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Abstract. The Lewis acid-promoted coupling reactions of (5R, 6S)-2-acetoxy-4-(benzyloxycarbonyl)-5,6-
diphenyl-2,3,5,6-tetrahydro-4H-1,4-oxazines (11a-e, and 21), which are prepared easily from (+)-(5R, 6S)-4-
(benzyloxycarbonyl)-5,6-diphenyl-2,3,5,6-tetrahydro-4H-1,4-oxazin-2-one (9), with allyltrimethylsilane
proceeded to give the corresponding coupling products with moderate to excellent stereoselectivity in good
yields. These coupling products (13a, b, and d) were converted to hydroxymethylene- (25a, b, and d) and
hydroxyethylene (28) peptide isosteres. © 1998 Elsevier Science Ltd. All rights reserved.

Introduction
Recently, much attention is being devoted to the design and synthesis of non-scissile peptide mimics. For

example, (-)-Statine (1), which is an unusual B-hydroxy-y-amino acid, is a core constituent of the natural
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e conceptual framework upon which the general area of peptidomimetics are based.
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(erythro) series can be found in isostatine (5), a component of the natural cytotoxic cyclodepsipeptide
didemnins A-C* and (25, 35, 4R)-4-amino-3-hydroxy-2-methylipentanoic acid (6), the core structurai linker of
bleomycin A, and blenoxane.’

Furthermore, several B-hydroxy-y-amino acids have been found to be components of other biologically

active peptides. For example, simple -hydroxy-y-amino acids such as (R)-4-amino-3-hydroxybutanoic acid

(G ABOB) and (R)- Carmtme display interesting biological activities. (R)}-GABOB is a neuromodulator of the
g. On the other hand
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carnitine is an essential substance in fatty acid metabolism in mammals. Hapalosin,8 isolated from Hapalosiphon
welwitschii W. & S. West, contains the B-hydroxy-y-amino acid (7) and possesses better p-glycoprotein-
mediated multidrug resistance reversing activities than verapamil. Another example, SB- 203386, has been
found to be a potent HIV protease inhibitor, which has the B-hydroxy-8-amino acid component (8) (Figure 1).9
The importance of this large and growing class of amino acids prompted us to develop a general and flexible
asymmetric synthesis of B-hydroxy-y and 8-amino acids, which are reg s hyd
hydroxyethylene peptide isosteres. Here, we report additional observations o

available oxazinones into various peptide isosteres.

In a preliminary paper,m we reported the asymmetric synthesis of (-)-Statine (1) and a few related analogs
via the coupling reaction of hemi-acetal 11 with the ketene silyl acetal of methyl acetate as a key step. This
reaction proceeded with moderate stereoselectivity, which was followed by hydrolysis and Birch reduction to
give the desired B-hydroxy-y-amino acids in moderate to good yields. In continuing these studies, we have
recently found that the coupling reaction of these hemi-acetals with allylsilanes provides a superior entry to

peptide isosteres.

The synthetic approach is depicted in Scheme 1. The key hemi-acetals (11) were prepared from
(+)-(5R, 65)-4-(benzyloxycarbonyl)-5,6-diphenyl-2,3,5,6-tetrahydro-4H-1,4-oxazine-2-one (9) generally via
enolate alkylation followed by reduction and acylation according to the method previously reported by our
group.10 The Lewis acid-mediated coupling reactions of hemi-acetals  and glucals * with allylsilanes, which are

known as the Sakurai and Ferrier reactions, respectively, have been described. These reactions proceed
m

stereoselectively via the generation of an incipient oxocarbenium ion followed by nucleophilic capture
Cimmilaxlyy i thn aracanca nf an annranriata T awric arid tho hamicacratale (11) ~fatimla with allloilanac #a affand
\_Illlulally, 110 LLicC HLCDCI\LC L1 art ﬂt}yl\lt}ll“LL LU VYLD A4, LIIC licuiuirasvoeiuald \J..I.I wuru 1T VYV ILLL Qi1 yi1011aQitCOo W aAllutu
the corresponding coupling products 12 and 13. Finally, these coupling products can be converted to B-

hydroxy-y-amino acids and y-hydroxy-3-amino acids.
First, we carried out the preparation of several hemi-acetal substrates. Alkylation of oxazinone 9 was
. . 13 . .
carried out in according to the procedures previously described. The diastereochemically pure

monoalkylated products 10b-e were reduced with diisobutylaluminum hydride (DIBAH) to the corresponding



Y. Aoyagi, R. M. Williams / Tetrahedron 54 (1998) 10419-10433 10421

lactols, followed by acetylation with a combination of acetic anhydride, triethylamine, and a catalytic amount
of 4-dimethylaminopyridine (DMAP) in methylene chloride to give the corresponding hemi-acetals (11a-e) in
J rJ A / d J (=] Ir o TEEEA 4
good yields (Table 1).
En Bh Ph
Ph, A [ i
alkylate r K 1. DIBAH Elbe, ~™ TMS\/\
CBzN_ l > CB2N. 10 —_— > r‘az_rq( ? ————
\‘R/ 2. %&%PEQN YWOAC Lewis Acid
9 10 11
Ph
Ph., -~ R
N , e
CBING A, — HoN~ T T(CH2}nCO2H  n=0,1
g M OH
L, 1? 14
£n R
Ph,, -~ :
O ——>  HNTY (CHiCOH  n=ot
UDBZN. 3 6 N OH
A
R 13 15
Scheme 1
Table 1
Entry susbstrate R 10 (yield %) 11 (yield%) & ratio
1 a H - 78 (68:32)
2 b Me 88 76 (3:2)
3 C Et 80 75 (36:64)
4 d 1-Bu 75 82 (3:2)
5 Bn 77 93 (63:37)

Among the acetals that we have prepared, only 11c could be readily separated by silica gel
chromatography into the two diastereomeric acetals (11ca and 11¢f, epimeric at the hemi-acetal stereogenic
center). The relative configuration of these isomers was assigned by 'H nmr on the basis of "H-'H differential

nQe’s. The use of these isomers will be discussed below.

First, to determine the optimum reaction conditions, we examined the coupling reaction of the a-
unsubstituted acetal 11a with allyltrimethylsilane as shown in Scheme 2 and Table 2. When methylene chloride
PPV B (RPN P ey o | 1. § L L . N N § \

and boron trifluoride etherate were used as a solvent and Lewis acid, respectively, the elimination product (16)

was the predominant product (entry 1 in Table 2) The use of relatively weak Lewis acids such as zinc chloride
and diethylaluminum chloride and solvents such as THF and DMF were not effective (entries 4, 5, 10 and 12,
Table 2) resulting in significant recovery of the starting material.

However, we found that when acetonitrile was employed as a solvent, the desired coupling product 13a
could be obtained in high yield with no detectable production of the diastereomer 12a. The determination of
the absolute configuration of compound 13a was established on the basis of 'H-'H differential nOe’s. Of the

conditions examined, the best results were obtained with BF;-Et,O in acteonitrile at -15 °C.
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Table 2. Reactions with acetal 11a and allyltrimethylsilane.
Entry Lewis Solvent temp. °C time (min) 13a 16 iia’
Acid
1 BF.-Et,0 CH,Cl, 0—rt 60 19° 77 0
2 BF,-Et,O0  MeCN 0 10 99° trace
3 BF,-Et,0O toluene 00— rt 60 19° 75°
4 BF.-Et,0O THF 0—rt 60 0 0 99
5 BF,-Et,0 DMF 0—rt 60 0 0 9
6 BF;-Et,0 MeCN rt 10 98" trace 0
7 BF,-Et,0 MeCN -15 10 28 0 0
8 BF,-Et,0 MeCN -30 30 18 0 81
9 TiCl, MeCN 0—-rt 60 59 0 0
10 Et,AICI MeCN 01t 60 63° 10° 24
11 Et,AICI MeCN 0-—-rt 60 99 trace 0
12 Zn(Cl, MeCN 0—rt 60 0 0 10

*As compound 12a was not easy to separate from 16 by silica gel chromatography, the ratios were
determined by 'H nmr analysis. ° Recovery of the starting material 11a.

Next, we investigated the coupling reactions of the a-substituted acetals (11b-e) with allyltrimethylsilane
under various conditions (Table 3). When the reaction conditions (entry 7, Table 2) optimized in the coupling
reactions for the acetal (11a) with allyltrimethylsilane were employed on substrate 11b, isomer 13b was
produced exclusively in 61 % yield (entry 3, Table 3). On the other hand, with either titanium tetrachloride
(entry 1, Table 3) or tin tetrachloride (entry 4, Table 3) were employed as a Lewis acid in methylene chloride,
two readily separable diastereomers (12b and 13b) were produced, with 13b being the predominant

stereoisomer. The relative configuration of these diastereomers were determined on the basis of '"H-'H

differential nOe’s.

jivail o B frmm e b
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predominantly isomer 12¢ (Table 3, entry 6) in nearly quantitative yield. Under the same conditions, 11d gave
12d as the exclusive product in 90% yield and 11e gave 12e in 75% yield plus a new and unexpected
compound identified as 19e in 21% yield. The structure of this substance was rigorously confirmed by a single
crystal X-ray analysis (Figure 2). The formation of substance 19e can be rationalized by invoking that the
incipient oxocarbenium ion 17, generated from 11, must undergo a suprafacial 1,2-alkyl migration giving the

iminium ion 18 which is then trapped by the allyltrimethyl silane yielding the observed product 19 (Scheme 3)
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It was then found that this unusual migration/ trapping product could be produced in high yield for substrates
11c-e using BF,-Et,0O as the Lewis acid (Table 3, entries 7, 9 and 11). Based on the observed relative
stereochemical assignments for 19¢c-e, which as above, were assigned on the basis of '"H-'H differential nOe’s,

the allyl moiety must approach iminium ion 18 from the same face as the phenyl groups and anti- to the R

group.

Table 3. Lewis acid-mediated couplings to 11b-e.

Entry Substrate Lewis Acid Solvent temp.°C 12 (yield %) 13 (yield %) 19 (yield %)
1 11b TiCl, CH.Cl, 78>0 24 76 -
2 11b TiCl, MeCN  -40—0 - 21 -
3 11ib BE,-Et,0O MeCN -40-0 - 61 -
4 11b SnCl, CHCL -78—0 19 62 -
5 11b EtAIC], MeCN 0-rt - 28 -
6 11c TiCl, CHClL, -78—0 78 22 -
7 11c BF,-Et,0 MeCN -15 - - 79
8 11d TiCl, CH.Cl, -78 —-23 90 - -
9 11d BE:-Et,0O MeCN -15 - - 87
10 1le TiCl, CH,C], -78 -0 75 - 21
11 11e BF,-Et,0 MeCN  -15 - : 83
Eh Ph Ph
Ph., ‘/:\o ™S~ Ph - o Py 0 -’ o F‘h'.,.l/;\n
CB2N ) A Loure A [CB N\(T) CBZN“‘ 5 j J CZN/\H!%\R
11 18 \TMS 19
Scheme 3

Figure 2. Stereodiagram of 19e as determined by single crystal X-ray analysis. Spheres are of fixed, arbitrary
radius.

Based on these observations and the high degree of stereoselectivity observed for substrate 11a, it would

appear that the a-R group and the phenyl rings of the heterocycle are exerting a stereochemical bias but in
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opposite directions. The bulkier the 0-R group, the greater the preponderance of isomer 12, which is the result
of nucleophilic attack on the face opposite to the R group (compare entries 1 and 8, Table 3).

These considerations prompted us to try to epimerize the stereogenic center bearing the R group, such
that all of the substituents on the heterocycle would be disposed on the same face and should strongly favor

attack from the opposite, unhindered face. This could be accomplished as shown in Scheme 4.

" Ph
Ph, A F
7770y NaN(TMS), THF, 78°C Ph o 1.oiEAH
CBzN\(&
0 o P e ——
Me 2. 2,6-di-tert-butyl phenol Y O 2.AcU ERN, DMAP
Me
g 93%
10a % 20
P Bh Eh
/\ TiCly, CH,Ch Ph., 0 (‘\Q
> CﬂzN\/\/\ CBzN
CBZN\/I—uO Ac -78°C—0°C H M
Ve TMS Ay ® e Me
2 94% 22 - 23

Scheme 4

Treatment of 10a with sodium hexamethyldisilyl amide in THF at low temperature followed by
quenching the enolate with 2,6-di-tert-butyl phenol gave the all-syn diastereomer 20 in 77% isolated yield.
Conversion of this substance as above to the acetal 21 proceeded in high yield. Condensation of 21 with

allyltrimethyl silane in the presence of TiCl, gave the desired coupling products (22 and 23) in 94% yield as a

16:1 ratio favoring the expected isomer 22. Although we have not yet examined this approach on the more
atorimallsy bl Aawnd coclantantnn TN~ o i+ 30 vosannable + vinant that bhioh lavreal £ ot o
SteriCally ninaerea supsiraies 1vud-€, it 1S réason D1€ 10 eXpect tnat even nigner ieveis or SL“I'GOSc}eC‘aVity can be

expected for substrates bearing more highly branched R groups possessing the all-syn-configuration.
As mentioned above, we were able to separate the individual acetal diastereomers of 11c. Subjecting each

of these isomers (11co and 11¢P) separately to the Lewis acid-mediated allylation reaction, the coupling

products 12¢ and 13¢ were produced in comparable ratios and yields to that of the mixture.
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The structure and relative stereochemical assignments for the cou

nd ativ £ 1iemical a nmen \ yuplineg nroducts 12¢ and 13¢ were

g P g pro Cts 1€ ana 1ac¢ ere

assioned bv '"H nmr and for 12¢. a sinele ervstal X-rav analvsis (Ficure 3) further confirmed thece aceionmonbc
BoSiuaiia Uy 44 ARiis CRANA AR AdeSgy T uaAle\_ \.l] =2 2e8 SAN Lu] uAluA]JLO \* lbux\. W) AMLIULICL WULILLIZ LG LI DT ClDDlslllllClllD-
Thic vraciild cbrmamoaler nrtamammatbs Flam s bl Flhat bl qon s i o oo o] ol T2 1 PSSR S SRR, P SN
L1Ud ITSUILL DUULIZLY DUPPOLLS Ul TULIVEL thal UICsU 1€4alULILS PIUCEEU Vid 111H1dl ZENETdailOn O tne oxodarpenium

ion 17 followed by nucleophilic capture.
The final transformation of the coupling products (13a, b, and d) to hydroxymethylene- and

hydroxyethylene peptide isosteres has been accomplished as shown in Scheme 5.

Ph
£ ) H
Ph, 1. Og; then Me,S Li®, NH i
ﬁo =z o HgN' A _COx
cezNG A~ 2 HF
N 2 PDC,DMF 7800 A
'._l‘ H
13 24a, R=H, 77% 25a, R=H, 81%
| 24b, R = Me, 75% 25b, R = Me, 80%
24d, R = iBu, 78% 25d, R = iBu, 0%
1. (BH3)2-MepS
9 NaOH ).
2. NaGH, H,0,
l 78%
¥
A £h HO
PR ~a PR, A L% NHg i
I H T PDC, DMF P SO — " HaNR A
B ' w = CQOs-
CBZN\i)ﬁ\/\/OH ——— camn st LVA\CQ 789 H\i\l/:H\/\ 2
: H
2
Me 66% A H 74%
26 27 28
Scheme 5

ozone followed by PDC in

[ 3Ll § } ment wiiil KL vwWC ¥ N 3

DMF to afford the carboxylic acids 24 in 75-78% yields. Subsequent dissolving metal reduction gave the

Terdowar b T et T ke, . AL o z Q Q10 I
HYUITUXYHICUYICIIC POPHIIUC 15USICICS Lo4d, 4oL dllU 404 111 OU-0l /0 Y

- O

approach for making both the hydroxymethylene and hydroxyethylene peptide isosteres from the same
substrate, compound 13b was subjected to hydroboration/oxidation to give the primary alcohol 26 in good
yield. Treatment of 26 with PDC in DMF afforded the acid 27 which was subsequently converted to the
corresponding hydroxyethylene peptide isostere 28.

.
Cnancliigcinn
UL IMWMT IV

In this paper, we have revealed that the Lewis acid-mediated coupling reaction of the acetals, (+)-(5R,
allyltrimethylsilane proceeded with moderate to excellent stereoselectivity to give the corresponding coupling
products. Several of these coupling products were converted to the corresponding hydroxymethylene- and
hydroxyethylene peptide isosteres. Since we have previously demonstrated a range of C-C bond-forming
reactions to convert oxazinones 9 into the o-functionalized oxazinones 10, and that both enantiomers of 9
are commercially available,” this methodology offers a versatile and flexible approach for the synthesis of this

important class of peptide mimics. Efforts are underway to extend the approach illustrated herein to crotyl and
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governing the coupling reactions to these oxocarbenium species are under study and will be reported on in

due course.
Acknowledgment. This work was supported by the N onal Science Foundation. We a ry grateful to Dr.
Chris Rithner for measuring 'H-'H differential nOe a_-_d Susie Miller for X-Ray crystallographic analysis.
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Meltmg points were determined in open-ended capillary tubes on a Mel-Temp apparatus and are
uncorrected. 'H (300 MHz) and C (75 MHz)-NMR spectra were obtained on a Brucker 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 obtained on a

Rudolph Research automatic polarimeter Autopol III. Specific rotation [OL]ZD5 are reported in degrees per
decimeter at 25 °C and the concentration (c) is given in grams per 100 mL in the specified solvent. Elemental

analyveng wore narfarmed by M-H_W T aharatariee Phaenivy A7 and are acciirate ta within tha ~alciilatad
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values by * 0.3 %. Mass spectra were obtained on a V.G. Micromass Ltd. Model 16F spectrometer or were
carried out by UCR Mass Spectrometry Facility, Department of Chemistry, University of California at
Riverside, CA.

Column chromatography and flash chromatography were performed with Merck silica gel Kieselgel 60
(230-400 mesh). Radial chromatography was carried out with a Harrison Research Chromatotron Model 7924
using Merck silica gel Kieselgel 60 PF-254 containing gypsum; 2 and 4 mm plates were used as needed.
Preparative thin layer chromatography (PTLC) was carried out with Merck Kieselgel 60 F254 precoated glass
(either 0.25 or 0.50 mm)

The lactones 10b,  10d,” 10e,” and the acetates 11b" and 11d" were prepared according to the reported
procedures.
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1 o) tI (4.1 mL, 51.7 mmol), HMPA (10 mL) and dry
6 m'L, 7.76 mmol) was added dropwise at -78 °C under an Ar

o came temnerature for 40 min the reaction mixhare
atv UIC Saine Winpoianiic 107 ou N, Ui [TaluOn IUXWure

o1 Jl\, uu;=4=\u NnzZyioXyca e
iodide: (3R, 5R, 65)-4-(benzyl
. To a solution of compound (+
(100 mL), 1.0 M NaN(TMS), in TH
phere. After the resulting solution was st
was poured into EtOAc (200 mL). The organic layer was washed with water (150 mL x 2) and sat. NaCl (150
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General Procedure for Preparation of Hemi-acetals (11a, 11co, 11¢f, and 11e): To a dry CH,Cl,solution (100
mL) of 10 (7.48 mmol), 1.0 M DIBAH in hexanes (11.2 mL, 11.2 mmol) was added dropwise at -78 °C under an

Ar atmosphere. After the resulting solution was stirred at the same temperature for 1 hr, H,O (20 mL) was
added to the reaction mixture. Then the reaction mixture was stirred at room temoperature for 30 min, filtered

AUUTU (U UIC ICALC UL JIUALEC. Liv A0 QUL LILARRIT Was Sl al 200 hlipes Wil 1 Vodiliiy, 2l

through ®Celite 545 to afford a filtrate, which was washed with sat. NaCl (50 mL x 2), drie d over anhvdrous

MgSO4, filtered, concentrated. A mixture of the residue (6.8 mmol), 4-d1methylam1nopyr ne (cat. amount)
Et;N (1.89 mL, 13.6 mmol), ACZO (1.89 mL, 13 6 mL) and dry CH,Cl, (40 mL) was stirred at 0 °C for 10 min and

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

room tt:lllpttldlluc 1Ul LU uuu Lllt:ll 112u \LU ulu} wds aaaed. 1ne U15cuu'. la_yt:L wabd acycuau:u ana vvaahcd
with H,O (20 mL x 1) and sat. NaCl (20 mL x 1), dried over MgSQO,, concentrated in vacuo to give an oil, which
was purified by silica gel flash chromatography (eluted with Hexane : AcOEt = 6 : 1) to give the corresponding
hemi-acetals.

(2R and S, 5R, 65)-2-Acetoxy-4-(benzyloxycarbonyl)-5, 6-diphenyl-2, 3, 5, 6- tetrahydr0-4H—1 4-oxazine (11a)
(Diastereomer mixture). The diastereomer ratio (68 : 32) was determined on the basis of '"H NMR analysis.
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(colorless amorphous solid, 78 % yield from compound (+)-9. Mp 50-52 °C. [(X]ZDS = -58.4° (CH,Cl,, ¢ = 0.63). 'H

NMR (300 MHz) (393 K, DMSO- d,) 8 TMS: (major isomer) 2.14 (3H, s), 3.26 (1H, dd, J = 13.2 Hz, 9.0 Hz), 4.13
(1H,dd, J=13.2Hz, 3.6 Hz), 5.16 (1H, d, ] =12.3 Hz), 5.32 (1H, d, ] = 3.6 Hz), 5.34 (1H, d, ] = 3.9 Hz), 6.02 (1H,
dd, ] = 9.0 Hz, 3.3 Hz). (minor isomer) 2.03 (3H, s), 3.64 (1H, dd, ] = 14.7 Hz, 3.3 Hz), 399(1H ddd ] =14.6 Hz,

2.0 Hz, 0.6 Hz), 5.19 (1H, d, ] = 13.0 Hz), 5.43 (1H, d, ] = 3.9 Hz), 5.59 (1H, d, | = 3.6 Hz), 6.38 (1H, m). (mixed
signals) 5.10 (1H, d, J = 12.9 Hz), 7.09-7.32 (15H, m). IR (KBr): 1754, 1701 (C=0) cm™. MS (FAB+): 432 (M*+H),
373 (M+-OAc). Anal. caled. for CogH25NOs: C, 72.37; H, 5.84; N, 3.25. Found: C, 72.18; H, 5.85; N, 3.30.

(2R, 3R, 5R, 65)-2-Acetoxy-4-(benzyloxycarbonyl)-5,6-diphenyl-3-ethyl-2,3,5,6-tetrahydro-4H-1,4-0xazine
(11car). Major diastereomer (colorless solid, 49 % yield from compound 10¢). [a}f)S = +132.0° (CH,CL, ¢ = 0.62).
'H NMR (300 MHz) (393 K, DMSO- d,) 8 TMS: 1.02 (3H, t, ] = 7.5 Hz), 2.11 (3H, s), 1.88-2.15 (2H, m), 4.13 (1H,
ddd, | = 9.0 Hz, 6.0 Hz, 2.1 Hz ) 490 (1H, d, ] = 12.6 Hz), 4.95 (1H, d, ] = 12.6 Hz), 5.12 (1H, d, J = 4.2 Hz), 5.55
(1H, d, ] = 3.6 Hz), 6.25 (H, d, ] = 2.4 He), 6.91-7.03 (9 , m), 7.09-7.14 (3H, m), 7.18-7.23 (3H, m). IR (NaCl,
neat): 1746, 1701 (C=0) cm™. MS (FAB+): 460 (M *+H), 400 (M*-OAc). Anal. caled for CogHo9NOs5: C, 73.18; H,
6.36; N, 3.05. Found: C, 73.39; H, 6.51; N, 3.02

(25, 3R, 5R, 65)-2-Acetoxy~4-—(benzyloxycarbonyl) -5,6-diphenyl-3-ethyl-2,3,5,6-tetrahydro-4H-1,4-oxazine
(11cP). Minor diastereomer (colorless viscous oil, 27 % yield from compound 10c) Colorless crystals (‘Pr,0),

P I T 5RO T RTR ATY MMM R AT T -

mp 99-101 °C. fa]]’ =-3.1° (CH,CL,, ¢ = 0.80). 'H NMR (300 MHz) (393 K, DMSO- d,) 8 TMS: 0.96 (3H, t, ] = 7.5

Hz), 1.89-2.11 (ZH, m), 2.04 (34, s), 4.27 (1H, td, = 6.6 Hz, 4.8 Hz), 497 (iH, d, ] = 129 Hz), 5.02 (iH, d, j = 12.6
Hz), 5.25 (1H, d, ] = 3.6 Hz), 5.60 (TH d J=3.6Hz), 652 (1H,d, ] = 48 Hz), 6.90-6.93 (2H, m), 7.02-7.14 (10H,
m), 7.23-7.25 (3H, m). IR (KBr): 1744, 1707 (C=0) cm™. MS (FAB+): 460 (M++H), 400 (M*-OAc). Anal. calcd for

, IR
C28H29NOs: C, 73.18; H, 6.36; N, 3 5. Found: C, 73.34; H, 6.44; N, 3.10.

_______ A 41 P

(2R and 5, 3R, 5R, 65)-2-Acetoxy-3-benzyi-4-(benzyloxycarbonyl)-5,6-diphenyi-2,3,5,6-tetrahydro-4H-1,4-
oxazine (11e) (Diastereomer mixture). The diastereomer ratio (63 : 37) was determined on the b asis of ‘H

NMR analysis (colorless amorphous solid, 93 % yield from compound 10e). Mp 55-57 °C. [Ot] +98.2°

(CH,CL, ¢ = 0.73). 'H NMR (300 MHz) (393 K, DMSO- d,) 8 TMS: (major isomer) 1.98 (3H, s), 4.48 (1H, ddd,
7.6 Hz, 6.3 Hz, 1.8 Hz), 4.89 (1H, d, ] = 12.6 Hz), 4.95 (1H, d, ] = 12.6 Hz), 5.14 (1H, d, ] = 4.2 Hz), 5.55 (1H, d,

4.2 Hz), 6.24 (1H, d, ] = 1.8 Hz). (minor isomer) 1.92 (3H, s), 4.77 (1H, ddd, ] = 7.5 Hz, 5.4 Hz, 45 Hz), 4.8
d,1=126Hz),494 (1H,d,]=123),522 (1H,d, ] =36 Hz), 563 (1H,d, ] =3.6 Hz), 653 (1H. 4, ] =5

4.0 T34, o721, &, 1.2, 2.2\ 151, 4, G0 ARy, GO0 \ax1, K, ) = 00 114y, GO0\, G, 3 = 5.1 11l

\

)
(mixed peaks) 3.24-3.40 (2H, m), 6.87-7.37 (20H, m). IR (KBr): 1752, 1702 (C=0) cm-1. MS (FAB+): 522 (M*+H),
462 (M*-OAc). Anal. caled. for C33H31NOs5: C, 75.99; H, 5.99; N, 2.69. Found: C, 75.99; H, 5.78: N, 2.75.

‘II Il

]
1

(1H
Hz

\

"\1!

Lewis acid- Promoted Coupling Reactions of Hemi-acetals with Allyltrimethylsilane: General Procedure for

rrepdrduun UI llltf \.U upllllg f[uuuL‘S

a) Borontrifluoride diethyl etherate. To a CH,CN solution (3 mL) of hemi-acetal (0.25 mmol),
allyltrimethylsilane (1.25 mmol), BF;*OEt, (0.50 mmol) was added at -15 °C under an Ar atmosphere. The
reaction mixture was stirred at the same temperature until the starting hemi-acetal could not be detected on
TL\_ Aftcl th: 1caLuu1 i, sat. I\IaHCOS \J.U ulu; was addcd, buut:u 1UI /_U uun at room tcmperarure, ancl auutec
with AcOEt (15 mL). The organic layer was separated, and the aqueous phase was extracted with AcOEt (10

mL x 2). The combined organic Iayer was washed with sat. NaCl (15 mL x 3), dried over anhydrous MgSOu
filtered, and evaporated under reduced pressure to give an oily residue, which was purified by silica gel radial

duct
chromatography or PTLC to give the corresponding coupling product.

b) Titanium tetrachloride. To a CH,Cl, solution (3 mL) of hemi-acetal (0.25 mmol), allyltrimethylsilane (1.25
mmol), and 1.0 M TiCl, in CH,Cl, (0.50 mL, 0.50 mmol) were added at -78 °C under an Ar atmosphere The
reaction mixture was stirred at the same temperature for 10 min and then at 0 °C until the starting hemi-acetal
could not be detected on TLC. After the reaction was complete, sat. N.aHCO3 (10 mL) was added, stirred for 20
min at room temperature, and diluted with CH,Cl, (15 mL). The organic layer was separated, and the aqueous
phase was extracted with CHZCI (10 mL x 2). The combmed orgamc layer was washed with sat. NaCl (15 mL x

J), dried over annyarous I SO ar HHSI'ECI, and evaporatea under reduced pressure to gwe an Olly resmue

rous Mg
which was purlf ied by use__g silica g(i‘l radial ct TOmangraphy or PTLC to OIVP the Cgrrespnpdlng Cguphng
product.
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(25, 5R, 65)-4-(benzyloxycarbonyl)-5,6-diphenyl-2-(2-propenyl)-1, 2, 5, 6-tetrahydro-4H-1,4-oxazine (13a). (98
% yield from compound 11a) Colorless viscous oil. [a]gi = -95.0° (CH,Cl,, ¢ = 0.13). '"H NMR (300 MHz) (393 K,
13.

TR AC M NS TRAC, DY AN Y BN EE_ N £ . L1 /MITYT 1107 13 Q IT . A Q LY¥_ N 7/11Y 117
LJIVIO\VU- u6)o 11IVIO: £.4U-£.0U \lﬂ, III), Z.DD'L oo \ln, IIl), 0.01 (11, ad, ) = 15.0 Iz, 4.0 l_l.l.}, 2.7/0 (1N, aq, j =

Hz, 3.9 Hz), 437 (1H, ddt, ] = 7.0 Hz, 4.0 Hz, 4.0 Hz), 5.04 (1H, ddt, ] = 10.2 Hz, 2.1 Hz, 1.2 Hz), 5.07 (1H, d,

12.6 Hz), 5.11 (1H, ddd, J = 18.0 Hz, 3.6 Hz, 1.5 Hz), 5.15 (1H, d, ] = 12.9 Hz),5.32 (1H, d, ] = 3.6 Hz), 5.39 (1H,

d,] =36 Hz), 5.84 (1H, ddt, ] = 17.1 Hz, 10.5 Hz, 6.6 Hz), 7.05-7.32 (15H, m). "C NMR (75 MHz) (393 K, DMSO-
. : 9,136

NS 247 ANA EQ2 4£4ND 711 £ 114 195 4 17949 1942 E 1970 1971 10772 197 Q 10QQ 122 0 1247 17274 £
6} 0! 54.9, 4U.4, 56.9, 606.2, /1 1, -J, 16.8, 125.4, 126 4, 120.3, 12/.U, 12/.1, 127.0, 147.0, 140.0, 105.Y, 150,39, 1°50.0,
17 184 6 TR INaCl noat) TAOR (=M rm MCIBEARLY 414 (IN+ LN RAC ~al~rd fav (TAmTIAoNI YA (N LY.
SV 'y AJTT.7. LAV \AV \_.1/ LlCﬂI., AU \\_ VI A S § GRS § o) \1 nu‘r}. e $ S 4 \1VL T L} PO SANE STD B W) LWV ] 1w \_.A/,l LLbl‘\JL‘j \lvl TiL 1,.

5
69. Found: 414.2069.

(2R, 3R, 5R, 65)-4-(benzyloxycarbonyl)-5,6-diphenyl-3-methyl-2- (2—propeny1) -1,
oxazine (12b). (24 % yield from compound 11b) Coloriess viscous oil. [ajl')“ = +5

6-tetrahydro-4H-1,4-
;‘20 (CH,Cl,, ¢ = 0.71).'H

NMR (300 MHz) (393 K, DMSO- d,) 8 TMS: 1.40 (3H, d, ] = 5.7 Hz), 2.58 (2H, m), 3.71 (iH, qd,  =6.3 Hz, 4.2
Hz), 3.79 (1H, dt, ] = 8.1 Hz, 6.0 Hz), 4.80 (1H, d, ] = 12.9 Hz), 4.89 (1H, d, ] = 12.6 Hz), 5.03 (1H, d, ] = 3.6 Hz),

5.05 (1H, d, ] = 3.6 Hz), 5.11 (1H, ddt, ] = 10.4 Hz, 2.1 Hz, 0.9 Hz), 5.19 (1H, ddt, ] = 17.1 Hz, 2.1 Hz, 1.5 Hz),

2,
3.

598 (1H, ddt, ] = 17.3 Hz, 9.9 Hz, 6.9 Hz), 6.83-6.86 (2H, m), 6.94-7.07 (9H, m), 7 17-7.21 (4H, m). "C NMR (75
NALY ) /200 & TYWRAQM AN . 1079 A7 0 AQ L £\ £ £ Q1 77 K77 o [=fnY 11r1n A A AACD N AMmr A Ans B oans N
WINZ} (O70 I\, LJIVIOU- () O. 17./06, O/.07, 47.0, OU.00, ©D.01, 77.0/, a7, 11/ U, £0.4, 1£0.97, 1£0.5, 1£0.0, 1£0.Y,
1770 1971 1921 12240 124 128 N 12Q £ 1EE £ TD IT\Taf"l st 1TT7NA O M) nm-l NAC IEADR \. A9Q /AA+ LT
147 .U, L4/ 1, 1LO.1, 1LDD.7, 100, 190.V, 100.0, 1JJ.0. LI\ iNalld, 1ikdl). L/7UT (L=U) Gl 7. VD \FAADT ). 420 iVl +11)

n
HRMS caled. for CogH3gNO3 (Mt +H): 428.2226. Found: 428.2230.

(25, 3R, 5R, 65)-4-(benzyloxycarbonyl)-5,6-diphenyl-3-methyl-2-(2-propenyl)-1, 2, 5, 6-tetrahydro-4H-1,4-
oxazine (13b). (76% yield from compound 11b) Colorless viscous oil. [oc]ZD5 = +42.0° (CH,Cl,, c = 2.43). 'H NMR

(300 MHz) (393 K, DMSO- d,) 6 TMS: 1.45 (3H, d, ] = 6.6 Hz), 2.23-2.44 (2H, m), 4.30 (1H, qdd, ] = 6.6 Hz, 3.6
Hz, 0.6 Hz), 4.62 (1H, ddd, J = 7.7 Hz, 6.2 Hz, 3.6 Hz), 497 (1H, d, ] = 12.9 I1z), 5.08 (1H, ddt, ] = 10.5 Hz, 3.3

Hz, 1.5 Hz), 5.08 (1H, d, J = 12.6 Hz), 5.15 (1H, ddt, ] = 17.3 Hz, 3.5 Hz, 1.5 Hz), 5.23 (1H, d, ] = 3.9 Hz), 5.63
(1H dJ= 39Hz) 587(1H dddd, ]-174Hz, 102Hz 72Hz 6.0 Hz), 6.70 673( , m), 6 98 .07 (5H, m),
7.15-7.23 (8H, m). “C NMR (75 MHz) (393 K, DMSO- d,) &: 16 01, 36.46, 49.96, 61

‘ I—-i

2, 85, 72.95,74.61, 116.7,

12470 19247 1724 Q 1971 1797 A 19277 1220 1242412 12 4 112 TEAN TR INTM PR m
140.4, 1£0.7, 14L0.0, 14/7.1, Y&/ %, 1477, 1OO0.7, 100.0, 100.4, lDO 7, Lo4.U, 1IN \lVd\.l nea L) l \ )

(FAB+): 428 (M*+H). HRMS calcd. for CogH30NO3 (Mt +H): 428.2226. Found: 428.2231.

~mal A AQ

el N meen
L=U) Adm oL VLD

OO
—~

(2R, 3R, 5R, 65)-4-(benzyloxycarbonyl)-5,6-diphenyl-3-ethyl-2-(2-propenyl)-1, 2, 5, 6-tetrahydro-
4H-1,4-oxazine (12¢). (78 % yield from compound 11c). Colorless needles (Hexanes), mp 84-85 °C. [oc]f)5 =

+93.4° (CH,CL,, ¢ = 0.41). "H NMR (300 MHz) (393 K, DMSO- d,) 8 TMS: 0.91 (3H, t, ] = 7.4 Hz), 1.69-1.83 (1H,

m), 1.96-2.01 (1H, m), 2.57 (2H, dddd, ] = 6.9 Hz, 5.7 Hz, 1.2 Hz, 1.2 Hz), 3.82 (1H, dt, ] = 6.6 Hz, 4.2 Hz), 3.92
(1H, dt, ] = 6.6 Hz, 5.7 Hz), 4.81 (1H,d, ] = 12.3 Hz), 492 (1H, d,] = 12.6 Hz), 5.04 (1H, d, ] = 3.6 Hz), 5.08 (1H

VAaLlz, 4, .0 14, 114, SO0 115, 1L.2 124, T4 415, 1L LAl ST Al VU LAhy, VU0 Lk,

dJ= 36Hz) 5.12 (1H, ddt J= 102HZ,18HZ,09HZ),520(1H ddd, ] = 173 Hz, 36Hz, 1.5 Hz), 5.99 (1H,
ddt, ] = 17.3 Hz, 10.5 Hz, 6.9 Hz), 6.86-6.89 (2H, m), 6.93-7.08 (10H, m), 7.18-7.22 (3H, m). IR (KBr): 1710 (C=0)

cm’. MS (FAB+): 442 (M*+H). HRMS caled. for Co9H3o0NO3 (M*+H): 442.2382. Found: 442.2389.
(28, 312_ 5R, 6S5)-4- lhpn7vlnxvggrbgnvl\ 5,6~ dlnhpny]_ '%-pﬂ-lvl 2-(2- prgp
Mo

1
m), 418(1H ddd ]= 66Hz 66Hz,33Hz) 462(1H ddd ] 80Hz,6OHZ 33H )
1.

dddd, J = 10.4 Hz, 1.8 Hz, 1.2 Hz, 1.2 Hz), 513(11-1 dddd, J = 17.3 Hz, 1.8 Hz, 1.5 Hz,
3.6 Hz), 549 (1H, d,] =3.6 Hz), 5.89 (1H, dddd, ] =

I 41k, W, .0 R4, JOT R4 (S LELE

(13H, m). IR (NaCl, neat): 1704 (C=0) cm*. MS (F

(28, 38, 5R, 6S)-4-(benzyloxycarbonyl)-5,6-diphenyl-2-ethyl-3-(2-propenyl)-1, 2, 5 6-tetrahydro-
1 g

4H-1,4-oxazine (190). (79 % yield from compound 11c). Colorless viscous oil. [o j =-113.0° (CH,Cl,, ¢ = 0.83).
'H NMR (300 MHz) (393 K, DMSO- d,) 6 TMS: 0.91 (3H, t, ] = 7.4 Hz), 1.55-1.96 (1H, m), 1.88-2.07 (2H, m), 2.16-
2.27 (1H, m) 3.92-4.01 (2H, m), 4.58 (1H, ddt, ] = 17.1 Hz, 2.1 Hz, 1.8 Hz) 477 (1H, ddt, ] = 10.2 Hz, 2.1 Hz, 1.2
Iz), 5.18 (1H, d, ] = 12.6 Hz), 5.25 (1H, d, ] = 12.6 Hz), 5.26 (1H, d, ] = 3.9 Hz), 5. 45( ,ddt, ] = 17.4 Hz, 10.5
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Hz, 6.9 Hz), 5.68 (1H, d, | = 3.9 Hz), 6.99-7.46 (15H, m). IR (NaCl, neat): 1694 (C=0) cm”. MS (FAB+): 442
(Mt +H). HRMS caled. for Co9H3pNO3 (M +H): 442.2382. Found: 442.2379.

(2R, 3R, 5R, 65)-4-(benzyloxycarbonyl)-5,6-diphenyl-3-iso-butyl-2-(2-propenyl-1, 2, 5, 6-tetrahydro-4H-1,4-
oxazine (12d). (90 % yield from compound 11d). Colorless viscous oil. [OLJDq = +37.7° (CH,Cl,, ¢ = 1.69). 'H
NMR (300 MHz) (340K, C,D,) 8 TMS: 1.35 (3H, d, ] = 6.6 Hz), 1.57 (3H, d, ] = 6.6 Hz), 2.07 (1H, ddd, ] = 13.2 Hz,
6.9 Hz, 6.9 Hz), 2.22-2.36 (1H, m), 2.67 (1H, ddd, ] = 13.2 Hz, 6.6 Hz, 6.6 Hz), 3.10 2H, ddd, J=7.2 Hz, 72 Hz
1.2 Hz), 449 (1H, ddd, J= 6.3 Hz, 6.3 Hz, 6.3 Hz),4.63 (1H, td, ] =69 Hz, 6.9 Hz), 5.59 (1H, d, ] = 12.6 Hz), 5.64
(111, d, ] = 3.6 Hz); 5.65 (1H, d, ] = 12.3 Hz), 5.70 (1H, m), 5.76 (1H, ddt, ] = 17.4 Hz, 1.8 Hz, 1.5 Hz), 598 (1H, d,
T_N2TIT\ £ £A(1LT 311 T _17NTLT.. 1NE LY. £Q LT 7EN 709 MELY o\ TD MATAM wvnnat\. 170NN /O MY ,~_M'1 AAC
J =2.01I14), 004 (111, U, ) = 1/.U 11”4, 1U.0 114, 0.7 114), /.0U~/.0&4 (1011, 111). LIN UINdALL, HlCdl). 17UV (L—=U/ ) CLIL - V1o
(ED)- 460 (M+) 454 (M+-Me) 428 (M*-C.H.) MS caled. for C21Ha=NO?2 (M*H): 469 2617. Found: 4692614
\l_)ll. TUS \Ivl /, T \lvl J_VLE// L) \LVL \_43]. 15}. L LANIVEL VAALA,, LIV \.401_.‘. LDDL‘\JD \L'L , XU vdal7 A7 v L UTULIN,, TU /UL

(28, 35, 5R, 6S)-4-(benzyloxycarbonyl)-5,6-diphenyl-2-iso-butyl-3-(2-propenyl)-1, 2, 5, 6-tetrahydro-4H-1,4-
oxazine (19d). (87 % vyield from compound 11d). Colorless viscous oil. [OL]25 = -35.7 ° (CH,Cl,, ¢ = 0.89). 'H
NMR (300 MHZ) (393K DMSO-d,) 8 TMS: 091 (3H, d,J=6.7 Hz) 0.96 (3H d J=606 Hz) 1.32-1.41 (lH m)

1.60-1.70 (1H, m), 1.91-2.07 (2H, m}, 2.17-2.28 (1H, m), 3.95 (1H, dd, ] = 8.7 Hz, 8.4 Hz), 4.14 (1H, dd, ] = 9.0 Hz,
6.0 Hz) 459 (1H _rn\ 4.78 (1H m\ 5.18 (1H, d, l_'l7_6H7\ 5.26 (1H, d I_.‘|76H7\ ‘379(1H d 1=39 H7\

o 224, 207 AT, vill, RIS V) 114}, 2.£20 111, 4, ) = 1L.0 T'14 JiLZ

5.38-5.52 (1H, m), 5.70 (1H, d, ] = 3.9 Hz), 6.99-7.47 (15H, m). IR (NaCl, neat): 1692 (C=0) cm". MS (CI): 470
(M*+H), 428 (M*-C,H.). HRMS calcd. for C31H3sNO3 (M*+H): 470.2695. Found: 470.2701.

(2R, 3R, 5R, 65-2-Benzyl-4-(benzyloxycarbonyl)-5,6-diphenyl-3-(2-propenyl)-1, 2, 5, 6-tetrahydro-4H-1,4-
oxazine (12e). (75 % yield from compound 11e). Colorless viscous oil. [OL]%)s = +66.4 ° (CH,CL, ¢ = 0.25). 'H

ANMR (AN AHSY (202K TIMCOY-AYS TMG 226.2A4ARMMH mY A2 (MOH A T—£60H2) 411 (1H A+ T K 0H> 57
INIVIIN (\OUU IVICIZ ) \OZ700N, IO G ) © L VI0L £.L40°2.50 4k, My, D.24 213, G, ) = 0.0 11Z), a.11 \1x1, GY, ) = 0.7 117, 5.0

Hz), 4.27 (1H, dd, J = 6.0 Hz, 6.0 Hz), 4.83 (1H, d, ] = 12.3 Hz), 4.89 (1H, d, ] = 3.6 Hz), 494 (1H, d, ] = 3.6 Hz),
496 (1H, d, ] = 12.9 Hz), 5.01-5.03 (1H, m), 5.06-5.08 (1H, m), 5.81 (1H, dd¢, ] = 17.9 Hz, 9.8 Hz, 6.9 Hz), 6.83-

6.91 (4H, m), 6.95-7.10 (8H, m), 7.21-7.35 (8H, m). IR (NaCl, neat): 1695 (C=0) cm™. MS (FAB+): 504 (M++H).
HRMS calcd. for C34H34NO3 (M*+H): 504.2539. Found: 504.2540.

(28, 3S, 5R, 6S)-2-Benzyl-4-(benzyloxycarbonyl)-5,6-diphenyl-3-(2-propenyl)-1, 2, 5, 6-tetrahydro-4H-1,4-
oxazine (19e). (83 % yield from compound 11e). Colorless needles (Pr,0), mp 110-111 °C. [a]}® = -143.0°
(CH.Cl,, ¢ = 0.39), 'H NMR (300 MHz) (393 K, DMSO- d,) § TMS: 1.93-2.04 (1H, m), 2.09-2.20 (1H, m), 3.04 (1H,
dd,J=14.0Hz, 72 Hz),3.20 (1H, dd, ] = 14.0 Hz, 7.2 Hz) 411(1H,dd,J=72Hz,72Hz),431(1H,dd,]=7.2
Hz, 7.2 Hz), 4.45 (1H, ddt, ] = 17.1 Hz, 1.8 Hz, 1.5 Hz), 4.67 (1H, ddt, | = 10.2 Hz, 2.1 Hz, 1.2 Hz), 5.21-5.34 (1H,
m),5.20(1H, d,J=126Hz),530(1H,d, ] =123 Hz), 551 (1H,d, ] =45 Hz), 5.77 (1H, d, ] = 4.2 Hz), 7.02-7.48
(20 H, m). IR (NaCl,. neat): 1676 (C=O) cm”, MS (FAB+): 504 (M*+H), 462 (M+-CaHg). HRMS calcd. for

Preparation of elimination product (5R, 65)-4-(benzyloxycarbonyl)-5,6-diphenyl-5, 6-dihydro-4H-1,4-

oxazine (16). To a CH,Cl, solution (10 mL) of hemi-acetal (11a) (0.431 g 1.0 mmol), BF,*OEt, (0.14 mL, 0.156 g

1 1 mmol) was arlr‘nrl a{- n 0{" 1|nr'|ar an Ar nfmngnherr_\ Tl’\lﬂ ruanhnn mlvh1rn was s

f!rrar‘ ’:-l" the game
1 MMeE; W Al addiios Ol INIXTAL ST

@GL wuiT Saunc

temperature for 1 h. After the reaction was complete, sat. NaHCO, (15 mL) was added, stirred for 20 min
at room temperature, and diluted with CH,Cl, (15 mL) The organic layer was qeparated and the aqueous

T

phase was extracted with CH,Cl, (15 mL x 2). The combined organic layer was washed with sat. NaCl (15 mL x
3), dried over anhydrous MgSQ,, filtered, and evaporated under reduced pressure to give an oily residue,
which was purified by silica gel flash chromatography (eluted with Hexanes : EtOAc = 15 : 1) to give
compound 16 (0.26 g, 70 % yield from compound 11a) as a colorless solid. Mp 62-64 °C. [()L]23 = +150.0°

(CH,CL, ¢ = 0.78). 'H NMR (300 MHz) (393 K, DMSO- d,) 8 TMS: 5.08 (1H, d, ] = 12.6 Hz), 515 (11, d, ] = 126

\q

Hz), 5.26 (1H, d, ] = 2.9 Hz), 5.36 (1H, d, ] = 2.9 Hz), 6.37 (1H, d, ] = 4.9 Hz), 6.65 (1H, dd, ] = 4.9 Hz, 1.1 Hz),
o0 £ 0N /ATTY ~ AC T AN f1NLT (LN, ATNA W el AAQ MAD Y, 27T MAARY TIDANAC ~a1.3 O
O BY-0.YL (LI, m), /.Ud=/.L9 (10151, m) ll‘ \I\Dl') 1704 (L=U) <M VIO {\I'AD+). O/71 (VD). rIKiVIO CailcQ. 101

Co4Hp1NO3 (M+): 371.1521. Found: 371.1525.
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Epimerization of C-3 methyl group of lactone 10a: Preparation of (35, 5R, 65)-4-(benzyloxycarbonyl)-5,6-
diphenyl-3-methyl-2,3,5,6-tetrahydro-4H-1,4-oxazin-2-one (20). To a THF solution (20 mL) of compound (+)-
10a (0.100 g, 0.25 mmol) and 15-crown-5 (0.33 g, 1.5 mmol), 1.0 M NaN(TMS), in THF (0.38 mL, 0.38 mmol) was
added dropwise at -78 °C under an Ar atmosphere. After the resulting mixture was stirred at -78 °C for 10 min,
2,6-di- tert—butylphenol (0.062 g, 0.3 mmol) in THF (2 mL) was added at the same temperature. The mixture was
stirred at -78 °C for 30 min. To the mixture, sat, NH,Cl (15 mL) was added and %eparated The aqueous layer
was extracted with AcOEt (10 mL x 2). The combhmd organic 1 layer was washed with sat. NaCl (20 mL x 3),
dried over MgS0,, and evaporated under reduced pressure to give an oily residue, which was purified by

silica gel radial chromatography (eluted with Hexanes : AcOEt = 4 : 1) to give compound 20 (0.077 g, 77 %
yield from compound (+)-10a) as a colorless viscous oil. [oz]é5 = -78.2° (CH,Cl,, ¢ = 1.10). '"HH NMR (300 MHz)
(393 K, DMSO- d6) 8 TMS: 1.38 (3H, d, ] = 6.9 Hz), 4.88 (lH q,] 6.9 Hz), 5.22 (2H, s), 5.70(1H, d, ] 3 0 Hz),

I 12 M7 7D i1 13~
6.16 (1H, d, J = 3.3 Hz), 7.00-7.04 (2H, m), 7.13-7.38 (13 H, m). "C NMR (75 MHz) (393 K, DMS50O- d,) é: 17.97,

50.43, 57.14, 66.64, 79.69, 124.9, 126.8, 127.0, 127.1, 127.2, 127.3, 127.4, 127.5, 127.6, 127.9, 134.9, 135.8, 153.6,
168.6. IR (KBr): 1748, 1702 (C=0) cm™. MS (FAB+): 402 (M*+H). HRMS calcd. for Co5Hp4NOy (M*+H):

402.1705. Found: 402.1720.

)
vt
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vt
»
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H-«

(2R and S, 3S, 5R, 6S)- 7-Am+mm4.b iphenyl-3-methyl-2, 3, 5, 6-

and S, 38 etox enz rethyl-2, 3, 5, 6
,4-oxazine (21) (Diastereomer mixture). T solution (30 mL) of ¢ ompound 20
O mmol) 1.0 M DIBAH in hexanes (3 02 mL 3.02 mmol) was added dropw1se at-78 °C under an Ar

atmo Q‘phere After the resulting solution was stirred at the temperature for 1 hr, H,O {10 mL) was added to a
action mixture at the same temperature. Then the reaction mixture was stirred at room temperature for 30

vl
yi
[6)

o “"58’
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n, filtered through ®Celite 545 to afford a filtrate, which was washed with sat. NaCl (25 mL x 2), dried over
anhydrous MgSQO,, filtered, concentrated to give an amorphous solid. A mixture of the residue (0.806 g, 2.01
mmol), 4-dimethylaminopyridine (catalytic amount) Et;N (0.56 mL, 4.02 mmol), AC20 (041 g 4.02 mmol), and

dArv CH.CL (17 mT Y wac chirred at 0 °C for 10 min and room tammnoarafiire far 20 min H OY IS T ) wrac addaAd

iy \,Ll')\-lz \474 2ikis) VWHS OSULICM QL UV O IVL 1V L1l dilig LuuLLL I.Ejlll.lclal,ulc 1UL &V 11ULL 1 1Hh\/ \J 1iLL) vywwado audutcu.
The organic layer was separated and washed with H,0 (10 mL x 1) and sat. NaCl (10 mL x 1), dried over
MgSOM concentrated in vacuo to give an oil, which was purified by silica gel flash chromatography (eluted
with Hexane : AcOEt =5 : 1) to give compound 21 (0.836 g, 93 % from compound 20) as a colorless amorphous
solid. Diastereomer ratio (41 : 59) was determined on the basis of '"H -NMR spectrum of compound 21. Mp 42-

44 °C. [a]f}s =-175.1° (CH,Cl,, ¢ = 0.62). '"H NMR (300 MHz) (393 K, DMSO- d.) § TMS: (major isomer) 1.06 (3H

—~L 121 WUV 111z AAIVII 2 ¥4 30 Wi,

d,J=7.2Hz), 2.05 (3H, s), 4.26 (1H, qd, ] = 7.2 Hz, 0.6 Hz), 5.20 (1H, d, | = 12.6), 5.27 (1H, d, ] = 12.6 Hz), 5.68
(1H, d, J =3.6 Hz), 6.12 (1H, d, ] = 0.6 Hz). (minor isomer) 0.96 (3H, d ] = 7.2 Hz), 2.14 (3H, s), 441 (1H, qd, ] =
6.9 Hz, 4.2 Hz), 5.21 (2H, s),558(]H d, ] =4.1Hz), 604(11-1 d, ] = 3.9 Hz). (mixed peaks) 5.61 (1H, d, ] = 3.9

Hz), 7.01-7.43 (15H, m). IR (KBr): 0, 1696 (C=0) cm™. MS (FAB+): 446 (M*+H). HRMS (FAB+) calcd. for

LT \T L 1QL™7 Tean 1. AAL 10
Ca7H28NOs5 (MT+H): 446.1967. Found: 446.19

Titanium(IV) Chloride-Mediated Coupling Reaction of Hemi-acetal 21 with Allyltrimetrhylsilane:

(28, 3S, 5R, 65)-4-(benzyloxycarbonyl)-5,6-diphenyl-3-methyl-2-(2-propenyl)-1, 2, 5, 6-tetrahydro-4H-1,4-
oxazine (22). To a CH,(Cl, solution (3 mL) of hemi-acetal 21 (0.114 g, 0.25 mmol) and allyltrimethylsilane (0.2
mL, 1.25 mmol), 1.0 M TiCl, in CH,Cl, (0.50 mL, 0.50 mmol) was added at -78 °C under an Ar atmosphere. The
reaction mixture was stirred at the same temperature for 10 min and then at 0 ° for 10 min. After the reaction,

c.a't NaHCO; (10 mL) was added, stirred for 20 min at room temperature and diluted with CH2C1 (15 mL)

The organic layer was separated, and the aqueous phase was extracted with CH,Cl, (10 mL x 2). The combined
organic layer was washed with sat. NaCl (15 mL x 3), dried over anhydrous MgSQO,, filtered, and evaporated
under reduced pressure to give an oily residue, which was purified by using silica gel radial chromatography
(eluted with Hexane : AcOEt = 15 : 1) to give a major coup]ing product 22 (0.093 g, 87 % from compound 21) as
a coloriess viscous oil. [oz]:; -199° (CH,Cl,, ¢ = 0.3). '"H NMR (300 MHz) (393 K, DMSO- d,) 8: TMS: 0.99 (3H,

d,j="7.1 Hz), 2.42-2.52 (1H, m), 2.59 (iH, m), 4.01-4.13 (ZH, m), 5.01-5.13 (2H, m), 5.19 (iHi, d, ] = 12.3 Hz), 5.25
(1H,d,J=12.6 Hz), 5.33 (1H, d, ] = 3.9 Hz), 5.65 (1H, d, ] = 3.9 Hz), 5.89 (1H, ddt, ] = 17.1 Hz, 10.2 Hz, 6.9 Hz),
7.00-7.41 (15H, m). IR (NaCl, neat):1694 (C=0) cm™. MS (EI): 427 (M*), 386 (M*-C;H.). Anal calcd. for

C2gH29NO3: C, 78.66;, H, 6.84; N, 3.28. Found: C, 78.47, H, 6.72, N, 3.34.

_____ RS, P - S N, i M P Y ¢ - o
uenerdx IIULEUUIB IOr v "repdrdf 10n I UX L aCias l24d, D, dllu u} via ULOnUiyblb A mixture ()I [I\E
an

C yli
coupling product (1.07 mmol), absolute MeOH (5 mL), and dry CH,Cl, (2.5 mL) was bubbled with O, at -78 °C
until the color of solution turned to blue (ca. 5 min). After the reaction mixture was then bubbled with Ar gas

£
(03 %
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for 5 min at the same temperature, Me,S (2 mL) was added carefully. The solvent was evaporated under
reduced pressure to give an oily residue, which was diluted with Et,0 (15 mL), washed with H,O (10 mL x 3),
and dried over anhydrous MgSO,. The solvent was evaporated under reduced pressure to give the crude
carboxaldehyde, which was employed to the next reaction without further purification. A mixture of the crude
carboxaldehyde (0.24 mmol), PDC (0.84 mmol), and DMF (0.8 mL) was stirred at room temperature for 12 h

under an Ar atmosphere. After the reaction, the resulting mixture was poured into H,O (10 mL) and extracted
with CH T (10 vl v 2 Tho avéract wac wached with 8 9% HCOT (18 mT v 2Y and qgat Nall (18 maT v 2) driad

VVILLIL 1 ‘.2\_,12 \l\J 1Ly A L}l L1IU CTALLALL VAT YYAUJILLM VYLILULL v /U L AN \L\J FO RS EEpaN h,’ Cilvd OdLe L NUN~1 \.LLJ 1RLAa A \JI “iivw
over anhydrous MgSQ,, filtered, and evaporated under reduced pressure to give a residue, which was purified
by silica gel flash chromatography (eluted with CH,Cl,:MeOH = 20:1) to give the corresponding carboxylic
acid.

(2S, 5R, 6S)-2-(4-benzyloxycarbonyl-5,6-diphenyl-1, 2, 5, 6-tetrahydro-4H-1,4-oxazin-2-yl)acetic acid (24a). (77

% yield from compound 13a) Colorless amorphous solid, mp 67-69 °C. [oc]zD5 = -102° (CH,Cl,, ¢ = 0.4). 'H NMR
(300 MHz) (393 K, DMSO- d;) § TMS: 2.71 (ZH d,J=6.6 Hz), 3.72 (1H, dd, ] = 13.8 Hz, 4.8 Hz), 3.88 (1H, dd, ] =

13.7 Hz, 3.9 Hz), 472-4.78 (1H, m), 5.10 (1H, d, ] = 12.9 Hz), 5.16 (1, d, J = 12.6 Hz), 5.32 (1H, d, ] = 3.6 Hz),

RAQ (11—7 A T =272 H2Y 700724 (18- rn\ IR (KRr) 2N24 {OYHY 1722 1702 (( =0 Y Al MG (FEARL) 429
L / ) e LLL‘I, £ I T I \Lull, lll, FOAN \L\IJI.} [VAV I V) \\/‘.L’, i/ \JL}, A7 U \ ’ 1AL . LYALT \ l\ul’. = 4@ N

(M++H), 388 (M*-CQO,). HRMS Calcd. for CogH26NOs5 (Mt +H): 432 1811. Found: 432.1804.

\ 1’ \ 7 FAS LU v 7

(25, 3R, 5R, 65)-2-(4-benzyloxycarbonyl-5,6-diphenyl-3-methyl-1, 2, 5, 6-tetrahydro-4H-1,4-oxazin-2-yDacetic
acid (24b). (75 % yield from compound 13b) Colorless amorphous solid, mp 79-81 °C. [oc]]’;)S = +56.4° (CH,Cl,, ¢
= 0.59). 'H NMR (300 MHz) (393 K, DMSO- d,) 8 TMS: 1.48 (3H, d, ] = 6.6 Hz), 2.59 (2H, d, ] = 6.6 Hz), 4.44 (1H,

qd, ] = 6.6 Hz, 3.5 Hz), 5.03 (1H, td, ] = 6.6 Hz, 3.6 Hz), 5.03 (1H, d, ] = 12.6 Hz), 5.11 (1H, 4, J = 12.9 Hz), 5.29
(1H, d, ] = 4.2 Hz), 5.65 (1H, d, ] = 3.9 Hz), 6.80-6.83 (2H, m), 7.01-7.28 (13H, m). IR (KBr): 3063 (OH), 1736, 1701

(C=0) cm™, MS (FAB+): 446 (M*+H), 402 (M"-CQO,). HRMS Calcd. for C27H28NOs5 (M*++H):. 446.1967. Found:
446.1962.

nzyluxycarbonyl -5,6-diphenyl-3-isobutyl-

-1
1ind 1234) Calarlece amor h
LORF 1o [ty W5 P

UIULITOO dilivs

T ‘ ~
] 1 1 wa s
e 7). 'H NMR (300 MHz) (300 K, DMSO- d,) 8§ TMS: 0.66 (3H, d, 0 Hz)

Hz), 1.80-1.65 (2H, m), 1.81 (1H, m), 2.69-2.71 (2H, m), 3.84 (1H, td, ] = 6.5 Hz, 6.0 Hz), 4.2 :
59 Hz), 497 (2H, 5), 518 (1H, d,] = 3.6 Hz), 5.20 (1H, d, ] = 3.6 Hz), 6.97-7.27 (15H, m). IR(KBr)l 34, 1709

(C=0) cm™. MS (EI): 487 (M), 430 (M"-C,H,). HRMS Calcd. for C30H33NOs (M+): 487.2359. Found: 487.2350.

, 0.
27 (1

Hvdroboration of the (’nnnhno Product 13b: (2S, 3R, 5R, 6S)-4-(Benzvlo Xy rbg”vl)-ﬁﬁ-dinhpnyl-')-

the Lo (& L ey I IY 237 -‘.‘J-v SyoTRips

hydroxypropyl-2,3,5,6- tetrahydro—4H 1,4-oxazine (26). To a THF solution (5mL) "of th C(';uplmg roduct 13
(0217 g, 0.51 mmol) 2.0 M Borane dimethylsulfide complex in THF (0.26 mL, 0.52 mmol) was added at 0 °C.
Then the resulting mixture was stirred at room temperature for 12 h, and recooled to 0 °C. To the reaction
mixture, MeOH (5 drops), 3M NaOH (2 mL), and 30 % H,0O, (2 mL) was added, successively. After being
gently refluxed for 1 hr, the mixture was extracted with Etz() (10 mL x 3). The organic phase was washed with
%at NaCl (15 mL x 3) dried over MgSO,, filtered, and evaporated under reduced pressure to give a viscous oil,

s 6iad HH ool e ~ A 1 ~NL A
WlU.L.ll was Puuucu Uy Siiica Ecl i1asn LlllUllLalUBlaPIIy \LluLLu wu.u LLL/\CUI.UD I‘\LULL - L J} lU Blvt LULI.lPUullu

26 (colorless viscous oil, 0.18 g, 78% yield from compound (+)-13). Colorless viscous oil. [a] = +64.0° (CH,Cl,,
c= 04')\ H NMR 1300 MHz\ (’%Q”. K, DMSQ-d, \ & TMS 1.46 (BH, dul =72 H7\ 1.52-1.72 (4H, m\ 3.49 {7H t, Jl =

6.3 Hz), 3.69 (1H, brs), 4.34 (1H, qd, ] = 6.6 Hz, 3.5 Hz), 457 (1H, m), 5.02 (1H, d, J = 12.9 Hz), 5.10 (1H, d, ] =
129 Hz), 527 (1H, d, ] = 4.2 Hz), 5.62 (111, d, ] = 4.2 Hz), 6.79 (2H, dd, J = 7.7 Hz, 1.7 Hz), 7.00-7.28 (13H, m). IR

(NaCl, neat): 3460 (OH), 1698 (C=0) cm™. MS (FAB+): 446 (M*+H). HRMS Caled. for C2gH3)NOg4 (M*+H):
446.2331. Found: 446.2325.

Oxidation of Alcohol 26: (2S, 3R, 5R, 6S5)-3-(4-Benzyloxycarbonyl-5,6-diphenyl-3-methyl-2,3,5,6-tetrahydro-
4H-1,4-oxazin-2-yl)propanoic acid (27). A mixture of compound 26 (0.15 g, 0.33 mmol), PDC (0.46 g, 1.23
mmol), and DMF (1.5 mL) was stirred at room temperature for 12 h under an Ar atmosphere. After the
reaction, the resulting mixture was poured into H,O (10 mL) and extracted with CH,CI, (10 mL x 3). The
extract was washed with 5 % HCl (15 mL x 2), and sat. NaCl (15 mL x 3), dried with anhydrous MgSO,,
filtered, and evaporated under reduced pressure to give a residue, which was purified by silica gel flash

rrzmaatageamhir (aliitad writh CH O AMaOYH — 20)0:1) 4 oive comnanind 27 (Cglar!ncc amarnhniie enlid N 10 o

\_hluu.lau_rslayl Ly \CluLCu VVILIL LDV HUVIBR /L = 4AVa 1) W) BIvVE LuLdpuUnivu CO50 QUIULIPIIVUS SULIM, V.4V 5y
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66 % yield from compound (+)-26). Colorless amorphous solid, mp 67-68 °C [(JL]ZD5 = +52.8° (CH,CL,, ¢ = 0.38).
'H NMR (300 MHz) (393 K, DMSO- d,) 8 TMS 1.47 (3H, d, ] = 6.6 Hz), 1.79-1.92 (2H, m), 2.35-2.43 (2H, m), 4.33
(1H, qd, ] = 6.6 Hz, 3.6 Hz), 4.58-4.63 (1H, m), 5.01 (1H, d, J = 12.9 Hz), 6.00 (1H, d, ] = 12.6 Hz), 5.27 (1H,d, | =
3.9 Hz), 5.62 (1H, d, ] = 42 Hz), 6.79 (2H, d, ] = 7.5 Hz), 6.99-7.28 (13H, m). IR (KBr): 3031 (OH), 1730, 1703

(C=0) cm™. MS (FAB+): 460 (Mt*+H). HRMS Calcd. for C2gH30NO5 (M*+H): 460.2124. Found: 460.2120.

General Procedure for Birch Reduction: Preparatlon of Hydroxymetylene and Hydroxyethylene Peptide
Isosteres (25a, b, d, and 28). To a solution of Li’ (0.05 g, 7.14 mmol atom) in liq. NH, (10 mL, distilled from
Na®), a THF solution (5 mL) of carboxylic acid (0.30 mmol) and tert-BuOH (0.11 g, 1 51 mmol) was added
dropw1se at -78 °C. The reaction mixture was stirred at the same temperature for 10 min, and then at -33 °C for

40 min. To the reaction mixture, excess NH,Cl was added. The mixture was concentrated to give a residue.

H,0O (4 mL) was added to the residue and make it pH 2~3 by adding 4N HCl. The aqueous solution was

washed with Et,0 (10 mL x 3). The aqueous phase was concentrated under reduced pressure at room
temperature until the volume was 2 mL. The residue was purified by ion exchange chromatography (*Dowex

50WX-100, eluted with (0.1IN Nl‘i,,(.)l‘l) to glve the correqpondmg amino acid.

(35)-4-Amino-3-hydroxybutyric acid (25a). (81 % yield from compound 24a) Colorless amorphous solid, mp
208-210 °C (lit. mp 212-214%). [o]}” = +21° (H,0, c = 0.18). ([o]3’ = +20.7° (H,O, ¢ = 1.9/"). 'H and “C NMR, IR,
MS of the synthetic compound 25a were identical with those of the authentic sample reported by Yang et al.*

(3
~ . \J
) *C NMR (75 MHz) (300 K, D,O-CD,0D) &: 12.8,
.7, 51. 9 69 7, 179 6 IR (KBr) 3483 (OH) 1569 (COO) cm™. MS (EI): 133 (M%), 115 (M'-H,0). HRMS (FAB+)
aled. for C5H12NO3 (M*+H): 134.0817. Found: 134.0817.

O

(7] ~a I\

} % yield from compound 24d) Colorless

J ° and mp of (38, 45)-statine are r eported
(300K, D,0) § 0.84 (3H, d, ] = 5.4 Hz), 0.86

uuuuuu \+ 23y . Qi 1 AN, LONS ) U VWO \JLL, U, ) = U 114 ), U.OU

7Y
i o =]
(H, d, ] = 6.3 Hz), 1.41 (2H, dd, ] = 5 Hz), 1.62 (1H, m), 2.32 (1H, dd, ] = 15.5 Hz, 7.5 Hz), 2.46 (1H, dd,
J =153 Hz, 5.1 Hz), 3.16 (1H, dd =7 Hz, 6.3 Hz, 63 Hz), 392 (1H, dt, | = 7.5 Hz, 5.4 Hz). "C NMR (75
"42

(23C AD\_A 3-hvdroxv PSPy T | T P
\29o, ‘.u\)-‘:t-nuuuu I-NydivAy-o-ieinyinepianoic
25

1
amorphous solid, mp 194-195 °C. [a.
as -18.9° (H,0, ¢ = 0.424) and mp

AATT_\ /3NN T/ A NPT N AN o g my e e

MHz) (300 K, D,O-CD,0D) &: 22.0, 23.1, 24.9, 39.6, 42.4, 54.7, 69.3, 179.7. IR (KBr): 3197 (OH), 1559 (COO") cm™.
MS (EI): 157 (M*-H,0). HRMS (FAB+) Calcd. for C§H18NO3 (M*+H): 176.1287. Found: 176.1292.

(4S, 5R)-5-Amino-4-hydroxyhexanoic acid (28). (74 % yield from compound 27) Colorless amorphous solid,

mp 155-156 °C. [a]2° = +5.0° (H;O, ¢ = 0.44). 'H NMR (300 MHz) (300 K, D,0) 8 1.22 (3H, d, ] = 6.9 Hz), 1.57-
1.79 (2H, m), 2.18-2.37 (2H, m), 3.37 (1H, qd, J = 6.9 Hz, 3.3 Hz), 3.75 (1H, td, J= 8.7 Hz, 3.3 Hz). ®*C NMR (75
MHz) (300 K, D,O-CD,0D) &: 12.4, 29.8, 34.7, 52.0, 71.7, 183.2. IR (KBr): ): 3375 (OH), 1560 (COO) cm™. MS (EI):

129 (M*-H,0). HRMS (FAB+) Calcd. for CgH14NO3 (M"+H): 148.0974. Found: 148.0977.
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