coupling products (4a-b)
with moderate to good stereoselectivity. The coupling products (4a-b) were effectively converted into 1-Boc-3-

and 4-hydroxypyrrolidines (8a, syn- b, and ¢). © 1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

Pyrrolidine alkaloids have been the subject of considerable synthetic, structural and mechanisti
complex molecules.”” For example, po lyhydroxylat pyrrolidines have been shown to be potent lycosidase
i i eﬁericiai herapeutic effects against tumor metastasis,*

metabolic disorder,” and viral infections.®

3-Hydroxy-1-butoxycarbonylpyrrolidines are useful precursors for the synthesis of several natural
products such as dihydromauritine A” and slaframine.® Joullié et al. have already reported the asymmetric
synthesis of 3-hydroxypyrrolidine from L-malic acid’ and L-glutamic acid.” On the other hand, 1-Boc-4-
hydroxy-2-hydroxymethylpyrrolidines are also useful intermediates for the synthesis of optically active

phosphme ligands," 2,5- d1azab1cyclo[2 2.1]heptane,"” 4-purinylpyrrolidine nucleosides,” and

1es.” Consequently, facile and effective methods for th

enantioselective synthesis of N-protected 3-and 4-hydroxypyrrolidines is a worthwhile synthetic objective.
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We have extensively demonstrated that (55, 6R)- and (5R, 65)-4-Cbz-5,6-diphenyl-2,3,5,6-tetrahydro-
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4H-1,4-oxazin-2-ones (1a and b)" are useful as a chiral, non-racemic gxyc‘iﬁe emplates for the synthesis of

structurally diverse o-amino acids.” Recently, we have expanded the scope and utility of these substances to
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prepare (5K, 65)-and (55, 6R)-2-acetoxy-4-(benzyloxycarbonyi)-5,6-diphenyl-2,3,5,6-tetrahydro-4H-1,4-oxazines
(2a and b) which have been found to be useful substrates for the synthesis of peptide isosteres via Lewis Acid-
mediated coupling reactions with organosilanes.'*”

We have described that the Lewis Acid-mediated coupling reaction of the hemiacetal 2a with
allyltrimethylsilane proceeded in a diastereoselective manner to give the coupling product 4a in almost

quantitative yield; subsequent manipulation of the allyl group provides access to peptide isosteres.
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In this paper, we would like to report the coupling reactions of the hemiacetal 2a with crotylsilanes and

the effective conversion of the coupling products (4a and b) to 1-Boc-3-hydroxy- and 4-hydroxypyrrolidines.

Danishefsky ef al. reported the stereoselective Ferrier reactions of glucals with crotylsilanes and the
effects of substituents on the silicon atom of crotylsilanes in these reactions.” Initially, the coupling reactions of
the hemiacetal (2a) with crotylsilanes (3b-d) under several reaction conditions were examined. As previously
reported,” a combination of BF,*OEt, and MeCN was found to be effective in the coupling reactions of the
hemiacetal (2a) with crotylsilanes (3b) (Scheme 2 and Table 1, entries 1-3).
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We have observed that the geometry of the crotylsilanes had a significant impact on the
diastereoselectivities of these reactions. Namely, when (E)-crotylsilane (3b) was employed, anti-4b was
produced predominantly. On the other hand, the coupling reactions of the hemiacetal (2a) with (Z)-
crotylsilanes (3b-d) gave syn-4b as the major product. These coupling products could not be separated by

using normal silica gel chromatography but Ag*-coated silica gel PTLC was found to effect their separation. To

accomplished. The 'H-'H nOe between the 1’-H on the allyl group and 6-H on the oxazine ring was observed

for both compounds. As a result, the stereochemistry of the 2-position of both oxazines was found to be (S).
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However, the relative configuration at the 1’-position on the allyl side chain proved more difficult to
unambiguously assign. Thus, to determine the stereochemistry at the 1’-carbon and to increase the utility of

the coupling reactions, these substances were converted into pyrrolidines.

Table 1. Lewis Acid-mediated Coupling Reactions of Hemiacetal (2a) with Crotylsilanes (3b-d)

Entry Crotylsilane Lewis Acid Temp (°C) Solvent  time (min) Yield (%) of 4b
ratio (anti:syn)’
1 Mo SSiMe, BFrOE: 15 MeCN 15 9
{E)-3b \/4:£0)
2 M "gime. TiCL -15 MeCN 60 48
(53 ° (74:26)
3 M e/YSiMe3 TiCl, -78—-15 CH,Cl, 60 complex mix.
3D
4 Me”"giph, BF,-OEt, -15 EtCN 90 54
(E)-3¢ (84:16)
5 BF,-OFt, -15 MeCN 15 93
"/_Ls'gegb (38:62)
6 == BF,-OEt -15 EtCN 90 70
Me/—_\—SiPh.g : : (37563)
(2)-3¢
7 W \sigaguo; BF-OEt -15 EtCN 90 B

* The ratio was determined on the basis of '"H nmr.

A model experiment was conducted, using compound 4a as a starting material, (Scheme 3). Ozonolysis
of the coupling product (4a), followed by reduction with NaBH, gave an aicohol (5a) in 83 % yield. After
mesylation of the aicohol (5a) with methanesulfonyl chloride in the presence of triethylamine at -78 °C,

hydrogenolysis was accomplished to give the corresponding pyrrolidine derivative.
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The pyrrolidine derivative obtained from the reductive cleavage of 6a proved to be a very polar
substance, whose purification by silica gel flash chromatography was facilitated after treatment with (BOC),0
to afford the corresponding N-BOC-pyrrolidine (7a) in 63% overall yield from mesylate (6a). We were quite
surprised that 6a had apparently suffered N-CBz deprotection followed by cyclization of the incipient amine



on the mesylate and then chemoselective reduction of the C-N benzylic bond in the presence of the benzylic C-
O bond. It was expected that the benzylic C-O bond would reduce faster than the benzylic C-N bond and an
explanation for this chemoselectivity can not at present, be clearly put forth. Finally, Birch reduction of
compound (7a) gave (S)-1-Boc-3-hydroxypyrrolidine (8a) in 79% yield. The er of 8a was 98.5 : 1.5 on the basis of
glc analysis of the corresponding Mosher esters. The overall route from the coupling product (4a) includes 5

steps in 41 % overall yield.
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With an effective method for the transformation of the coupling product (4a) to a pyrrolidine (8a) in
hand, we next examined the preparation of 3,4-disubstituted pyrrolidines (Scheme 4). As it proved very
difficult to separate the coupling products syn and anti-4b, a diastereomixture of syn and anti-4b was directly
utilized. Using the same protocol deployed in Scheme 3, the coupling products 4b were converted to the
corresponding mesylate (6b). The hydrogenolysis of the mesylate (6b) was accomplished, followed by
treatment with (BOC),0 to give a mixture of pyrrolidines (syn- and anti-7b), which could be easily separated
by silica gel flash chromatography. The relative stereochemistry of syn- and anti-7b was elucidated by 'H-'H

nOe experiments (Figure 1).
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polar component), the corresponding H-H nOe was weak. Consequently, the orientation between the 3- and
4-substituents on the pyrrolidine ring is cis- in syn-7b, and trans- in anti-7b. The stereochemistry of the 1’-
position on the allyl group of 4b was determined as shown in Scheme 2. In acyclic systems, it is known that
Lewis Acid-mediated coupling reactions of allylic stannanes and silanes exhibits an entirely different

Imetals. Namely, regardless of the geometry of crotylmetals, both geometrical

pei Avaty 220220 LRk ULy L11v 115. 1\ndl

: 19
isomers of crotylsilanes and crotylstannanes furnish the same diastereomers.” In the case of cyclic systems
gisFrh mo A= iy Loviarsrd Pl b TN centerl ol oen sy i A ds Al i 3
such as 4a, we found that (E)-crotylsilar the anti-4b as a major product and (Z)-crotylsilanes the syn-4b

predominantly. As described previously,"” it is apparent that these reactions proceed via capture of an incipient
oxocarbenium ion. Our stereochemical results can thus be rationalized as shown in the Figure 2. Namely,
when (E)-crotylsilanes are utilized, transition state TS, might be more preferable than TS, by minimizing steric
compression between the CH,SiR, residue and the N-CBz group; TS, will thus provide the anti-isomer. On the
other hand, in the case of the (Z)-isomer, TS, can be expected to be favored by reducing steric compression
between the CH,SiR, residue and the N-CBz group as well as the methyl group and the methine hydrogens of

the oxazinone; TS, should therefore provide the corresponding syn-isomer.

Pb Pb
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Finally, when Birch reduction of syn-7b was accomplished, 1-Boc-3-hydroxy-4-methyipyrrolidine (syn-
8) was obtained in 96% yield, with an er of >99.5:0.5 on the basis of glc analysis of the Mosher esters.
Next, we examined the asymmetric synthesis of differentially protected 4-hydroxy-2-

* of (4a) was conducted as shown in

hydroxymethylpyrrolidine. Asymmetric dihydroxylation (AD reaction)
entries 1-3 of Table 2. The diastereomeric excess of the diol could not be determined at this stage. After
silylation of the diol with t—butyldlmethylsﬂyl chloride and triethylamine,” the ratio was measured by HPLC

diastereoselectivity proved to be modest and this

s and
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Table 2. Dihydroxylation of 4a

Entry oxidant conditions yield (% of 9)° yield (% of 10)°
1 AD-mix-o 0°C/t-BuOH 78 78
ITI M 2 dazro IL.TAN
LI/, J uays \£0.72)
2 AD-mix-$ 0°C/t-BuOH 42 72
H,O, 8h (65:35)
3 AD-mix-p 0°C/t+-BuOH 55 75
H,0, 3 days (63:37)
4 0s0,/NMO’ rt, MeCN 84 85
H,0, 3 days (49:51)
1) Total yield of diols. 2) Total yield of 10a and b. The ratio (10a and b) was determined by HPLC (Column: Partsil®
column (Whatman Co Ltd), 9.4 x 500; solvent: hexanes: AcOEt:2-PrOH = 70:29:1; flow rate: 2 mL / min: UV absorption:

254 nmy). 3) N-methylmorpholine N-oxide.

To circumvent the poor facial selectivity of the dihydroxylation, we examined a dihydroxylation

nnnnnnnnnnn A Arvtiamt At A ald e AL b canm Aoy hx ,-‘l..-u 1 grmiies £allag ; _.‘._..,, LS. Y. SE Y 'S B
bcqut:u&.c aliul buUb Llu LLL UXECLALIULL UL LLL bt:Luuucuy u_yu.L /\yl ELUU.P TO1IOW Uy dby HICLL ]L requduon Oor mne
corresponding ketone. Thus, dihydroxylation of (4a) with catalytic osmium tetroxide and N-

methylmorphorine N-oxide (NMO) gave the diastereomeric diols in 84% yield. After silylation of the primary
hydroxyl group, oxidation of the secondary alcohol was accomplished with Dess-Martin periodinane (96%). A
number of hydride reducing agents were examined including: DIBAH, L-Selectride, Red-Al, ZnBH, and
NaBH, to effect the stereoselective reduction of the carbonyl group of compound (11). The best conditions we
found entailed treatment of the ketone (11) with NaBH, in MeOH at -40 °C, which afforded the alcohol 10 in

quantitative yield with a diastereomer ratio of 88:12. Separation of 10a and 10b was accomplished by silica gel

flash chromatoeranhv. The configuration of the secondarv hvdroxvl eroup of 10a was assiened as R on the
matography. lhe configuration of the secondary hydroxy!l group o1 10a was assigned as R on the

£ tho embirical Sharsless AD reaction rules P and then by the correlation shown below in Schemes 7 and

1 LI Clllt]ll mnwat Jllﬂll.llcab AL 1TAQl LUt L uico aliu i Uy UIT LULITIAUULL DIIUVVIL UTIUYVYV LI JULITLLICD /7 allu

Alcohol {10a) was converted into the pyrrolidine derivative 8¢ as shown in Scheme 7. After mesylation
of the alcohol (10a), hydrogenolysis and N-tert-butoxycarbonylation were conducted, successively to give the
corresponding pyrrolidine derivative (7c) in 66 % yield from mesylate (6c).

Birch reduction o f compound 7¢ gave the differentially protected 1-t-BOC-4-hydroxy-2-
hydroxymethylpyrrolidine (8c) in 88 % yield, with an enantiomeric ratio (er) >99.5 : 0.5 on the basis of glc
analysis of the corresponding Mosher ester. To establish the stereochemistry of the stereogenic centers of 8c, an

alternative preparation was accomplished as shown in Scheme 8.
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Silylation of the known diols syn-and anti-12" and comparison with synthetic 8c was accomplished
(Scheme 8). The glc retention time of ent-8c was identical with that of synthetic 8¢ (8.7 min., capillary column:
Helifex Phase AT-1 (Alltech Co.); length:15 m. ID 0.25 mm). Injection temp.: 250 °C; Oven temp. 160 °C).

Further, the optical rotation value of ent-8c was +49.2 and that of synthetic 8¢, was -47.0. Consequently, the

stereochemistry of synthetic 8¢ was established as (25, 45), and the absolute configuration of the precursor
alecahnl (10a) i thiig
alcohol (10a) is thus R.
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HQ, HO,
y TBSC!, Ei3N "
O\ A omap, e, (-;)\.)OTBS
‘Buo/Ko 92 % ‘Buo’go
Anti-12 8e
Scheme 8

CONCLUSIONS
We have examined the Lewis Acid-mediated coupling reactions of hemiacetal (2a) with several kinds
of crotylsilanes. These reactions proceeded with moderate stereoselectivity and good chemical yields. The

newly constructed C1’ stereogenic center of the coupling products was governed by the geometry of
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crotylsilanes employed. The effective transformation of the coupling products to 1-Boc-3-hydroxy-, 3-hydroxy-
4-methyl-, and 4-hydroxy-2-hydroxymethylpyrrolidins was developed. This methodology provides ready
access to polysubstituted hydroxypyrrolidines.

Acknowledgment. This work was supported by the National Science Foundation (CHE-9320010).

General Considerations. Melting points were determined in open-ended capillary tubes on a Mel-Temp
apparatus and are uncorrected. 'H (300 MHz)-NMR spectra were obtained on a Bruker ACE-300 spectrometer.
Chemical shifts are reported in parts per million downfield from the internal standard. Infrared spectra were

recorded on a Perkin Elmer 1600 FTIR and were recorded as A, in cm™. Optical rotations were obtamed ona
Rudolph Research automatic polarimeter Autopol III. Specific rotations [@], are reported in degrees per
decimeter at 25 °C and the concentration (c) is given in grams per 100 mL in the specified solvent. Mass spectra
were obtained on a V.G. Micromass Ltd. Model 16F spectrometer or were conducted by UCR Mass
Spectrometry Facility, Department of Chemistry, University of California at Irvine, Irvine, CA. Column
chromatography and flash chromatography were performed with Merck silica gel Kieselgel 60 (230-400 mesh).
Radial chromatography was accomplished with a Harrison Research Chromatotron Model 7924 using Merck
silica gel Kieseigei 60 PF-254 containing gypsum; 2 and 4 mm plates were used as needed. Preparative thin

JIITT N o TV ~n e

1ayer cnromatograpny (1L ) was accompusnea with Merck Meselgel 60 F254 precoatea glass (eltner U.4D or

0.50 mm). Ag*-coated silica gel PTLC (argentation TLC) was prepared as follows: normal silica gel TLC plates
were soaked in 0.25 M AgNO, aqueous solution and then air-dried in a dark box for couple of days. All

solvents were commercial grade and were distilled and dried as follows: tetrahydrofuran (THF) and diethyi
ether from sodium benzophenone ketyl; MeCN from P,O; CH,Cl, from Call,. The coupling product (4a) was
prepared according to our previous paper.” cis- and frans-4-hydroxy-2-hydroxymethylpyrrolidines (syn- and
anti-12) were prepared according to the literature procedure.” The coupling reactions conducted with

crotylsilane: 5 equiv. of crotylsilane was arbitrarily chosen as the “excess” amount that was recommended by
ref. 18 and has not been optimized for the minimal number of equivalents required to obtain satisfactory
yields.

Lewis Acid-Promoted Coupling Reactions of Hemiacetal (2a) with Crotylsilanes. To a MeCN solution (3 mL)
of hemiacetal (2a) (0.108 g, 0.25 mmol) and crotyltrimethylsilane (0.16 g, 1.25 mmol), BF,¢OEt, (0.06 mL, 0.50
mmol) was added at -15 °C under an Ar atmosphere. The reaction mixture was stirred at the same temperature
until the starting hemiacetal (2a) could not be detected on TLC. After the reaction, sat. NaHCO, (10 mL) was
added, stirred for 20 min at room temperature, and diiuted with AcOEt (15 mL). The organic layer was
separated, and the aqueous phase was extracted with AcOEt (10 mL x 2). The combined orgamc layer was

28, 5R, 6S5)-4-(benzyloxycarbonyl)-5,6-diphen
1 4-oxazme (syn-4b less polar component).

25 % yield. Colorless viscous oil. [oc]i5 =-53.2 °( CH,Cl,, ¢ 0.75). "H NMR (300 MHz) (393 K, DMSO- d,) 8 TMS:
1.04 3H, d, ] = 6.9 Hz), 2.78 (1H, m), 3.59 (1H, dd, ] = 13.7 Hz, 4.8 Hz), 3.88 (1H, dd, ] = 13.8 Hz, 4.8 Hz), 4.00
(1H, ddd, ] = 9.0 Hz, 4.8 Hz, 4.8 Hz), 5.00-5.14 (2H, m), 5.04 (1H, d, [ = 12.3 Hz), 5.11 (1H, d, | = 12.6 Hz), 5.29
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(1H, d, ] = 3.6 Hz), 5.35 (1H, d, | = 3.6 Hz), 5.77 (1H, ddd, | = 17.4 Hz, 10.4 Hz, 7.8 Hz), 7.05- 7.30 (15H, m). IR
(NaCl, neat): 1695 (C=0) cm -1, HRMS (FAB+) Caled for C2gH29NO3 (M+): 427.2147. Found: 427.2152.

(1'S, 28, 5R, 6S)-4-(benzyloxycarbonyl)-5,6-diphenyl-3-(1'-methyl-2"-propen-1'-yl)-1, 2, 5, 6-tetrahydro-4H-1,4-
oxazine (anti-4b, more polar component).

725

71 % yield. Colorless viscous oil. [a]5 =-65.3°( CH,CL, ¢ 1.21). 'H NMR (300 an) (393 K, DMSO- d,) 6 TMS:
1.07 (3H, d, ] = 6.6 Hz), 2.75-2.90 (1H, m), 3.63 (1
4.04 (1H, ddd, j = 8.7 Hz, 5.1 Hz, 5.1 Hz), 5.04-5

- A aTT ~

32 (iH, d, ] =3.6 Hz), 5.38 (1
( JaCl, neat): 1699 (C=0) cm™.
2,5, 6—tetranyaro-4n—i 4-oxazine
ml) was treated with O, at -78 °C
=] -

R (RPN 'S MNP, [SR- SN R
€ COIVUL U1 UIT DULULLLIUILL LUl
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ixture was purged with Ar gas,
NaBH, (0.144 g, 3.82 mmol) was added carefully at the same temperature. The reaction mixture was stirred at
room temperature nvprmoh& The solvent was pvapnrafpd under reduced pressure and H,0 (20 mL) was
added to the residue. The mixture was extracted with AcOEt (15 mL x 3), and the organic layer was washed
with H,O (20 mL x 1), and sat. NaCl (20 mL x 1), successively, dried over MgSQO,, filtered, and evaporated in
vacuo to give an oily residue, which was purified by flash chromatography (hexanes : AcOEt = 1 : 1) to give
alcohol (5a) as a colorless viscous oil (0.22 g, 83 % yield from compound 4a). [oc]?_,5 =-76.0° (CH,CL, ¢ 0.94).'H

NMR (300 MHz) (348 K, DMSO- d,) § TMS: 1.72-1.83 (1H, m), 1.97-2.09 (1H, m), 3.46-3.57 (2H, m), 3.61 (1H, dd,
| = 13.8 Hz, 4.5 Hz), 3.74 (1H, dd, | = 13.7 Hz, 3.8 Hz), 4.26 (1H, t, | = 5.1 Hz), 4.46 (1H, m), 5.06 (1H, d, ] = 12.6
Hz), 5.15 (1H, d, ] = 12.9 Hz), 5.31 (1H, brd, | = 3.3 Hz), 5.38 (1H, d, ] = 3.9 Hz), 7.06-7.35 (15H, m). IR (NaCl,

neat): 3458 (OH), 1699 (C=0) em™. HRMS (FAB+) Calcd for C2gH28NO4(M*+H): 418.2018; Found: 418.2021.

(1'S and R, 25, 5R, 65)-4-(benzyloxycarbonyl)-5,6-diphenyl-2-(1'-methyl-2'-hydroxyethan-1'-yl)-1, 2, 5, 6-
tetrahydro-4H-1,4-oxazine (5b, diastereomixture). A solution of 4b (0.502 g, 1.18 mmol) in CH,Cl, (3.0 mL)
and MeOH (6.0 mL) was treated with O, at -78 °C until the color of the solution turned to blue (ca. 10 min.).
After the reaction mixture was purged with Ar gas, NaBH, (0.267 g, 7.08 mmol) was added carefully at the
same temperature. The reaction mixture was stirred at room temperature overnight. The solvent was
evaporated under reduced pressure and H,O (20 mL) was added to the residue. The mixture was extracted

Ty o~ s

with AcOEt (15 mL x 3), and the organic layer was washed with H,O (20 mL x 1), and sat. NaCl (20 mL x 1),

and dried over MgSO,, filtered, and evaporated in vacuo to give an oily residue, which was purified by ﬂa‘*‘n
chromatography (hexanes : AcOEt = 2 : 1} to give alcohol (5b) as a colorless oil {(0.417 g, 82% yield from
compound 4b): Colorless amorphous solid. 'H NMR (300 MHz) (348 K, DMSO-d,) 8 TMS: (major) 0.95 (3H, d,
] =6.6Hz),396 (1H, dd, ] = 13.5 Hz, 5.4 Hz), 5.03 (1H, d, ] = 12.6 Hz), 5.12 (1H, d, ] = 12.6 Hz), 525 (1H, d, | =
3.3 Hz),5.36 (1H, d, ] = 3.6 Hz). (minor) 0.93 (3H, d, ] = 5.7 Hz), 3.89 (1H, dd, ] = 13.8 Hz, 45 Hz), 5.04 (1H, d, ]

=12.9 Hz), 5.15 (1H, d, | = 12.9 Hz), 5.30 (1H, d, ] = 3.0 Hz), 5.41 (1H, d, ] = 3.3 Hz). (mix) 2.04-2.25 (1H, m),
3.32-3.61 (2H, m), 3.64-3.75 (1H, m), 4.08-4.33 (2H, m), 7.07-7.29 (15H, m). IR (neat): 3468 (OH), 1698 (C=0) cm.

(1'R, 35)-1-Boc-3-(1',2'-diphenylethoxy)pyrrolidine (7a). To a mixture of alcohol (5a) (0.703 g, 1.68 mmol), Et;N
(0.256 g, 0.35 mL, 2.53 mmol), and CH,Cl, (20 mL), MsCl (0.212 g, 0.143 mL, 1.85 mmol) was added at -78 °C
under an Ar atmosphere. The mixture was stirred at the same temperature for 0.5 h and diluted with Et,O (20

mL) lhe mixture was waqned with sat. NaﬂLUa (IU mL x l) ana sat. NaL_l U.U mL x 2) drled over MgDU4,
filtered, and evaporarea in vacuo to give a crude mesylate (6a) as a colorless solid (0.83 g, quantitative yield
______________ AN TATIILl ot Lt nee snsrsifimnabine svvactrlaba La sirac Aarmarlasrad don flam samvd smmabiasm A smaivbisen ~f
IIUIH Luulpuuuu Qd} Without turtner ymumauuu, HITSY 1AL Ua vwwad TIIpPIiUycU UL Uic IITAL 1€aluVIlL. N tidAluIc vl
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the mesyiate (6a) (0.077g, 0.156 mmoi), 10% Pd-C (0.077 g), and THF-EtOH (2 : 1) (7 mL) was stirred under an
atmosphere of H, (60 psi) at room temperature for 12 h. After filtration through a short pad of Celite 545®, the
solvent was evaporated under reduced pressure to give a residue. After addition of H,O (10 mL), the aqueous

solution was ad1ustea fo piio Dy the addition of solid NarCQ,. The solution was extracted with EtZU (lU mL x

3). The organic layer was dried
i 1

~acidia MROYWY M /NN f\ 77 ~1 -..-.A o D T N xirnrn addad Tha sacsslites it r varao obissend Af
ICoIuuG, \UU\_} S \U UJ/ 5, L1 LlllUl] alill 1 12\__12 \L 111 VWCILT auucu. 111 ICDulLlllE A1LALULIT Wado diictua at
room temperature for 12 h under an Ar atmosphere. After evaporation of the solvent, the residue was purified
by flash chromatographv (hexanes : AcOEt = 8 : 1) to give pyrrolidine (7a) as a colorless viscous oil (0.036 ¢,
J [= Tkt wda AN ’ o rJ 1€/ A 1%
63% vield from mesvlate 6a). Colorless solid mp. 71-72 °C (recrvst. CH.CL). [a1® = +52.3 ° (CH.CL, ¢ 1.37). 'H
WSS JEALR AL IAAR AR ATER MRy A bt 4 T i Sl DaataV¥ AN § D M A\ Db ALR=RY N Ay -
MR (300 MH2) (340 K C.D) S TMS: 1.18-130 (1H m) 141-156 (1H m) 149 (OH <) 277 (1H dd. [ = 13.7
NMR (300 MHz) (340 K, C,D,} § TMS: 1.18-1.30 (1H, m), 1.41-1.56 (1H, m), 1.49 (9H, s), 2.77 (1H, dd, ] = 13
Hz, 4.8 Hz), 2.97 (1H, dd, ] = 13.8 Hz 8.4 Hz), 3.20 (3H, brs), 3.43 (1H, brs), 3.58 (1H, m), 4.29 (1H, dd, = 8.4
Hz. 4.8 Hz). 7.05-7.20 (10H. m). IR (KBr): 1703 (C=0) cm™. HRMS (FAB+) Calcd for Cr2HagNOz (M++H)
’ X7 AL‘A’, FACAY.AV v ArV- AV \AULL’ l.ll’l AAN \L\UL/! PR VIV, \\4 \.Il will A LANLIYAW/ \lllu', eClivAd IV \‘AL)‘J\MJL‘U\) \L'L YLL,
2£Q INNVL- Dasand. 22Q 2924
VU0 LLLU, 'UMLIU. DU0.LL0T.

(1'R, 3S, 4S)-1-Boc-3-(1',2'-diphenylethoxy)-4-methylpyrrolidine (syn-7b) and (1'R, 35, 4R)-1-Boc-3-(1',2'-
diphenylethoxy)-4-methylpyrrolidine (anti-7b). To a mixture of alcohol (5b) (0.331 g, 0.77 mmol), EtN (0.117
g, 0.16 mL, 1.16 mmol), and CH,Cl, (10 mL), MsCl (0.097 g, 0.065 mL, 0.85 mmol) was added at -78 °C under an
Ar atimosphere. The mixture was stirred at the same temperature for 0.5 h and diluted with Et,O (20 mL). The
mixture was washed with sat. NaHCO, (10 mL x 1) and sat. NaCl (10 mL x 2), dried over MgSO,, filtered, and
evaporated in vacuo to give a crude mesylate alcohol (6b) as a colorless solid (0.375 g, 96% yield from
compound 4b). Without further purification, mesylate (6b) was employed in the next reaction. A mixture of
mesylate (6b) (0.37 g, 0.156 mmol), 20 % Pd(OH), on carbon (0.37 g), and MeOH (10 mL) was stirred under an
atmosphere of H, (60 psi) at room temperature for 15 h. After filtration through a short pad of Celite 545®, the
solvent was evaporated under reduced pressure to give a residue. After addition of H,O (10 mL), the aqueous
solution was adjusted to pH 8 by the addition of solid NaHCO,. The solution was extracted with Et,O (10 mL x
3). The organic layer was dried over MgSO,, filtered, and evaporated in vacuo to give an oily residue. To the
residue, (BOC),0 (0.167 g, 0.78 mmol) and CH,Cl, (5 mL) were added. The resulting mixture was stirred at

rantmn barasmneatiiern far D Aatre 11mAnr arm Ar atrmamcmdhara A fban arvrasmmasariom ~f hen et £l 2 3o Lo
LTOULN wllipelaiuie 1ol 4 uayo unaer an Arv aunousplicic. Altel ©vapouldlilt VI Ui SOLVELL, HE Iesldue was
nurified hv flach chromatnoranhv (hevanec Ft = 10 - 1) +n give nurrnlidina {anti- and cun_Th)
r’MALAL\.au v] AARTAL rLA VAL Mtvblut}ll] \1tvAlLNG 4 AN A AV . L} " EIV\- y ALVLINALLLIG \W'l—lrlr Cil\a oYyri— 7 II,-

(1'R, 35, 4R)-1-Boc-3-(1',2'-diphenylethoxy)-4-methylpyrrolidine (anti-7b; less polar component). 13% yield.
Colorless semi-solid. [a]% = +8.2 ° (CH,Cl,, ¢ 0.38). 'H NMR (300 MHz) (300 K, CDCL,) 8 TMS: 0.73 (3H, d,] =
7.2 Hz), 1.38 (9H, s), 1.94 (1H, m), 2.74 (1H, brs), 2.82 (1H, dd, | = 13.8 Hz, 4.5 Hz), 2.98 (1H, dd, | = 13.5 Hz, 8.7

Hz), 3.08 (1H, dd, | = 11.7 Hz, 3.6 Hz), 3.20 (2H, brs), 3.34 (1H, brq), 4.41 (1H, dd, ] = 8.7 Hz, 4.8 Hz), 7.13-7.32

(10H, m). IR (NaCl, neat): 1698 (C=0) cm™. HRMS (FAB+) Calcd for C24H32NO3 (M*+H): 382.2382; Found:
382.2389.

(1'R, 35, 45)-1-Boc-3-(1',2'-diphenylethoxy)-4-methylpyrrolidine (syn-7b; more polar component). 69% yield.
Colorless solid, mp. 81-82 °C (recryst. CH,CL). [a]5 = +9.9 ° (CH,CL,, ¢ 0.69). '"H NMR (300 MHz) (300 K,
CDCl2) 8 TMS: 0.78 (3H, d, ] = 6.9 Hz), 1.39 (9H, s), 2.07 (1H, m), 2.87 (1H, dd, | = 13.7 Hz, 4.7 Hz), 3.00-3.07

Iis); 1.2 i, II

,3.17 (2H, brs), 3.31 (1H, dd,] = 10.4 Hz, 7.4 Hz), 3.67 (1H
l

iv.e 114,

S N N " 0D 17
.7 Hz), 4.44 (1H, dd, | = 8.4 Hz, 5.1 Hz), 7.13-7.34 (10H, m). R( Br): 1682 (C=0) cm
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(S)-1-Bocpyrrolidine (8a). To a solution of Li® (0.132 g, 19.0 mmol atom) in lig. NH, (20 mL, distilled from Na°),
a THF solution (10 mL) of compound (7a) (0.29 g, 0.79 mmol) and tert-BuOH (0.292 g, 3.95 mmol) was added
dropwise at -78 °C. The reaction mixture was stirred at the same temperature for 20 min. To the reaction

r o ma roww o~

rmxture, excess le_.l was added. The mixture was concenirated to glVE a residue. After addition of n,O (ZU

mL), U'le aqueous bOlutl()n was extracted with \,I"lzk,lz \\j x 20 mL ) The orgamc pnase was anea over MgD\J‘,

£V nwnd And arramana A far mrmmiia bn aivra A Aty macids il riran meinifind L oh Alhenin ada vmasade | PPN

uueu:u, anq ev (JPUICII.CU i vHL v w s.lVC ait Uiy ICDIUUC, WIICh was yuxuu::u U_y llﬂbll LluUllldlUsldPlly \llﬁKd.llt:D
AcOEt =1:2)to glve pyrrohdme (8a) as a colorless solid (0.117 g, 79 % yield from mesylate 7a). 98.5: 1.5 er on
Mosher ester. Colorless solid, Mb. 61-62 °C (rgm'vqf CH.. ("1 ) (lit
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oc-.s-nya roxy-%metnylpyrrouame (syn

-1- b). i° (0.037 g, 5.35 mmol atom) in liq.
NH, (8 mL, distilled from Na°), a THF solution (4 mL) of co
n at

a) (0.085 g, 0.223 mmol) and tert-BuOH
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temperature for 20 min. To the reaction mixture, excess NH,Cl was added. The mixture was concer trated to
give a residue. After addition of H,O (20 mL), the aqueous solution was extracted with CH,Cl, (3 x 20 mL). The

organic phase was dried over MgSO,, filtered, and evaporated in vacuo to give an oily residue, whlch was
purified by flash chromatography (hexanes : AcOEt = 1 : 1) to give pyrrolidine (syn-8b) as a colorless solid
(0.043 g, 96% yield from mesylate syn-7b). >99.5 : 0.5 er on the basis of glc analysis of the corresponding
Mosher ester. Colorless solid, mp. 71-72 °C (recryst. CH,Cl,). [Ot]é5 =+2.0° (CH,CL, c 0.20). 'H NMR (300 MHz)
(300 K, CDCl,) 8 TMS: 1.09 (3H, d, ] = 6.9 Hz), 1.47 (9H, s), 1.57 (1H, brs), 2.14-2.29 (1H, m), 3.05 (1H, dd, ] =
10.5 Hz, 10.5 Hz), 3.50 (2H, brs), 3.50 (1H, dd, ] = 12.3 Hz, 3.3 Hz), 4.19 (1H, brt). IR (NaCl, neat): 3423 (OH),

1675 (CO) cm™. HRMS (FAB+) Caled for C10HpoNO3 (M++H): 202.1443; Found: 202.1444.

(2'R, 25, 5R, 65)-4-(benzyloxycarbonyl)-5,6-diphenyl-2-(3'-tert-butyldimethylsilyloxy-2'-hydroxypropan-1'-
yl-1, 2, 5, 6-tetrahydro-4H-1,4-oxazine (10a) and (2’5, 25, 5R, 6S)-4-(benzyloxycarbonyl)-5,6-diphenyl-2-(3'-
tert-butyldimethylsilyloxy-2'-hydroxypropan-1'-yl)-

1, 2, 5, 6é-tetrahydro-4H-1,4-oxazine (10b). To a solution of 4a (0.07 g, 0.17 mmol), N-methylmorpholine N-
oxide (NMO) (0.046 g, 0.34 mmol), MeCN (3.0 mL), and H,0 (1.5 mL), a 4% aqueous solution of osmium
tetroxide (0.04 mL, 0.017 mmol) was added at room temperature. The mixture was stirred at room temperature
for 2 days under an Ar atmosphere. After addition of sat. Na,SO, (5 mL), the resulting mixture was stirred for
0.5 h. The solution was extracted with EtOAc (3 x 10 mL). The organic phase was washed with 1IN HCI (2 x 10
mL) and H,0O (2 x 10 mL), successively, and dried over MgSO,, filtered, and evaporated in vacuo to give an oily

residue, which was purified by flash chromatography (hexanes : AcOEt=1:2) to gwe diol (9) as a colorless
solid (0.064 g, 84 % yield from 4a). To a qnlution of 9 (0.075 g, 0.168 mmol), DMAP (cat. amount), Et;N (0.020 g,
0.028 mL, 0.202 mmol) and CH,Cl, (3 mL), TBDMSCI (0.028 g, 0.185 mmol) was added at 0 °C under

atmosphere. The reaction mixture was stlrred at room temperature 15 h and diluted with Et,O (15 mL). The
organic layer was washed with H,O (2x 10 mL), dried over MgSQ,, filtered, and evaporated under reduced
pressure to give an oily residue, which was purified by short silica gel flash chromatography (hexanes : AcOEt
=2 :1) to give a diastereomixture of 10a and 10b (85%). The ratio was determined on the basis of HPLC
analysis. Analytical diastereochemically pure samples were obtained by PTLC (hexanes : AcOEt : acetone = 8 :
2:1).

(10a: less polar component). Colorless viscous oil. [(1]%)5 = -49.8 ° (CH,Cl,, c 1.88). "H NMR (300 MHz) (348 K,
DMSO- d,) 6 TMS: 0.05 (3H, s), 0.06 (3H, s), 0.90 (9H, s), 1.81-1.90 (1H, m), 1.94-2.03 (1H, m), 3.59-3.50 (2H, m),
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2O VE

dd, ] = 13.8 Hz, 36H),4 44 (1H, d, | = 4.8 Hz), 4.53-4.61 (1H, m), 5.09 (1H, d, | =

~ T ~ ooy

,“ z),5.35 (1H, d, J = 3.3 Hz), 5.45 (1H, d, ] = 3.6 Hz), 7.09-7.38 (15H, m). IR (neat):

3479 (OH), 1698 (C=0) cm™. HRMS (FAB+) Calcd for C33H44NO5Si (M*+H): 562.2989; Found: 562.3002.

(10b: more polar component). Colorless viscous oil. [ ] =-64.3 ° (CH,Cl,, ¢ 1.38). 'H NMR (300 MHz) (348 K,
DMSO- d,) 8 TMS: 0.006 (3H, s), 0.027 (3H, s), 0.85 (9H, s), 1.39 (1H, ddd, ] = 14.1 Hz, 9.8 Hz, 4.5 Hz), 2.33 (1H,
ddd, J= 144 Hz, 9.9 Hz, 3.0 Hz), 3.43 (1H, dd, ] = 9.8 Hz, 6.6 Hz), 3.56 (1H, dd, | = 9.8 Hz, 5.1 Hz), 3.65 (1H, dd,
| = 13.5 Hz, 4.8 Hz), 3.62-3.68 (1H, m), 3.75 (1H, dd, | = 13.8 Hz, 3.9 Hz), 4.46 (1H, d, ] = 5.1 Hz), 4.54-4.62 (1H,
m), 5.10 (1H, d, ] = 12.9 Hz), 5.19 (1H, d, ] = 12.9 Hz), 5.37 (2H, s), 7.09-7.38 (15H, m). IR (neat): 3472 (OH), 1698
(C=0) cm™. HRMS (FAB+) Calcd for C33H44NO5Si (M*+H): 562.2989; Found: 562.2999.

(25, 5R, 65)-4-(benzyloxycarbonyl)-5,6-diphenyl-2-(2'-oxopropan-1'-yl)-1, 2, 5, 6-tetrahydro-4H-1,4-oxazine
(11). A mixture of alcohol 9 (0.097 g, 0.173 mmol), Dess-Martin periodinane (0.09 g, 0.21 mmol), and CH,Cl, (3

~ g EIE S PP

mL) were stirred at room temperature for 2 h. After dilution with Et,O (lb mL), sat. NaHCO, (15 mL) and

-~ M/ ~ amm e 1Y oo PR I g | § S ~ et sy £ Ales TTL
Na,5,0; (0.191 g, 1.24 mmol) was added. The reaction mixture was stirred vigorously for 15 min. The organic
layer was mmmted and the aqueo'us solution was e tmued with CH,Cl, (3 x 15 mL). The organic phase was

Chromatography (hexanes : AcOEt = 4 : 1) to give the correspondmg ketone (11) as a viscous 011 ( 0.093 g 96 %
yield). Colorless viscous oil. [a]f = -81.4 ° (CH,Cl,, ¢ 1.17). "HL NMR (300 MHz) (348 K, DMSO- d) § TMS: -0.04
(3H, s), -0.02 (3H, s), 0.90 (9H, s), 2.58 (1H, dd, ] = 15.9 Hz, 7.2 Hz), 2.84 (1H, dd, ] = 16.1 Hz, 6.5 Hz), 3.55 (1H,
dd, ] = 13.5 Hz, 3.6 Hz), 3.75 (1H, dd, | = 14.4 Hz, 1.8 Hz), 3.93 (2H, s), 4.70 (1H, brs), 5.02 (1H, d, ] = 12.3 Hz),
522 (1H, d, ] = 12.3 Hz), 5.27 (1H, d, ] =3.6 Hz), 5.66 (1H, brs), 6.83-7.20 (13H, m), 7.46 (2H, m). IR (neat): 1700
(C=0) cm™. HRMS (FAB+) Calcd for C33H49NO5Si (M*+H): 560.2832; Found: 560.2840.

Reduction of Ketone (11) with NaBH4. To a MeOH solution (1 mL) of ketone 11 (0.015 g, 0.027 mmol), NaBH,
(0.004 g, 0.106 mmol) was added in one portion at -40 °C under an Ar atmosphere. The mixture was stirred at -
40 °C for 1 h. The solvent was evaporated under reduced pressure. The residue was diluted with Et,O (20 mL),
washed with H,0O (2 x 10 mL), and dried over MgSQ,, filtered, and evaporated to give a crude product, which
was purified with silica gel PTL.C (hexanes : AcOEt = 4: 1) to give alcohol (10a) as a colorless viscous oil (0.017
g, 84 % yield).

(1'R, 25, 45)-1-Boc-3-(1',2'-diphenylethoxy)-2-(tert-butyldimethylsilyloxymethyl)pyrrolidine (7¢). To a
mixture of alcohol 10a (0.528 g, 0.94 mmol), Et;N (0.143 g, 0.196 mL, 1.41 mmol), and CH,Cl, (12 mL), MsCl

(0.118 g, 0.08 mL, 1.03 mmol) was added at -78 °C under an Ar atmosphere. The mixture was stirred at the

a.

same temperature for 0.5 h and diluted with Et,O (20 mL). The mixture was washed with sat. NaHCO, (10 mL
x 1) and sat. NaCl (10 mL x 2), dried over MgSO,, filtered, and 'vaporated in vacuo to give a crude mesylate
(6¢) as a colorless solid (0.574 g, 96 % yield from compound . Without further purification, mesylate (6¢)

04 mmol), 20 % Pd(OH), on carbon

211 ), LU /0 DAV L), QI Lalt

was emoloved in the next reaction. A mixture of mesylate (6¢

il I m Qyldit

5
(0.322 g), and MeOH (10 mL) s stirred under an atm phere of H, (60 psi) at room temperature for 15 h.

After filtration through short pad. of Celite 545®, the solvent was evaporated under reduced pressure to give a
residue. After addition of H,O (20 mL), the aqueous solution was adjusted to pH 8 by addition of solid
NaHCQO,. The solution was extracted with Et,0 (20 mL x 3). The organic layer was dried over MgSO,, filtered,
and evaporated in vacuo to give an oily residue. To the residue, (BOC),0 (0.128 g, 0.59 mmol) and CH,Cl, (5
mL) were added. The resulting mixture was stirred at room temperature for 3 days under an Ar atmosphere.

After evaporation of the solvent, the residue was purified by flash chromatography (hexanes : AcOEt =20 : 1)
to give pyrrolidine (7c) as a colorless viscous oil (0.171 g, 66 % yield from mesylate (6¢)). [0o]7 = -2.8 ° (CH,Cl,, ¢
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1.52). 'H NMR (300 MHz) (340 K, C,D;) 6 TMS: 0.13 (3H, s), 0.14 (3H, s), 1.01 (9H, s), 1.43 (9H, s), 1.66 (1H, ddd,
] =13.2 Hz, 6.6 Hz, 6.6 Hz), 2.14 (1H, ddd, ] = 13.2 Hz, 3.9 Hz, 3.9 Hz), 2.85 (1H, dd, ] = 13.7 Hz, 6.2 Hz), 3.09
(1H, dd, ] =13.7 Hz, 7.1 Hz), 3.32 (1H, dd, ] = 12.0 Hz, 4.2 Hz), 3.48 (1H, m), 3.67 (1H, ddd, ] = 9.8 Hz, 6.4 Hz,

-~ am sATT ~ Ay oraYT Am AT T /’v'r'r e VN a4 o e

47 nz), 3.83 (2H, brs), 3.97 (1H, brs), 4.43 (1H, dd,] = 6.6 Hz, 6.6 Hz), 7.02-7.14 (10 H, m). IR (neat): 1698 (C=0)
cm’. HRMS (FAB+) Calcd for C39H46NO4Si (M*+H): 512.3196; Found: 512.3202.

xvrr fan

7.75 mmol atom) in liq. NH

11 3 ¢ T O\ mr I

(2S, 45)-1-Boc-2-(tert-butyldimethylsilyloxymethyl)-3-hydroxypyrrolidine (8c). To a solution o
{10 ml, distilled from Na®), a THF solution (5 mL) of compo {

> Qu
~1

concentrated to give a residue. After addition of H,O (20 mL), the aqueous solution was extracted with CHZCI

(3 x 20 mL). The organic phase was dried over MgSQ,, filtered, and evaporated in vacuo to give an oily residue,

which was purified by flash chromatography (hexanes : AcOEt = 4 : 1) to give pyrrolidine 8c as a colorless
viscous oil (0.094 g, 88% yield from mesylate 7¢). >99.5 : 0.5 er on the basis of glc analysis of Mosher esters.
Colorless viscous oil. [a]5 = -47 ° (CH,Cl, ¢ 1.1). '"H NMR (300 MHz) (348 K, DMSO- d,) 8 TMS: 0.056 (6H, s),
0.89 (9H, s), 1.41 (9H, s), 1.86 (1H, m), 2.01-2.10 (1H, m), 3.03 (1H, dd, ] = 11.4 Hz, 3.6 Hz), 3.50 (1H, dd, ] = 11.3
Hz, 5.9 Hz), 3.74 (2H, brs), 3.72 (1H, m), 4.18 (1H, m), 4.70 (1H, d, | = 4.2 Hz). IR (neat): 3427 (OH), 1698 (C=0)

cm™. HRMS (FAB+) Caled for C16H34NO4Si (M*+H): 332.2257; Found: 332.2256.

Silylation of Syn-12. To a solution of syn-12" (0.16 g, 0.74 mmol), DMAP (cat. amount), Et,N (0.089 g, 0.124
mL, 0.89 mmol) and CH,C], (5 mL), TBDMSC1 (0.123 g, 0.81 mmol) was added at 0 °C under an Ar atmosphere.
The reaction mixture was stirred at room temperature for 2 days and diluted with Et,0 (15 mL). The organic
layer was washed with H,O (2x 10 mL), dried over MgSO,, filtered, and evaporated under reduced pressure to
give an oily residue, which was purified by short silica gel flash chromatography (hexanes : AcOEt =3:1) to
give the monosilylated compounds ent-8c and 8d.

(2R, 4R)-1-Boc-2-(tert-butyldimethylsilyloxymethyl)-3-hydroxypyrrolidine (ent-8c). Colorless viscous oil.
[U.]ZDS = +49.2 ° (CH,CL, ¢ 0.75). 'H NMR and IR spectra of ent-8¢ were identical with those of compound 8c.

(2R, 4R)-1-Boc-3-(tert-butyldimethylsilyloxy)-2-(hydroxymethyl)pyrrolidine (8d). Colorless viscous oil. [a]5
= +14.1 ° (CH,CL,, ¢ 1.02). "H NMR (300 MHz) (348 K, DMSO- d,) 5 TMS: 0.07 (3H, s), 0.08 (3H, s), 0.88 (9H, s),
1.41 (94, s), 1.87 (1H, ddd, ] = 13.2 Hz, 4.1 Hz, 4.1 Hz), 2.09 (1H, ddd, | = 13.4 Hz, 8.1 Hz, 5.4 Hz), 3.03 (1H, dd,
] =11.1 Hz, 3.9 Hz), 3.43-3.66 (3H, m), 3.70-3.78 (1H, m), 4.30-4.38 (2H, m). IR (neat): 3434 (OH), 1697 (C=0) c’
' HRMS (FAB+) Caled for C16H34NO4Si (M++H): 332.2257; Found: 332.2261.

Silylation of Anti-12. By following the same procedure as described above, 0.237 g (92% yield) of
monosilylated product 8e was obtained. Colorless viscous oil. [@]Z =-539° (CH,Cl,, ¢ 0.83). 'H NMR (300
MHz) (348 K, DMSO- d,) 6 TMS: 0.026 (3H, s), 0.036 (3H, s), 0.88 (9H, s), 1.41 (9H, s), 1.85 (1H, ddd, ] = 12.4 Hz,
8.4 Hz, 4.3 Hz), 1.96-2.04 (1H, m), 3.25 (2H, d, ] = 3.9 Hz), 3.62 (1H, dd, | = 9.9 Hz, 3.0 Hz), 3.71 (1H, brs), 3.83
(1H, m), 4.26 (1H, m), 4.62 (1H, d, ] = 3.9 Hz). IR (neat): 3428 (OH), 1698, 1674 (C=0) cm’. HRMS (FAB+) Calcd

for C16H34NO4Si (M*+H): 332.2257; Found: 332.2256.
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