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For over a decade, many bioorganic and synthetic
chemists have made attempts to prepare structurally
well-defined and/or biologically active peptidomimetics
with novel backbone structures for the creation of new
secondary and tertiary structures, as well as for applica-
tion as agonists, antagonists, and enzyme inhibitors for
important pharmaceutical receptors and enzymes.! A
number of backbone-modified peptides (pseudopeptides)
such as oligocarbamates,? peptoids,® oligoureas,* oligo-
sulfonamides,® oligopyrrolinones,® -peptides,” and flat

* Tel: 82-2-361-2631. Fax: 82-2-364-7050.

(1) For a review, see: (a) Stigers, K. D.; Soth, M. J.; Nowick, J. S.
Curr. Opin. Chem. Biol. 1999, 3, 714. (b) Kirshenbaum, K.; Zucker-
mann, R. N.; Dill, K. A. Curr. Opin. Struct. Biol. 1999, 9, 530. (c)
Gellman, S. H. Acc. Chem. Res. 1998, 31, 173. (d) Moran, E. J.; Wilson,
T. E.; Cho, C. Y.; Cherry, S. R.; Schultz, P. G. Biopolymers 1995, 37,
213. (e) Gante, J. Angew. Chem., Int. Ed. Engl. 1994, 33, 1699.

(2) (a) Cho, C. Y.; Youngquist, R, S.; Paikoff, S. J.; Beresini, M. H;
Hebert, A. R.; Berleau, L. T.; Liu, C. W.; Wemmer, D. E.; Keough, T.;
Schultz, P. G. 3. Am. Chem. Soc. 1998, 120, 7706. (b) Wang, X.; Huq,
l.; Rana, T. M. 3. Am. Chem. Soc. 1997, 119, 6444. (c) Paikoff, S. J.;
Wilson, T. W.; Cho, C. Y.; Schultz, P. G. Tetrahedron Lett. 1996, 37,
5653. (b) Cho, C. Y.; Moran, E. J.; Cherry, S. R.; Stephans, J. C.; Fodor,
S. P. A;; Adams, C. L.; Sundaram, A.; Schultz, P. G. Science 1993, 261,
1303.

(3) (@) Armand, P.; Kirshenbaum, K.; Goldsmith, R. A.; Farr-Jones,
S.; Barron, A. E.; Truong, K. T.; Dill, K. A.; Mierke, D. F.; Cohen, F.
E.; Zuckermann, R. N.; Bradley, E. K. Proc. Natl. Acad. Sci. U.S.A.
1998, 95, 4309. (b) Murphy, J. E.; Uno, T.; Hamer, J. D.; Cohen, F. E;
Dwarki, V.; Zuckermann, R. N. Proc. Natl. Acad. Sci. U.S.A. 1998,
95, 1517. (c) Kirshenbaum, K.; Barron, A. E.; Goldsmith, R. A
Armand, P.; Bradley, E. K.; Truong, K. T.; Dill, K. A.; Cohen, F. E.;
Zuckermann, R. N. Proc. Natl. Acad. Sci. U.S.A. 1998, 95, 4303. (d)
Hamper, B. C.; Kolodziej, S. A.; Scates, A. M.; Smith, R. G.; Cortez, E.
J. Org. Chem. 1998, 63, 708. (e) Yuasa, H.; Kamata, Y.; Kurono, S.;
Hashimoto, H. Bioorg. Med. Chem. Lett. 1998, 8, 2139. (f) Kruijtzer,
J. A. W.; Lefeber, D. J.; Liskamp, R. M. J. Tetrahedron Lett. 1997, 38,
5335. (g) Zuckermann, R. N.; Martin, E. J.; Spellmeyer, D. C.; Stauber,
G. B.; Shoemaker, K. R.; Kerr, J. M.; Figliozzi, G. M.; Goff, D. A.; Siani,
M. A.; Simon, R. J.; Banville, S. C.; Brown, E. G.; Wang, L.; Richter,
L. S.; Moos, W. H. J. Med. Chem. 1994, 37, 2678. (h) Zuckermann, R.
N.; Kerr, J. M.; Kent, S. B. H.; Moos, W. H. J. Am. Chem. Soc. 1992,
114, 10646. (i) Simon, R. J.; Kania, R. S.; Zuckermann, R. N.; Huebner,
V. D.; Jewell, D. A,; Banville, S.; Ng, S.; Wang, L.; Rosenberg, S.;
Marlowe, C. K.; Spellmeyer, D. C.; Tan, R.; Frankel, A. D.; Santi, D.
V.; Cohen, F. E.; Bartlett, P. A. Proc. Natl. Acad. Sci. U.S.A. 1992, 89,
9367.

(4) (a) Tamilarasu, N.; Hug, I.; Rana, T. M. J. Am. Chem. Soc. 1999,
121, 1597. (b) Guichard, G.; Semetey, V.; Didierjean, C.; Aubry, A,
Briand, J.-P.; Rodriguez, M. J. Org. Chem. 1999, 64, 8702. (c) Burgess,
K.; Ibarzo, J.; Linthicum. D. S.; Russell, D. H.; Shin, H.; Shitangkoon,
A.; Totani, R.; Zhang, A. J. 3. Am. Chem. Soc. 1997, 119, 1556. (d)
Kim, J.-M.; Bi, Y.; Paikoff, S. J.; Schultz, P. G. Tetrahedron Lett. 1996,
37, 5305. (e) Smith, J.; Liras, J. L.; Schneider, S. E.; Anslyn, E. V. J.
Org. Chem. 1996, 61, 8811. (f) Burgess, K.; Linthicum, D. S.; Shin, H.
Angew. Chem., Int. Ed. 1995, 34, 907.

(5) (a) Gennari, C.; Salom, B.; Potenza, D.; Longari, C.; Fioravanzo,
E.; Carugo, O.; Sardone, N. Chem. Eur. J. 1996, 2, 644. (b) Moree, W.
J.; van der Marel, G. A;; Liskamp, R. J. J. Org. Chem. 1995, 60, 5157.
(c) Gennari, C.; Nestler, H. P.; Salom, B.; Still, W. C. Angew. Chem.,
Int. Ed. 1995, 34, 1763 and 1765.

10.1021/jo0006573 CCC: $19.00

peptides® have been synthesized and characterized for
their novel structures and/or biological functions.® Re-
cently, structural'® and theoretical studies'! of peptides
formed by a-aminooxy acids have been reported as a new
type of peptidomimetic. It was shown that even short
o-aminooxy peptides could adopt a novel secondary
structure, namely, eight-membered, hydrogen-bonded
turns or N—O turns.'1! To provide access to a-aminooxy
peptides with more structural diversity and potentially
useful biological properties, we have synthesized several
optically active phthaloyl aminooxy acids with nonpolar
and polar side chains as building blocks for the prepara-
tion of diverse a-aminooxy peptides from a-amino acids
and a-hydroxy acids.'%?12 Several methods for the prepa-
ration of phthaloyl a-aminooxy acids or esters, including
displacement of an a-halo ester or acid with N-hydroxy-
phthalimide (PhthN-OH),'® the reaction of an o-diazo
ester with PhthN-OH,* and the Mitsunobu reaction of
a-hydroxy ester with PhthN-OH,* have been reported.
Among the known methods, the Mitsunobu reaction was
employed because of the stereospecific conversion of
easily prepared o-hydroxy esters to the desired phthal-
oyl a-aminooxy esters with the inversion of configura-
tion.%®

Initially, phthaloly p-aminooxy acids (4) containing
unprotected side chains were effectively prepared in three
steps from the corresponding L-hydroxy acids (1), which
were obtained from commercial suppliers or synthesized
by treatment of L-amino acids with NaNO, in 2.5 N H,-
SO, or 20% HOAc (Scheme 1).16 Benzylation of cesium
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Scheme 1
1. Cs,CO;
NaNO HO.__CO,H H,0-MeOH
L-Amino acids - . 7 T,
c~f: 2.5N H,S0O, R 2. BnBr
g: 20% HOAc 1 a~f: DMF
g: BMSO
[0}
PPh,, DIAD
HO-COBN phmN-oH N-O._CO,Bn
R CH,Cl, \FI?/
20 °C ~ -40°C Y
2 3
0]
H2, Pd/C, MeOH N_O\l/C02
or MeOH-CHCI; (1:1) 5 R
4

aR=H 4a: PhthN-O-Gly-OH
b:R= Me 4h: D-PhthN-O-Ala-OH
¢ R= i-Pr 4c¢: D-PhthN-O-Val-OH
d: R =i-Bu 4d: D-PhthN-O-Leu-OH
e: R =sec-Bu 4e: D-PhthN-O-lle-OH
fR= Bn 4f: D-PhthN-O-Phe-OH

g:R=CH,CONH,  4g: D-PhthN-O-Asn-OH

salts of 1 with benzyl bromide in DMF or DMSO
produced benzyl esters 2.7 Subsequent conversion of
L-hydroxyl groups to phthaloyl b-aminooxy functionalities
was performed under Mitsunobu conditions using PhthN-
OH, diisopropyl azodicarboxylate (DIAD), and PPh; at
—20 to —40 °C.1% Reaction of 2 (except 2c) with 1.2—1.4
molar equiv each of PPh;, DIAD, and PhthN-OH pro-
ceeded smoothly to afford the corresponding product 3
in high yield. More than 2 equiv each of PPh; (2.3 equiv),
DIAD (2.3 equiv), and PhthN-OH (2.1 equiv) were neces-
sary in the case of 2c to give high yield and fast
reaction.’® Products 3a, 3b, and 3f obtained from the
Mitsunobu reaction were hardly separated from dihydro-
DIAD by flash column chromatography. However, a
contaminated dihydro-DIAD was removed by washing
with MeOH (3a) or precipitation with amines after the
next reaction (3b and 3f). Finally, the benzyl group of 3
was removed by hydrogenolysis to furnish 4 in a phtha-
loyl protected form. It is worthwhile to mention that
prolonged hydrogenolysis of benzyl ester 3 resulted in a
poor yield of 4 as a result of the cleavage of the N—O
bond. Compound 4 was isolated either by flash column
chromatography (4a), precipitation with cyclohexylamine
(4b—e) or dicyclohexylamine (4f)?° and then acidification
of salts with 0.1 N HCI (pH 2), or recrystallization (4g).?
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Notes

D-PhthN-O-Lys(Boc)-OH (8), a lysine analogue, was
prepared from commercially available L-NH,-Lys(Cbz)-
OH (5) (Scheme 2). Transformation of a-NH; in 5 to a-OH

Scheme 2
N.__CO,H 1. NaNO HO. _CO.H
~ 2 2
: 50% HOAc YUTPT 1.Cs,C0,
g : H,0-MeOH
2. Pd/C, H,
MeOH 2. BnBr, DMF
3. (Boc),0 (75%)
NHCbz 1 N NaOH NHBoc
5 (62%) 6
HO._CO,Bn ?
: 1. PPh;, DIAD, PhthN-OH N-O CO,H
2. Hy, Pd/C, MeOH-CHClI, 0
(69%)
NHBoc
7 8 NHBoc

D-PhthN-O-Lys(Boc)-OH

with NaNO, in 50% HOAc, followed by removal of a Cbz
group and then reprotection of the exposed amine as a
Boc group, provided 6 in 62% overall yield. Subsequent
steps are analogous to those shown in Scheme 1.
Benzyl (S)-malate (9) derived from (S)-malic acid
according to a modified procedure of Miller et al.?? was
used to synthesize p-PhthN-O-Asp(t-Bu)-OH (12) as an
aspartic acid analogue (Scheme 3). The hydroxyl group

Scheme 3
1. TFAA  HO.__CO,B - repmsct
. n i
(S)-malic acid \/ 2 Imidazole, DMF
2. BnOH =\ 2. i-butylene, CH,Cl,
(88%) CO,H cat. H,S0,
9 (54%)
TBDMSO\S/COan _1.TBAF, THF @ CO,Bn
BN "2 PPh,, DIAD PPh,, DIAD \I:
COEBU ™ bpinN-OH CO,t-Bu
10 (89%)
1. Hy, PAIC, MeOH ©<§ CO,H
2. cyclohexylamine \[
3.0.1 N HCI (pH 2) CO,t-Bu

(80%) 12

D-PhthN-O-Asp(t-Bu)-OH

and the side chain acid in 9 were sequentially protected
as a TBDMS and a t-Bu group, respectively, to give 10.
Selective deprotection of a silyl group in 10 with tetrabu-
tylammonium fluoride (TBAF) followed by Mitsunobu
reaction with PPh; (2.7 equiv), DIAD (2.7 equiv), and
PhthN-OH (2.3 equiv) afforded 11 in 89% yield. Removal

(20) Bodanszky, M.; Bodanszky, A. In The Practice of Peptide
Synthesis; Springer-Verlag: Berlin, Heidelberg, New York, Tokyo,
1984; pp 69 and 26.
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of a benzyl group in 11 and purification by precipitation
with cyclohexylamine completed the synthesis of 12.
Synthesis of b-PhthN-O-Ser(t-Bu)-OH (16) as a serine
analogue was initiated by benzylation of the known
L-glyceric acid to give 13 in 17% overall yield from
L-serine (Scheme 4).% Selective protection of a primary

Scheme 4
1. NaNO, TBDMSCI
HCI HO.__CO,Bn  TEA HO\/COZBn
L-Ser ———— H H
2. Cs,CO; g DMAP, DMF ~
H,O-MeOH OH (70%) OTBDMS
3. BnBr DMF

1. PPhs, DIAD, PhthN-OH

@[ﬁ o
@N oreon

2. BF, Et,0, CHCly
(97%)

1. i-butylene, CH,Cl,

cat. H,SO,
2. H,, Pd/C, MeQH OtBu
3. cyclohexylamine
4. 0.1 N HCI(pH 2) 16
(69%) D-PhthN-O-Ser(t-Bu)-OH

hydroxyl group in 13 as a TBDMS group provided 14 in
70% yield. The conversion of a secondary hydroxyl group
in 14 to a phthaloyl aminooxy group under Mitsunobu
conditions with PPh; (3.4 equiv), DIAD (3.4 equiv), and
PhthN-OH (2.5 equiv), and a subsequent desilylation
with BF3;-Et,0 produced 15 in 97% vyield.>* The use of
BF3-Et,0 for the deprotection of a TBDMS group was
found to be superior to TBAF because partial cleavage
of the phthaloyl group was observed during deprotection
reaction with TBAF. Protection of a primary alcohol in
15 as a t-Bu group followed by debenzylation of the
resulting benzyl ester and purification by precipitation
with cyclohexylamine proceeded smoothly to furnish 16
in 69% yield.

Preparation of b-PhthN-O-Glu(Allyl)-OH (19), b-PhthN-
0O-Arg(Cbz),-OH (22), b-Ns-N-O-Pro-OH (24a), and Chz-
N-O-Pro-OH (24b) was efficiently achieved from the
common precursor L-glutamic acid by the reactions
delineated in Schemes 5 and 6. Hydrolysis of a lactone
17 obtained from L-glutamic acid® with 1 N KOH
followed by allylation of the resulting acid with allyl
bromide via a cesium salt and Mitsunobu reaction
afforded 18 in 71% overall yield for three steps (Scheme
5). Deprotection of a t-Bu group of 18 with TFA completed
the synthesis of 19 as a glutamic acid analogue. A
monosilylated hydroxy ester 20 prepared from 1725 was
converted to 21 under Mitsunobu conditions using 3.4
equiv of PPhgs, 2.5 equiv of PhthN-OH, and 3.4 equiv of
DIAD.*® The final conversion of 21 to an arginine
analogue 22 was achieved by removal of a TBDMS group
in 21 with BF;-Et,0 and subsequent Mitsunobu reaction
with a Cbz protected guanidine?® and deprotection of a
t-Bu group.
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Scheme 5
1.1 N KOH-THF o
o LCO,t-Bu 2. Cs,CO;
O:L]‘ H,O-MeOH N-O.__CO,t-Bu
3. Aliyl bromide oy
17 DMSO
4. PPh,, DIAD 18 COLAlll
see PhthN-OH
ref 25 (71%) TFA | (99%)
HO.__CO,t-Bu ?
\L @N_O CO.H
OTBDMS ° \|;
20 19 CO,Allyl
D-PhthN-O-Glu(Ally)-OH
oy | PPhy, DIAD
(93%) ‘ PhthN-OH
o
o}
@:IéN—o CO,t-Bu
© NCbz
21 OTBDMS 22 Csz NH,
D-PhthN-O-Arg(Chz),-OH
1. BF; Et,0, CHCl,
2. PPh,, DIAD, CH,Cl,, 20°C
NH,
Csz}\NHCbz
3. TFA
(49%)
Scheme 6
H
1. NH,NH, H,0, MeOH R=N—0__CO,t-Bu
2. NsCl, collidine, DMF
21
or CbzCl, DIEA, CH,Cl,
or Fmoc-OSu, DIEA, CH,Cl, OTBDMS

(23a, 60%; 23b, 93%, 23c, 81%)

1. BF, Et,0, CHCl, R O _COM
~ 2

N/
2. PPh, DIAD J
CH,Cl,, 20°C
3. TFA 24

a: D-Ns-N-O-Pro-OH
b: D-Cbz-N-O-Pro-OH

(24a, 44%; 24b, 63%)

NO,
a. R=Ns SO,CI
b. R=Cbz NsCl =
c¢. R=Fmoc

The cyclic amino acid proline induces conformational
constraints on amide bond rotation.?” Thus investigation
into cyclic analogues such as 24 would be interesting. The
oxy-analogues of nipecotic acid with two different pro-
tecting groups, p-Ns-N-O-Pro-OH (24a) and p-Cbz-N-O-
Pro-OH (24b), were synthesized from 21 in five steps.
The treatment of 21 with 4 equiv of NH,NH,-H,0 in
MeOH exposed an aminooxy group, which was subse-
quently coupled to 2-nitrobenzenesulfonyl chloride (NsClI),?
CbzCl, and Fmoc-OSu in the presence of collidine or

(27) Creighton, T. E. In Proteins: Structures and Molecular Proper-
ties; Freeman: New York, 1993; Chapters 5 and 6.
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DIEA to provide 23a, 23b, and 23c in 60%, 93%, and 81%
yield, respectively. In case of 23a, it was found that use
of collidine produced the desired product in higher yield
than DIEA because less of an N,N'-bis-2-nitrobenzene-
sulfonylated product was observed as a side-product.
Desilylation of 23a and 23b with BF3-Et,0 followed by
intramolecular Mitsunobu reaction of TBDMS depro-
tected 23a and 23b in the presence of PPh; and DIAD,
and deprotection of t-Bu, afforded 24a and 24b. An
intramolecular Mitsunobu reaction of TBDMS depro-
tected 23c did not provide the desired product, but loss
of the Fmoc group was observed under these conditions.
Currently, synthesis of several aminooxy peptides is in
progress for eventual structural studies and evaluation
of biological properties.

Experimental Section

General Methods. 'H and 3C NMR spectra were recorded
at 250 or 500 MHz for protons and at 62.5 or 125.8 MHz for
carbons. Melting points were determined with a Mel-Temp 11
apparatus and are uncorrected. Microanalyses were carried out
by Organic Chemistry Research Center, Korea. Solvents were
dried and distilled prior to use.

General Procedure for Conversion of L-Amino Acids to
p-Hydroxy Acids (Diazotization). To a stirred solution of
L-amino acid (38.0 mmol) in 2.5 N H»SO4 (25 mL) was added
dropwise a solution of NaNO3 (57.1 mmol) in H2O (20 mL) for 1
h at 0 °C. After 2 h at the same temperature, the reaction was
allowed to stir for 9 h at room temperature. The reaction mixture
was extracted with ether, and the combined organic solution was
washed with brine, dried (MgSQ.), filtered, and concentrated
in vacuo. The crude product was purified by recrystallization
from CHCls/hexane or ether/petroleum ether to give p-hydroxy
acid.

(S)-2-Hydroxy-3-methylbutanoic Acid (1c). [a]p +17.3 (c
1.0, CHCI,) lit. [a]p +19.0 (c 2.08, CHClg).162

(S)-2-Hydroxy-4-methylpentanoic Acid (1d). [a]o —25.9
(c 1.0, 1 N NaOH).

(2S,3S)-2-Hydroxy-3-methylpentanoic Acid (1e). Com-
pound le was prepared from vL-isoleucine and purified by
recrystallization from CHCls/hexane in 71% vyield as a crystal:
mp 52—54 °C; [a]p —21.6 (c 1.0, CHCI3); *H NMR (500 MHz,
CDCl3) 6 4.21 (d, 1 H, J = 3.0 Hz), 1.90 (bs, 1 H), 1.47—-1.38 (m,
1H),1.35-1.25(m, 1 H), 1.04 (d, 3 H, J = 6.8 Hz), 0.95 (t, 3 H,
J = 7.4 Hz); 3C NMR (125.8 MHz, CDCls) 6 180.1, 74.7, 38.9,
23.6, 15.5, 11.9. Anal. Calcd for C¢H1,03: C, 54.53; H, 9.15.
Found: C, 54.53; H, 9.29.

(S)-2-Hydroxy-3-phenylpropanoic Acid (1f). [a]o —20.0 (c
2.0, H20), lit. [o]p —20.6 (c 1.0, H,0).160

(S)-2-Hydroxysuccinamic Acid (1g). [a]o —10.4 (c 1.0,
H;0), lit. [a]o —10.5 (c 1.0, H,0).1%

General Procedure for Benzylation of a-Hydroxy Acids
to Benzyl Esters. Benzyl Glycolate (2a). To a stirred solution
of glycolic acid (1a, 3.0 g, 39.4 mmol) in MeOH (60 mL) and H,O
(6 mL) was added a solution of 20% Cs,COj3 in H,O until pH 7,
and then the solvent was removed under reduced pressure. The
residue was dissolved in DMF (40 mL), and then benzyl bromide
(7.1 g, 41.5 mmol) was added. After stirring for 6 h at room
temperature, the reaction mixture was quenched with brine and
extracted with EtOAc. The combined organic solution was
washed with H,O and brine, dried (MgSQ,), and concentrated
in vacuo. The crude product was purified by flash column
chromatography (4:1 hexane/EtOAc) to give 2a in 95% yield as
an oil: *H NMR (250 MHz, CDCls3) 6 7.37 (s, 5 H), 5.21 (s, 2 H),
4.20 (d, 2 H, J = 5.2 Hz), 2.45 (t, 1 H, J = 5.4 Hz); 13C NMR
(62.5 MHz, CDCl3) 6 173.3, 135.2, 128.8, 128.6, 67.4, 60.8. Anal.
Calcd for C9H1003: C, 65.05; H, 6.07. Found: C, 65.08; H, 6.00.

Benzyl (S)-2-Hydroxypropanoate (2b). Compound 2b was
prepared from L-lactic acid (1b) as described for 2a in 65% yield

(28) (a) Miller, S. C.; Scanlan, T. S. J. Am. Chem. Soc. 1998, 120,
2690. (b) Miller, S. C.; Scanlan, T. S. J. Am. Chem. Soc. 1997, 119,
2301.

Notes

as an oil: [o]p —15.9 (c 4.0, MeOH); *H NMR (250 MHz, CDCls)
07.35(s,5H),5.19 (s, 2 H), 4.35-4.25 (m, 1 H), 299 (d, 1 H, J
=5.4Hz), 1.42 (d, 3 H, J = 6.9 Hz); 13C NMR (62.5 MHz, CDCly)
0 175.6, 135.3, 128.7, 128.6, 128.3, 67.3, 66.9, 20.4. Anal. Calcd
for C10H1203: C, 66.65; H, 6.71. Found: C, 66.66; H, 6.73.

Benzyl (S)-2-Hydroxy-3-methylbutanoate (2c). Com-
pound 2c was prepared from 1c as described for 2a in 94% yield
as an oil: [o]p —10.2 (¢ 2.0, CHCI3); *H NMR (250 MHz, CDCls)
07.35(,5H),523(d,1H,J=12.2Hz),5.18(d, 1 H, J=12.2
Hz), 4.08 (dd, 1 H, 3 = 3.5, 6.2 Hz), 2.76 (d, 1 H, J = 6.2 Hz),
2.20—2.00 (m, 1 H), 1.00 (d, 3 H,J =6.9Hz),0.83(d,3H,J =
6.9 Hz); 13C NMR (62.5 MHz, CDClg) 6 174.9, 135.3, 128.8, 128.
7,128.5, 75.1, 67.4, 32.3, 18.9, 16.0. Anal. Calcd for C12H1603:
C, 69.21; H, 7.74. Found: C, 69.22; H, 7.75.

Benzyl (S)-2-Hydroxy-4-methylpentanoate (2d). Com-
pound 2d was prepared from 1d as described for 2a in 93% yield
as an oil: [o]p —15.8 (¢ 4.0, CHCI3); *H NMR (250 MHz, CDCls)
07.35(s,5H),5.20(s,2H),4.27 (t, 1H,J=6.8Hz),3.13(s, 1
H), 1.98-1.83 (m, 1 H), 1.60 (t,2 H, J = 6.8 Hz), 0.96 (d, 3 H, J
=2.3Hz),0.93(d, 3H,J = 2.4 Hz); 33C NMR (62.5 MHz, CDCl5)
0 175.8, 135.4, 128.7, 128.6, 128.4, 69.3, 67.3, 43.5, 24.5, 23.3,
21.6. Anal. Calcd for C13H1803: C, 70.24; H, 8.16. Found: C,
70.24; H, 8.15.

Benzyl (2S,3S)-2-Hydroxy-3-methylpentanoate (2e). Com-
pound 2e was prepared from 1e as described for 2a in 95% yield
as an oil: [a]p —4.1 (c 2.0, CHCI3); *H NMR (250 MHz, CDCls)
07.36(s,5H),525(d, 1H,J=122Hz),5.19(d,1H,J =122
Hz), 4.12 (dd, 1 H, 3 = 3.7, 5.9 Hz), 2.74 (d, 1 H, J = 6.2 Hz),
1.90—-1.70 (m, 1 H), 1.40-1.10 (m, 2 H), 0.97 (d, 3 H, 3 = 6.9
Hz), 0.89 (t, 3 H, J = 7.4 Hz); 13C NMR (62.5 MHz, CDCl3) 6
175.3,135.6, 129.1, 129.0, 128.8, 75.3, 67.7, 39.5, 24.1, 15.9, 12.1.
Anal. Calcd for C13H1503: C, 70.24; H, 8.16. Found: C, 70.19;
H, 8.19.

Benzyl (S)-2-Hydroxy-3-phenylpropanoate (2f). Com-
pound 2f was prepared from 1f as described for 2a in 97% yield
as a solid: mp 25—27 °C; [a]o —54.2 (¢ 4.0, CHCl3); *H NMR
(250 MHz, CDCl3) ¢ 7.39—7.14 (m, 10 H), 5.15 (s, 2 H), 4.45 (bs,
1 H), 3.09 (dd, 1 H, J = 4.7, 13.9 Hz), 2.95 (dd, 1 H, J = 6.5,
13.9 Hz), 2.83 (bs, 1 H); 33C NMR (62.5 MHz, CDCl3) 6 174.1,
136.2, 135.1, 129.6, 128.6, 128.7, 128.5, 126.9, 71.4, 67.4, 40.6.
Anal. Calcd for C16H1603: C, 74.98; H, 6.29. Found: C, 74.96;
H, 6.32.

Benzyl (S)-2-Hydroxysuccinamate (2g). Compound 2g was
prepared from 1g as described for 2a, except that DMSO was
used as a solvent, in 25% vyield as a solid: mp 78—79 °C; [a]p
—17.3 (c 1.0, CHClg); *H NMR (500 MHz, CDCl3) 6 7.36 (s, 5 H),
5.96 (bs, 1 H), 5.64 (bs, 1 H), 5.23 (s, 2 H), 4.52 (bs, 1 H), 3.79
(bs, 1 H), 2.76 (dd, 1H, J = 3.5, 15.6 Hz), 2.66 (dd, 1H, J = 7.2,
15.5 Hz); 13C NMR (125.8 MHz, CDCl3) 6 173.8, 172.9, 135.5,
129.1, 129.0, 128.8, 68.1, 68.0, 39.8. Anal. Calcd for C11H13NO4:
C, 59.19; H, 5.87; N, 6.27. Found: C, 59.20; H, 5.87; N, 6.27.

General Procedure for Mitsunobu Reaction. Benzyl
Phthalimidooxyacetate (3a). To a stirred solution of 2a (6.0
g, 36.1 mmol), PPh3 (12.3 g, 47.0 mmol, 1.3 equiv), and PhthN-
OH (7.0 g, 43.2 mmol, 1.2 equiv) in CH2Cl, (80 mL) was added
DIAD (9.5 g, 47.0 mmol, 1.3 equiv) at —20 to —40 °C. After 40
min at the same temperature, the reaction mixture was con-
centrated and directly purified by flash column chromatography
(4:1 hexane/EtOAC) to give 3a contaminated by dihydro-DIAD
as a solid. Dihydro-DIAD was removed by washing with MeOH
to afford a pure 3a in 91% yield as a solid: mp 128—129 °C; 'H
NMR (500 MHz, CDCls) 6 7.92—7.75 (m, 4 H), 7.36—7.26 (m, 5
H), 5.30 (s, 2 H), 4.85 (s, 2 H); 13C NMR (62.5 MHz, CDCls) &
166.8, 163.0, 135.0, 134.8, 128.9, 128.8, 128.7, 123.9, 73.2, 67.4.
Anal. Calcd for C17H13NOs: C, 65.59; H, 4.21; N, 4.50. Found:
C, 65.58; H, 4.22; N, 4.52.

Benzl (R)-3-Methyl-2-phthalimidooxybutanoate (3c).
Treatment of 2c (3.71 g, 17.8 mmol), PPh3 (10.94 g, 41.7 mmol,
2.3 equiv), and PhthN-OH (6.11 g, 37.5 mmol, 2.1 equiv) in CH,-
Cl; (80 mL) with DIAD (8.88 g, 41.7 mmol, 2.3 equiv) as
described for 3a followed by flash column chromatography (10:1
to 6:1 hexane/EtOAc) gave 3c in 99% yield as an oil: [o]p +69.2
(c 3.0, CHCl3); *H NMR (250 MHz, CDCl3) 6 7.82—7.71 (m, 4
H), 7.37—-7.28 (m, 5 H), 5.22 (s, 2 H), 4.45 (d, 1 H, J = 7.6 Hz),
2.37-2.29(m,1H),1.21(d,3H,J=6.7Hz),1.01(d,3H,J =
5.9 Hz); 3C NMR (62.5 MHz, CDCl3) 6 169.4, 163.2, 135.3, 134.6,
128.9,128.7,128.6, 128.5, 123.7, 91.0, 67.3, 30.4, 18.4, 18.2. Anal.
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Calcd for C2H19NOs: C, 67.98; H, 5.42; N, 3.96. Found: C, 67.97;
H, 5.44; N, 3.95.

Benzyl (R)-4-Methyl-2-phthalimidooxypentanoate (3d).
Compound 3d was prepared from 2d as described for 3a and
purified by flash column chromatography (10:1 to 6:1 hexane/
EtOAC) in 99% vyield as an oil: [a]p +77.8 (c 4.0, CHCI3); 1H
NMR (250 MHz, CDCls) 6 7.81—7.73 (m, 4 H), 7.35—7.28 (m, 5
H), 5.18 (s, 2 H), 4.85 (dd, 1 H, J = 4.8, 8.4 Hz), 2.05—1.95 (m,
2 H), 1.74-1.68 (m, 1 H), 1.04 (d, 3H, J = 6.4 Hz), 0.98 (d, 3 H,
J = 6.3 Hz); 13C NMR (62.5 MHz, CDCl3) 6 170.0, 163.3, 135.3,
134.7,128.9, 128.6, 128.5, 123.7, 84.3, 67.5, 39.7, 24.5, 23.0, 22.0.
Anal. Calcd for C21H21NOs: C, 68.65; H, 5.76; N, 3.81. Found:
C, 68.65; H, 5.79; N, 3.84.

Benzyl (2R,3S)-3-Methyl-2-phthalimidooxypentanoate
(3e). Compound 3e was prepared from 2e as described for 3a
and purified by flash column chromatography (6:1 hexane/
EtOAc) in 86% vyield as an oil: [a]p +50.3 (¢ 1.6, CHCI3); H
NMR (250 MHz, CDCl3) 6 7.81-7.71 (m, 4 H), 7.35—7.28 (m, 5
H), 5.20 (s, 2 H), 4.63 (d, 1 H, 3 = 6.5 Hz), 2.09—2.04 (m, 1 H),
1.65—-1.55 (m, 1 H), 1.30-1.24 (m, 1 H), 1.16 (d, 3 H, J = 6.9
Hz), 0.96 (t, 3 H, J = 7.3 Hz); 3C NMR (62.5 MHz, CDCl3) ¢
169.2, 163.3, 135.5, 134.5, 129.1, 128.6, 128.4, 123.6, 89.2, 67.2,
37.0, 25.3, 14.6, 11.3. Anal. Calcd for C,1H2:NOs: C, 68.65; H,
5.76; N, 3.81. Found: C, 68.60; H, 5.81; N, 3.72.

Benzyl (R)-2-Phthalimidooxysuccinamate (3g). Com-
pound 3g was prepared from 2g as described for 3a and puri-
fied by flash column chromatography (1:1 to 1:3 hexane/EtOAc)
in 82% vyield as an oil: [a]p +15.2 (c 0.8, CHCIg); *H NMR
(250 MHz, CDCl3) 6 7.85—7.75 (m, 4 H), 7.34—7.30 (m, 5 H),
6.60 (bs, 1 H), 5.43 (bs, 1 H), 5.25 (d, 1 H, J = 12.1 Hz), 5.20
(d,1H,J=12.1Hz),5.12 (dd, 1 H, 3 = 5.0, 7.3 Hz), 3.09-2.91
(m, 2 H); 8C NMR (62.5 MHz, CDClg) 6 170.1, 168.0, 163.4,
134.4, 132.1, 128.5, 123.9, 81.3, 67.5, 36.6. Anal. Calcd for
C19H16N20s: C, 61.95; H, 4.38; N, 7.61. Found: C, 61.93; H, 4.26;
N, 7.65.

General Procedure for Debenzylation of Benzyl Esters
by Hydrogenolysis (Method 1). A suspension of a benzyl ester
and 10% Pd/C in a proper solvent system was treated with H,
under 1 atm and stirred for 1 h. The reaction mixture was
filtered through Celite and rinsed with MeOH, and the filtrate
was concentrated in vacuo. The crude product was purified either
by flash column chromatography, recrystallization, or precipita-
tion with an amine to afford an acid.

Phthalimidooxyacetic Acid (PhthN-O-Gly-OH) (4a). Com-
pound 4a was prepared from 3a in 1:1 MeOH /CHCI; as
described in Method 1 and purified by flash column chromatog-
raphy (10:1 CHCIs/MeOH) in 53% vyield as a solid: mp 166—
168 °C; *H NMR (500 MHz, DMSO-dg) ¢ 7.85 (s, 4 H), 4.57 (bs,
2 H); 3C NMR (62.5 MHz, DMSO-dg) 6 168.0, 162.6, 134.8,
128.6, 123.2, 72.9. Anal. Calcd for C10H7NOs: C, 54.31; H, 3.19;
N, 6.53. Found: C, 54.29; H, 3.20; N, 6.43.

(R)-2-Phthalimidooxypropanoic Acid (p-PhthN-O-Ala-
OH) (4b). Treatment of 2b, PPhs, and N-hydroxyphthalimide
in CH,Cl, with DIAD as described for 3a followed by flash
column chromatography (6:1 to 3:1 hexane/EtOAc) gave dihydro-
DIAD contaminated 3b, which was used for the next reaction
without further purification. A suspension of dihydro-DIAD
contaminated 3b and 10% Pd/C in MeOH was treated with H,
under 1 atm and stirred for 1 h. The reaction mixture was
filtered through Celite and rinsed with MeOH, and the filterate
was concentrated in vacuo. The residue was dissolved in EtOAc,
and then cyclohexylamine was added. After stirring for 1 h, a
precipitated solid was collected by filteration and dried in vacuo.
Cyclohexylamine salt was redissolved in H,O and extracted with
CH.CI; to remove any organic impurity, followed by acidification
with 0.5 N HCI to pH 2. The acidic solution was extracted with
EtOAc, and the combined organic solution was washed with
brine, dried (MgSQ,), and concentrated to give 4b in 68% overall
yield from 2b as a solid: mp 125-130 °C; [a]o +89.5 (c 1.0,
CHCI3) *H NMR (250 MHz, CDCl3) 6 8.74 (bs, 1 H), 7.89—7.78
(m,4H),4.88(q,1H,J=7.0Hz),1.73(d, 3H,J =7.0 Hz); 13C
NMR (62.5 MHz, CDClg) 6 172.8, 164.0, 135.2, 128.7, 124.2, 82.4,
16.9. Anal. Calcd for C11HgNOs: C, 56.17; H, 3.86; N, 5.96.
Found: C, 56.15; H, 3.91; N, 5.96.

(R)-3-Methyl-2-phthalimidooxybutanoic Acid (p-PhthN-
O-Val-OH) (4c). Compound 4c was prepared from 3c in MeOH
as described in Method 1 and purified by precipitation with
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cyclohexylamine in 68% yield as a solid: mp 85—87 °C; [a]o
+99.5 (c 2.0, CHCI3); *H NMR (250 MHz, CDCl3) 6 7.90—7.79
(m, 4 H), 4.60 (d, 1 H, J = 4.6 Hz), 2.53—2.43 (m, 1 H), 1.26 (d,
3H,J=6.9Hz),1.17 (d, 3 H, J = 6.9 Hz); 13C NMR (62.5 MHz,
CDCl3) 6 172.8, 163.6, 134.9, 128.6, 123.8, 90.3, 30.7, 18.3, 17.6.
Anal. Calcd for C13H13NOs: C, 59.31; H, 4.98; N, 5.32. Found:
C, 59.33; H, 4.97; N, 5.34.

(R)-4-Methyl-2-phthalimidooxypentatanoic Acid (p-
PhthN-O-Leu-OH) (4d). Compound 4d was prepared from 3d
in MeOH as described in Method 1 and purified by precipitation
with cyclohexylamine in 79% yield as a solid: mp 76—77 °C;
[e]p +103.3 (c 2.0, CHCI3); *H NMR (250 MHz, CDCl3) 6 7.89—
7.77 (m, 4 H), 4.86 (dd, 1 H, J = 4.3, 9.1 Hz), 2.16—1.08 (m, 3
H), 1.09 (d, 3H, J = 6.5 Hz), 1.02 (d, 3H, J = 6.6 Hz); 3C NMR
(62.5 MHz, CDCl3) 6 174.2, 163.6, 134.9, 128.6, 123.8, 83.9, 40.1,
24.4,22.9, 21.7. Anal. Calcd for C14H1sNOs: C, 60.64; H, 5.45;
N, 5.05. Found: C, 60.66; H, 5.49; N, 5.05.

(2R,3S)-3-Methyl-2-phthalimidooxypentanoic Acid (b-
PhthN-O-lle-OH) (4e). Compound 4e was prepared from 3e
in MeOH as described in Method 1 and purified by precipitation
with cyclohexylamine in 80% yield as an oil: [a]p +66.1 (c 4.0,
CHCI3); *H NMR (250 MHz, CDClg) 6 10.46 (bs, 1 H), 7.84—
7.74 (m, 4 H), 4.70 (d, 2 H, J = 4.3 Hz), 2.12-2.02 (m, 1 H),
1.85-1.70 (m, 1 H), 1.48-1.38 (m, 1 H), 1.11 (d, 3 H, 3 =7.0
Hz), 1.01 (t, 3 H, J = 7.4 Hz); 13C NMR (62.5 MHz, CDCls;) 6
173.0,164.0,135.1, 128.7, 124.0, 88.8, 38.0, 25.6, 14.2, 11.7. Anal.
Calcd for C14H15sNOs: C, 60.64; H, 5.45; N, 5.05. Found: C, 60.53;
H, 5.68; N, 4.99.

(R)-3-Phenyl-2-phthalimidooxypropanoic Acid (p-PhthN-
O-Phe-OH) (4f). Treatment of 2f, PPhs, and N-hydroxyphthal-
imide in CH,Cl, with DIAD as described for 3a followed by flash
column chromatography (6:1 to 3:1 hexane/EtOAc) gave dihydro-
DIAD contaminated 3f, which was used for the next reaction
without further purification. A pure sample was obtained by
repeated chromatography for characterization purpose: mp 52—
54 °C; [a]p +38.1 (c 3.0, CHCI3); 'H NMR (250 MHz, CDCl3) 6
7.78—7.69 (m, 4 H), 7.21 (bs, 10 H), 5.11 (s, 2 H), 5.03 (dd, 1 H,
J=6.9, 7.1 Hz), 3.37—3.30 (M, 2 H); 3C NMR (62.5 MHz, CDCls)
0 168.5, 163.0, 134.8, 134.6, 134.5, 129.3, 128.7, 128.5, 128.4,
128.3, 127.0, 123.6, 85.7, 67.3, 36.9. Anal. Calcd for C24H19NOs:
C, 71.81; H, 4.77; N, 3.49. Found: C, 71.83; H, 4.78; N, 3.57.

A suspension of dihydro-DIAD contaminated 3f (1.08 g, 2.7
mmol) and 10% Pd/C (100 mg) in MeOH (30 mL) was treated
with H, under 1 atm and stirred for 1 h. The reaction mixture
was filtered through Celite and rinsed with MeOH, and the
filtrate was concentrated in vacuo. The residue was dissolved
in EtOAc (5 mL), and then dicyclohexylamine (0.34 g, 3.4 mmol)
was added. After stirring for 1 h, solvent was removed under
reduced pressure. The oily residue was solidified with ether, and
a precipitated solid was filtered and rinsed with ether. Dicyclo-
hexylamine salt was redissolved in CH,Cl,, washed with 1 N
HCI, H,0 and brine, dried (MgSO,), and concentrated to give
4f in 90% overall yield from 2f as a solid: mp 135 °C; [a]p +33.1
(c 2.0, CHCI3); *H NMR (250 MHz, CDCls) ¢ 9.88 (bs, 1 H), 7.82—
7.72 (m, 4 H), 7.37—7.20 (m, 5 H), 5.05 (dd, 1 H, J = 6.0, 6.3
Hz), 3.47—3.30 (m, 2 H); 13C NMR (62.5 MHz, CDCl3) 6 172.2,
163.6, 135.0, 134.7, 129.6, 128.6, 127.3, 124.0, 86.0, 37.4. Anal.
Calcd for C17H13NOs: C, 65.59; H, 4.21; N, 4.50. Found: C, 65.58;
H, 4.17; N, 4.60.

(R)-2-Phthalimidooxysuccinamic Acid (p-PhthN-O-Asn-
OH) (4g). Compound 4g was prepared from 3g in MeOH as
described in Method 1 and purified by recrystallization from
MeOH/EtOH in 80% vyield as a crystal: mp 150-152 °C
(decomp); [a]p +25.7 (¢ 1.0, CH30H); *H NMR (250 MHz, DMSO-
ds) 0 7.87 (s, 4 H), 7.47 (bs, 1 H), 6.97 (bs, 1 H), 5.00 (t, 1 H, J
= 6.3 Hz), 2.77 (d, 2 H, J = 6.3 Hz); 13C NMR (125.8 MHz,
DMSO-dg) 6 169.9, 169.4, 163.0, 134.9, 128.4, 123.4, 81.1, 36.7.
Anal. Calcd for C12H10N20s: C, 51.80; H, 3.62; N, 10.07. Found:
C, 51.85; H, 3.64; N, 10.06.

(S)-6-(tert-Butyloxycarbonylamino)-2-hydroxyhexa-
noic Acid (6). Treatment of 5 (5.0 g, 17.8 mmol) in 50% HOAc
(350 mL) with NaNO; (9.8 g, 0.14 mol) in H2O (40 mL) for 20
min at 0 °C gave a hydroxy acid in 95% yield as a yellow syrup,
which was used without further purification. A suspension of a
hydroxy acid (2.4 g, 8.5 mmol) and 10% Pd/C (300 mg) in MeOH
(100 mL) was treated with H, under 1 atm and stirred for 2 h.
The reaction mixture was filtered through Celite and rinsed with
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MeOH, and the filtrate was concentrated in vacuo. The residue
was dissolved in water and extracted with CH,Cl, to remove
any organic impurity. The aqueous solution was concentrated
to give (S)-6-amino-2-hydroxyhexanoic acid in 88% yield as a
solid: mp 191-193 °C; [a]p —14.5 (¢ 2.0, H20); 'H NMR (250
MHz, D;0) ¢ 4.05 (dd, 1 H, J = 4.8, 6.2 Hz), 3.05—2.99 (t, 2 H,
J =7.4Hz),2.15-1.61 (m, 4 H), 1.57—1.36 (m, 2 H); 13C NMR
(125.8 MHz, D,0) 6 182.1, 72.4, 39.9, 33.8, 27.2, 21.9. Anal. Calcd
for CeH13NO3: C, 48.95; H, 8.90; N, 9.52. Found: C, 48.91; H,
8.91; N, 9.50.

To a stirred solution of (S)-6-amino-2-hydroxyhexanoic acid
(2.0 g, 13.6 mmol) in 1 N NaOH (27.2 mL) and dioxane (27.2
mL) was added (BOC),0 (5.9 g, 27.0 mmol) at 0 °C. After 2 h at
the same temperature, the reaction mixture was concentrated
to a half of the volume. The residue was extracted with ether to
remove any organic impurity. The aqueous layer was acidified
to pH 2 with 0.5 N HCI, extracted with CH,Cl,, washed with
brine, dried (MgSO,), and concentrated to give 6 in 74% yield
as an oil: [a]p —4.1 (c 1.0, CH30H); 'H NMR (250 MHz, CDs-
CO2D) 0 4.30 (dd, 1 H, J = 4.3, 7.4 Hz), 3.10 (m, 2 H), 2.02—
1.50 (m, 6 H), 1.45 (s, 9 H); *C NMR (125.8 MHz, CD3CO;D) 9
179.7,157.5,71.1, 54.6, 41.1, 34.4, 30.3, 28.7, 23.0. Anal. Calcd
for C11H2:NOs: C, 53.43; H, 8.56; N, 5.66. Found: C, 53.38; H,
8.66; N, 5.22.

Benzyl (S)-6-(tert-butyloxycarbonylamino)-2-hydroxy-
hexanoate (7). Compound 7 was prepared from 6 as described
for 2a in 75% yield as an oil: [o]p —16.0 (c 1.0, CHCI3); *H NMR
(250 MHz, CDCl3) 6 7.35 (s, 5 H), 5.19 (s, 2 H), 4.69 (bs, 1 H),
4.21 (m, 1 H), 3.22 (bs, 1 H), 3.08—3.05 (m, 2 H), 1.82—1.64 (m,
2 H), 1.51-1.33 (m, 4 H), 1.42 (s, 9 H); 13C NMR (62.5 MHz,
CDCl3) 6 169.4, 163.3, 156.1, 135.2, 134.7, 128.9, 128.7, 128.6,
128.5, 123.8, 85.2, 79.2, 67.5, 40.3, 30.5, 29.6, 28.5, 22.0. Anal.
Calcd for C1gH27NOs: C, 64.07; H, 8.07; N, 4.15. Found: C, 64.10;
H, 8.07; N, 4.15.

(R)-6-(tert-butyloxycarbonylamino)-2-phthalimidooxy-
hexanoic Acid (p-PhthN-O-Lys(Boc)-OH) (8). Compound 8
was prepared from 7 as described for 3a and purified by flash
column chromatography (4:1 hexane/EtOAc) to give a product
contaminated by dihydro-DIAD. Dihydro-DIAD was removed by
washing with cold MeOH to afford benzyl (R)-6-(tert-butyloxy-
carbonylamino)-2-phthalimidooxyhexanoate in 69% yield as a
solid: mp 92 °C; [a]p +37.5 (c 1.0, CHCIl3); *H NMR (500 MHz,
CDCl3) 6 7.82—7.73 (m, 4 H), 7.34—7.30 (m, 5 H), 5.22 (d, 1 H,
J=12.1Hz),5.17,(d, 1 H, 3 =12.1 Hz), 4.76 (dd, 1 H, J = 5.6,
7.3 Hz), 4.57 (bs, 1 H), 3.12 (bs, 2 H), 2.06—2.03 (m, 1 H), 2.00—
1.90 (m, 1 H), 1.60—1.47 (m, 4 H), 1.46—1.40 (m, 2 H), 1.44 (s,
9 H); 13C NMR (62.5 MHz, CDClg) ¢ 169.4, 163.3, 156.1, 135.3,
134.7,129.0, 128.7, 123.8, 85.2, 67.5, 40.4, 30.6, 29.7, 28.6, 22.1.
Anal. Calcd for CysH30N20O7: C, 64.72; H, 6.27; N, 5.81. Found:
C, 64.71; H, 6.36; N, 5.87.

A suspension of benzyl (R)-6-(tert-butyloxycarbonylamino)-2-
phthalimidooxyhexanoate (200 mg, 0.4 mmol) and 10% Pd/C (40
mg) in 1:1 MeOH/CHCI3 (10 mL) was treated with H, under 1
atm and stirred for 0.5 h. The reaction mixture was filtered
through Celite and rinsed with MeOH, and then the solution
was concentrated to afford 8 quantitatively as an oil: [a]p +12.2
(c 2.0 CH30H); 'H NMR (250 MHz, CDCls) ¢ 7.87—7.77 (m, 4
H), 4.75 (t, 1 H, J = 5.9 Hz), 4.67 (bs, 1 H), 3.17—3.15 (m, 2 H),
2.08—2.00 (m, 2 H), 1.72—1.54 (m, 4 H), 1.59 (s, 9 H); 13C NMR
(62.5 MHz, CDCls) 6 171.55, 164.09, 135.21, 128.75, 124.23,
40.31, 31.21, 29.62, 28.56; ESI MS calcd for C19H24N207 (M +
H)* 393.4, found 393.4

Benzyl Hydrogen (S)-2-Hydroxysuccinate (9). Compound
9 was synthesized according to the modified procedure of Miller
et al.?? Trifluoroacetic anhydride (18.3 g, 87.1 mmol) was added
to (S)-malic acid (5.0 g, 37.3 mmol) that was pre-cooled in an
ice bath. After stirring for 3 h at 0 °C, volatiles were removed
by vacuum distillation while the distillation flask was kept at 0
°C. The residual solid was dissolved in BnOH (66.0 g, 0.6 mol)
and stirred for 4 h at room temperature. The reaction mixture
was diluted with EtOAc and extracted with 10% Na,COs. The
combined aqueous solution was acidified to pH 7 with 1 N HCI
and extracted with EtOAc to remove unreacted BnOH. The
aqueous layer was further acidified to pH 2 with 1 N HCI and
extracted with EtOAc. The combined organic solution was
washed with brine, dried (MgSO,), and concentrated to give 9
in 88% yield as an oil: [a]p —15.5 (¢ 1.1 CHCl3); *H NMR (250
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MHz, CDCl3) 6 7.31 (s, 5 H), 5.21 (s, 2 H), 4.54 (dd, 1 H, J = 4.5,
6.1 Hz), 2.95—2.77 (m, 2 H); 13C NMR (62.5 MHz, CDCl3) 6 175.9,
173.2, 135.0, 128.9, 128.5, 67.9, 67.2, 38.5. Anal. Calcd for
C11H120s: C, 58.95; H, 5.49. Found: C, 58.93; H, 5.39.

Benzyl tert-Butyl (S)-2-(tert-Butyldimethylsilyloxy)suc-
cinate (10). To a stirred solution of 9 (7.0 g, 31.2 mmol) in DMF
(15 mL) was added imidazole (4.5 g, 66.1 mmol) at room
temperature. After 30 min, TBDMSCI (5.6 g, 37.2 mmol) was
added. The reaction was allowed to proceed for 8 h at room
temperature and then quenched with water. The resulting
mixture was extracted with EtOAc, washed with brine, dried
(MgS0Oy), and concentrated in vacuo. The crude product was
purified by flash column chromatography (15:1 to 5:1 hexane/
EtOAc) to give TBDMS protected 9 in 78% yield as an oil: [o]p
—39.9 (¢ 1.05, CH30H); *H NMR (250 MHz, CDCl3) ¢ 7.38—7.34
(m, 5H),5.20-5.17 (m, 2 H), 4.68—4.63 (m, 1 H), 2.86—2.77 (m,
2 H), 0.86 (s, 9 H), 0.09 (s, 3 H), 0.06 (s, 3 H); 3C NMR (62.5
MHz, CDCls) 6 176.7, 172.0, 135.4, 128.7, 128.6, 69.1, 67.2, 40.6,
25.7,18.3, —4.8, —5.4. Anal. Calcd for C17H260sSi: C, 60.32; H,
7.74. Found: C, 60.36; H, 7.79.

Isobutylene (1.7 g, 30.3 mmol) was bubbled through a stirred
solution of TBDMS protected 9 (4.0 g, 11.8 mmol) and a catalytic
amount of H,SO4 (200 uL) in CH.CI;, (25 mL) at —10 °C, and
then the reaction mixture was allowed to stir overnight at room
temperature. An excess of isobutylene was removed under
reduced pressure. The residual solution was diluted with CHa-
Cl,, washed with brine, dried (MgSQO,), and concentrated in
vacuo. The crude product was purified by flash column chroma-
tography (15:1 hexane/EtOAc) to give 10 in 69% yield as an oil:
[alo —39.0 (c 1.05, CHCIls); 'H NMR (250 MHz, CDCl3) 6 7.54
(s,5H),536 (d, 1 H, J =12.2 Hz),5.31 (d, 1 H, J = 12.2 Hz),
4.79(dd, 1 H,J =5.4,6.6 Hz), 2.92—2.78 (m, 2 H), 1.60 (s, 9 H),
1.05 (s, 9 H), 0.17 (s, 6 H); 13C NMR (62.5 MHz, CDCls) 6 172.4,
169.5, 135.6, 128.6, 128.5, 128.4, 81.0, 69.3, 66.8, 41.4, 28.1, 25.7,
18.2, —4.8, —5.4. Anal. Calcd for C»1H340sSi: C, 63.92; H, 8.69.
Found: C, 63.90; H, 8.69.

Benzyl tert-Butyl (R)-2-Phthalimidooxysuccinate (11).
To a stirred solution of TBAF (1 M solution in THF, 11.8 mL,
11.8 mmol) was added 10 (3.1 g, 7.9 mmol) at room temperature.
After 10 min at the same temperature, the reaction was
quenched by dilution with CH,Cl,, and the solution was washed
with brine, dried (MgSO,), and concentrated in vacuo. The crude
product was purified by flash column chromatography (5:1
hexane/EtOACc) to give an alcohol in 92% yield as an oil: [a]o
—12.6 (¢ 1.0, CHCI3); *H NMR (500 MHz, CDClz) 6 7.34 (s, 5 H),
524 (d,1H,J=12.2Hz),5.17 (d,1 H,J =122 Hz),4.46 (g, 1
H,J=53Hz),343(d,1H,J=57Hz),274(d, 2H,J =48
Hz), 1.41 (s, 9 H); 13C NMR (62.5 MHz, CDClg) 6 173.4, 169.7,
135.2, 128.6, 128.5, 128.47, 81.5, 67.5, 67.4, 39.7, 27.3. Anal.
Calcd for C15H200s: C, 64.27; H, 7.19. Found: C, 64.30; H, 7.14.

To a stirred solution of an alcohol (1.4 g, 5.0 mmol), PPhs (3.5
g, 13.3 mmol, 2.7 equiv), and N-hydroxyphthalimide (1.9 g, 11.5
mmol, 2.3 equiv) in CH,CI; (20 mL) was added DIAD (2.7 g, 13.3
mmol, 2.7 equiv) at —20 °C. After 30 min at the same temper-
ature, the reaction mixture was concentrated and directly
purified by flash column chromatography (5:1 to 3:1 hexane/
EtOAc) to give 11 in 97% yield as an oil: [o]p +34.3 (c 0.93,
CHCI3); 'H NMR (250 MHz, CDCl3) 6 7.81—7.26 (m, 4 H), 7.35—
7.27 (m,5H),5.23(d, 1 H,J =12.2Hz),520(d, 1 H,J=12.2
Hz),5.11 (t, 1 H, J = 6.6 Hz), 3.04 (t, 2 H, J = 6.6 Hz), 1.41 (s,
9 H); 13C NMR (62.5 MHz, CDCl3) 6 168.0, 167.9, 163.1, 135.0,
134.7,128.9, 128.6, 128.5, 123.8, 82.0, 81.3, 67.8, 37.0, 28.0. Anal.
Calcd for Co3H23NO7: C, 64.93; H, 5.45; N, 3.29. Found: C, 64.96;
H, 5.46; N, 3.31.

Hydrogen tert-Butyl (R)-2-Phthalimidooxysuccinate (p-
PhthN-O-Asp(t-Bu)-OH) (12). Compound 12 was prepared
from 11 in MeOH as described in method 1 and purified by
precipitation with cyclohexylamine in 80% yield. The product
was slowly crystallized in vacuo: mp 98—100 °C; [a]p +59.7 (c
1.0, CHCI3); 'H NMR (250 MHz, CDCl3) ¢ 9.89 (bs, 1 H), 7.90—
7.78 (m, 4 H), 5.00 (t, 1 H, J = 5.5 Hz), 3.26—3.06 (m, 2 H), 1.45
(s, 9 H); 13C NMR (62.5 MHz, CDCls) ¢ 169.9, 167.9, 163.5, 134.9,
128.1, 123.9, 82.8, 82.1, 37.2, 27.6. Anal. Calcd for C19gH15NO7:
C, 57.31; H, 5.11; N, 4.18. Found: C, 57.35; H, 5.43; N, 4.12.

Benzyl (S)-Glycerate (13). To a stirred solution of L-serine
(1 g, 9.5 mmol) in H,O (50 mL) and concentrated HCI (1.4 mL)
was added NaNO; (571 mg, 8.3 mmol) portionwise at 0 °C. After
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24 h at the same temperature, additional NaNO; (191 mg, 2.8
mmol) was added, stirred for further 24 h at 0 °C, and then
allowed to warm to room temperature. After 16 h, the reaction
mixture was concentrated, and the residue was dissolved in
MeOH and H;0 followed by addition of 20% Cs,COg3 in H,O until
pH 7. The solvent was removed under reduced pressure, the
residual solid was dissolved in DMF (25 mL), and then benzyl
bromide (2.4 g, 14.0 mmol) was added. After stirring for 15 h at
room temperature, the reaction mixture was diluted with EtOAc,
filtered, concentrated, and directly purified by flash column
chromatography (1:1 hexane/EtOAc) to give 13 in 17% yield as
an oil: [a]p —28.1 (c 1.0, CHCI3); *H NMR (500 MHz, CDCls) 6
7.35(s,5H),524(d,1H,J=123Hz),522(d,1H,J =123
Hz), 4.29 (bs, 1 H), 3.87 (m, 2 H), 3.60 (bs, 1 H), 2.78 (bs, 1 H);
13C NMR (125.8 MHz, CDCl3) 6 173.0, 135.2, 128.8, 128.7, 128.4,
71.9, 67.7, 64.2. Anal. Calcd for C;0H12,04: C, 61.22; H, 6.16.
Found: C, 61.27; H, 6.18.

Benzyl (S)-3-(tert-Butyldimethysilyloxy)-2-hydroxypro-
panoate (14). To a stirred solution of 13 (300 mg, 1.5 mmol),
DMAP (9.7 mg, 0.08 mmol), and TEA (314 mg, 3.1 mmol) in DMF
(3 mL) was added TBDMSCI (242 mg, 1.6 mmol). The reaction
was allowed to proceed for 8 h at room temperature and then
guenched with water. The resulting mixture was extracted with
EtOAc, washed with brine, dried (MgSO,), and concentrated in
vacuo. The crude product was purified by flash column chroma-
tography (10:1 to 5:1 hexane/EtOAc) to give 14 in 70% yield as
an oil: [a]p —18.0 (c 0.45, CHCIs); *H NMR (250 MHz, CDCls) ¢
7.37 (s, 5 H), 5.22 (s, 2 H), 4.27—4.24 (m, 1 H), 4.00—3.85 (m, 2
H), 3.07 (d, 2 H, J = 16.4 Hz), 0.86 (s, 9 H), 0.04 (s, 3 H), 0.02
(s, 3H); 13C NMR (62.5 MHz, CDCl3) ¢ 172.8, 135.4, 128.7, 128.6,
128.5, 72.1, 67.3, 65.2, 25.9, 18.4, —5.4, —5.5. Anal. Calcd for
Ci16H2604Si: C, 61.90; H, 8.44. Found: C, 61.93; H, 8.24.

Benzyl (R)-3-Hydroxy-2-phthalimidooxypropanoate (15).
Treatment of 14 (320 mg, 1.0 mmol), PPhs (936 mg, 3.6 mmol,
3.6 equiv), and N-hydroxyphthalimide (426 mg, 2.6 mmol, 2.6
equiv) in CH,Cl; (6 mL) with DIAD (728 mg, 3.6 mmol, 3.6 equiv)
as described for 3a followed by flash column chromatography
(10:1 to 5:1 hexane/EtOAc) gave benzyl (R)-3-(tert-butyldimeth-
ylsilyloxy)-2-phthalimidooxypropanoate in 97% yield as an oil:
[o]p +22.34 (c 0.44, CHCl3); *H NMR (250 MHz, CDCl3) 6 7.83—
7.72 (m, 4 H), 7.37-7.29 (m, 5 H), 5.25 (d, 1 H, J = 12.3 Hz),
5.22(d, 1 H, J = 12.3 Hz), 4.88 (t, 1 H, J = 5.1 Hz), 4.18—-4.14
(m, 2 H), 0.84 (s, 9 H), 0.05 (s, 3 H), 0.04 (s, 3 H); 13C NMR (62.5
MHz, CDCls) 6 167.5, 162.9, 135.1, 134.5, 128.8, 128.5, 128.4,
128.4, 123.6, 85.9, 67.3, 62.4, 25.7, 18.2, —5.6. Anal. Calcd for
C24aH29NOgSi: C, 63.27; H, 6.42; N, 3.07. Found: C, 63.25; H,
6.44; N, 3.11.

To a stirred solution of benzyl (R)-3-(tert-butyldimethylsilyl-
oxy)-2-phthalimidooxypropanoate (470 mg, 1.0 mmol) in CHCl3
(30 mL) was added BF3-Et,O (717 mg, 5.05 mmol) at room
temperature. After 20 min at the same temperature, the reaction
mixture was neutralized by aqueous NaHCO3; and extracted with
CHCls. The combined organic solution was washed with brine,
dried (MgSO,), and concentrated to give 15 quantitatively as a
crystal. A pure sample was obtained by recrystallization from
CH_Cl./hexane for characterization purpose: mp 126—128 °C;
[a]o +16.2 (c 1.0, CHCI3); IH NMR (250 MHz, CDCls) 6 7.88—
7.77 (m, 4 H), 7.38—7.27 (m, 5 H), 5.28 (s, 2 H), 4.79 (t, 1 H, J
= 3.2 Hz), 4.07-3.99 (m, 2 H), 3.65 (t, 1 H, J = 6.9 Hz); 13C
NMR (62.5 MHz, CDCls) ¢ 166.7, 164.2, 135.1, 135.0, 128.7,
128.6, 128.5, 124.1, 86.0, 67.7, 60.9. Anal. Calcd for C1gH15NOe:
C, 63.34; H, 4.43; N, 4.10. Found: C, 63.40; H, 4.35; N, 4.18.

(R)-3-tert-Butyloxy-2-phthalimidooxypropanoic Acid (pb-
PhthN-O-Ser(t-Bu)-OH) (16). Isobutylene (82 mg, 1.5 mmol)
was bubbled through a stirred solution of 15 (200 mg, 0.6 mmol)
and a catalytic amount of H,SO,4 (20 uL) in CH>CI, (10 mL) at
—10 °C, and the reaction mixture was allowed to stir overnight
at room temperature. An excess of isobutylene was removed
under reduced pressure. The residual solution was diluted with
CHCl,, washed with brine, dried (MgSO,), and concentrated
in vacuo. The crude product was purified by flash column
chromatography (5:1 hexane/EtOAc) to give benzyl (R)-3-tert-
butyloxy-2-phthalimidooxypropanoate in 81% yield as an oil:
[oJo +26.5 (c 1.0, CHCI3); 'H NMR (250 MHz, CDCl3) 6 7.84—
7.72 (m, 4 H), 7.38—7.27 (m, 5 H), 5.28 (d, 1 H, J = 12.2 Hz),
5.23(d, 1 H,J=12.2 Hz), 493 (t, 1 H, J = 5.4 Hz), 3.92-3.89
(m, 2 H), 1.10 (s, 9 H); 3C NMR (62.5 MHz, CDCl3) 6 167.7,
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163.2, 135.4,134.7, 129.0, 128.7, 128.7, 128.6, 123.8, 84.9, 74.1,
67.5, 61.4, 27.2. Anal. Calcd for C,,H23NOg: C, 66.49; H, 5.83;
N, 3.52. Found: C, 66.47; H, 5.95; N, 3.44.

A suspension of benzyl (R)-3-tert-butyloxy-2-phthalimidooxy-
propanoate (180 mg, 0.5 mmol) and 10% Pd/C (20 mg) in MeOH
(6 mL) was treated with H, under 1 atm and stirred for 1 h.
The reaction mixture was filtered through Celite and rinsed with
MeOH, and the solution was concentrated in vacuo. The crude
product was dissolved in EtOAc (6 mL), and then cyclohexyl-
amine (54 mg, 0.5 mmol) was added. After stirring for 1 h, a
precipitated white solid was filtered and dried in vacuo. Cyclo-
hexylamine salt was redissolved in H,O and extracted with CH»-
Cl;, to remove any organic impurity followed by acidification with
0.1 N HCI to pH 2. The acidic solution was extracted with EtOAc,
washed with brine, dried (MgSO,), and concentrated to give 16
in 85% yield as an oil: [a]p +12.5 (¢ 1.85 CHCI3), *H NMR (500
MHz, CDCls) ¢ 9.82 (bs, 1 H), 7.89—7.80 (m, 4 H), 4.93 (s, 1 H),
4.03—3.95 (m, 2 H), 1.13 (s, 9 H); 3C NMR (125.8 MHz, CDCls3)
0 169.7, 163.9, 135.2, 128.6, 124.1, 85.8, 74.3, 61.5, 27.4. Anal.
Calcd for C1sH17NOes: C, 58.63; H, 5.58; N, 4.56. Found: C, 58.65;
H, 5.60; N, 4.43.

tert-Butyl Allyl (R)-2-Phthalimidooxyglutarate (18). To
a stirred solution of 17 (0.70 g, 3.8 mmol) in THF (4 mL) was
added 1 N KOH (4.1 mL). After 1 h at room temperature, the
reaction was quenched with H,0O, and then washed with CH,-
Cl, to remove any organic impurity. The aqueous layer was
adjusted to pH 2 with 0.5 N HCI and then extracted with EtOAc.
The combined organic solution was dried (MgSO.,) and concen-
trated to give tert-butyl hydrogen (S)-2-hydroxyglutarate in 90%
yield as a solid: mp 72—74 °C; [a]p —6.9 (c 1.0, CHCl3); *H NMR
(250 MHz, CDCl3) 6 4.12 (dd, 1 H, J = 4.2, 7.8 Hz), 2.62—2.40
(m, 2 H), 2.21-2.02 (m, 1 H), 1.97—1.78 (m, 1 H), 1.49 (s, 9 H);
13C NMR (62.5 MHz, CDCl3) 6 179.3, 174.3, 83.4, 69.9, 29.9, 29.5,
28.4. Anal. Calcd for CgH160s5 : C, 52.93; H, 7.90. Found: C,
52.91; H, 7.91.

To a stirred solution of tert-butyl hydrogen (S)-2-hydroxyglu-
tarate (0.25 g, 1.2 mmol) in MeOH (10 mL) and H,O (1 mL) was
added a solution of 20% Cs,COj3 in H.O until pH 7, and then
the solvent was removed in vacuo. The residual solid was
dissolved in DMSO (6 mL), and then allyl bromide (0.15 g, 1.2
mmol) was added. After stirring for 4 h at room temperature,
the reaction was quenched with brine and extracted with EtOAc.
The combined organic solution was washed with H,O, dried
(MgS0y), and concentrated in vacuo. The crude product was
purified by flash column chromatography to give tert-butyl allyl
(S)-2-hydroxyglutarate in 84% yield as an oil: [a]p —7.3 (c 1.0,
CHCI3); 'H NMR (250 MHz, CDCl3) 6 6.00—5.84 (m, 1 H), 5.31
(dd, 1 H, 3 = 1.4, 17.2 Hz), 5.24 (dd, 1 H, J = 1.2, 10.3 Hz),
4.68—4.50 (d, 2 H, J = 5.7 Hz), 4.13—4.06 (m, 1 H), 2.88 (d, 1 H,
J =5.4 Hz), 2.60—-2.38 (m, 2 H), 2.22—2.08 (m, 1 H), 1.96—1.82
(m, 1 H), 1.49 (s, 9 H)); 13C NMR (62.5 MHz, CDCl3) 6 174.0,
172.9,132.2,118.2, 82.8, 69.7, 65.3, 29.8, 29.6, 28.1. Anal. Calcd
for C12H200s: C, 59.00; H, 8.25. Found: C, 59.04; H, 8.54.

Treatment of tert-butyl allyl (S)-2-hydroxyglutarate (0.22 g,
0.9 mmol), PPhs (0.82 g, 3.1 mmol, 3.4 equiv), and N-hydrox-
yphthalimide (0.48 g, 2.9 mmol, 3.2 equiv) in CH,CI, (10 mL)
with DIAD (0.67 g, 3.1 mmol, 3.4 equiv) as described for 3a
followed by flash column chromatography (6:1 hexane/EtOAc)
to give 18 in 94% yield as an oil: [a]p +37.5 (¢ 1.15, CHCI3); *H
NMR (250 MHz, CDCls) 6 7.86—7.77 (m, 4 H), 6.01—5.90 (m, 1
H), 5.35(dd, 1 H, J = 1.2, 17.2 Hz), 5.42 (d, 1 H, J = 10.4 Hz),
47 (t 1H,J=6.4Hz),4.64(d, 2H,J=5.6Hz), 2.88—2.66 (m,
2 H), 2.27 (m, 2 H), 1.49 (s, 9 H); 13C NMR (62.5 MHz, CDCls)
0171.9,167.7,162.8, 134.4, 132.0, 128.6, 123.3, 117.9, 84.5, 82.5,
65.0, 29.0, 27.6, 25.9. Anal. Calcd for CoH23NO7: C, 61.69; H,
5.95; N, 3.60. Found: C, 61.69; H, 5.96; N, 3.57.

Hydrogen Allyl (R)-2-Phthalimidooxyglutarate (b-PhthN-
O-Glu(Allyl)-OH) (19). A solution of 18 (0.24 g, 0.6 mmol) in
50% TFA in CH.CI, was stirred for 1 h, and then the solution
was concentrated in vacuo. The concentration step was repeated
several times to remove residual TFA to give 19 in 99% yield as
awhite solid: mp 81 °C; [a]p +54.4 (c 1.0, CHCI3); 'H NMR (250
MHz, CDCls) 6 7.90—7.79 (m, 4 H), 6.01-5.86 (m, 1 H), 5.33
(dd,1H,J3=15,17.2 Hz),5.24 (dd, 1 H, J = 1.2, 10.3 Hz), 4.86
(dd, 1 H, J = 4.5, 8.3 Hz), 4.62 (d, 2 H, J = 4.7 Hz), 2.97—-2.69
(m, 2 H), 2.56—2.26 (m, 2 H); 3C NMR (62.5 MHz, CDCl3) 6
172.4,172.2,163.7, 135.1, 132.1, 128.6, 124.2, 118.5, 84.8, 65.6,
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29.3, 26.5. Anal. Calcd for C16H1sNO7: C, 57.66; H, 4.54; N, 4.20.
Found: C, 57.67; H, 4.58; N, 4.15.

tert-Butyl (R)-5-(tert-Butyldimethylsilyloxy)-2-phthal-
imidooxypentanoate (21). Treatment of 20% (1.05 g, 3.5
mmol), PPhs (3.08 g, 11.7 mmol, 3.4 equiv) and N-hydroxyphthal-
imide (1.41 g, 8.6 mmol, 2.5 equiv) in CH,Cl, (15 mL) with DIAD
(2.50 g, 11.7 mmol, 3.4 equiv) as described for 3a followed by
flash column chromatography (8:1 hexane/EtOAc) gave 21 in
93% yield as a white solid: mp 52 °C; [a]p +44.1 (c 1.0, CHCIs);
1H NMR (250 MHz, CDCl3) 6 7.85—7.73 (m, 4 H), 4.69 (t, 1 H,
J =6.5Hz), 3.74-3.67 (m, 2 H), 2.08—2.01 (m, 2 H), 1.86—1.78
(m, 2 H), 1.55 (s, 9 H), 0.89 (s, 9 H), 0.06 (s, 6 H); 3C NMR
(62.5 MHz, CDCls3) 6 168.8, 163.3, 134.6, 129.0, 123.7, 85.8, 82.5,
62.4, 28.1, 28.0, 27.8, 26.1, 18.4, —5.2. Anal. Calcd for Cz3Hss-
NOgSi: C, 61.44; H, 7.85; N, 3.12. Found: C, 61.41; H, 7.92; N,
3.15.

D-PhthN-O-Arg(Cbz),-OH (22). To a stirred solution of 21
(0.25 g, 0.6 mmol) in CHCI; (3 mL) was added BF3-Et,0 (0.12 g,
0.8 mmol). After 50 min at room temperature, the reaction
mixture was diluted with CHCI3, washed with saturated NaH-
COs3, H20, and brine sequentially, dried (MgSO,), and concen-
trated in vacuo. The crude product was purified by flash column
chromatography (2:1 hexane/EtOAc) to give a TBDMS depro-
tected 21 in 65% yield as an oil: [a]p +52.2 (c 0.7, CHCIg); 'H
NMR (250 MHz, CDCl3) 6 7.85—7.74 (m, 4 H), 4.71 (dd, 1 H, J
= 5.8, 6.6 Hz), 3.85—-3.68 (m, 2 H), 2.17-1.98 (m, 2 H), 1.95—
1.80 (m, 2 H), 1.47 (s, 9 H); 13C NMR (62.5 MHz, CDCl3) 6 168.6,
163.4,134.7,129.0, 123.7, 85.9, 82.8, 62.4, 28.0, 27.9, 27.7. Anal.
Calcd for C17H21NOg : C, 60.89; H, 6.31; N, 4.18. Found: C,
60.92; H, 6.30; N, 4.19.

To a stirred solution of a TBDMS deprotected 21 (0.12 g, 0.4
mmol), PPh3 (0.13 g, 0.5 mmol), and N,N’'-bis(benzyloxycarbo-
nyl)guanidine (0.12 g, 0.4 mmol) in CHCl, (3 mL) was added
DIAD (0.1 g, 0.5 mmol) at room temperature. After 1 h at the
same temperature, the reaction mixture was concentrated in
vacuo and directly purified by flash column chromatography (8:1
hexane/EtOAc) to give dihydro-DIAD contaminated p-PhthN-
0O-Arg(Cbz),-Ot-Bu. A solution of dihydro-DIAD contaminated
D-PhthN-O-Arg(Cbz),-Ot-Bu in 50% TFA in CH,ClI, was stirred
for 1.5 h, and then the solution was concentrated in vacuo. The
concentration step was repeated several times to remove residual
TFA, and then the crude product was purified by short column
chromatography (5:1 to 1:1 hexane/EtOAc) to give 22 in 75%
yield as a white solid: mp 66 °C; [a]p +37.2 (c 1.0, CHCIl3); *H
NMR (250 MHz, CDCls) 6 9.48 (bs, 1 H), 7.89—7.76 (m, 4 H),
7.44—7.22 (m, 10 H), 5.26 (s, 2 H), 5.12 (d, 1 H, J = 12.5 Hz),
5.05(d, 1 H, J = 12.5 Hz), 4.95—-4.85 (m, 1 H), 4.21-4.08 (m, 2
H), 2.15—-1.92 (m, 4 H); 13C NMR (62.5 MHz, CDCl3) 6 171.8,
163.5, 162.3, 159.8, 155.6, 136.4, 134.8, 134.5, 128.7, 128.6, 128.4,
128.3,127.9,123.8, 84.9, 69.3, 67.4, 44.3, 28.1, 23.9. Anal. Calcd
for C3oH28N4Og : C, 61.22; H, 4.80; N, 9.52. Found: C, 61.20; H,
4.85; N, 9.51.

tert-Butyl (R)-5-(tert-butyldimethylsilyloxy)-2-(2-nitro-
benzenesulfonylaminooxy)pentanoate (23a). To a stirred
solution of 21 (0.45 g, 1.0 mmol) was added NH;NH,-H,0 (0.20
g, 4.0 mmol) at room temperature. After 15 min at the same
temperature, the solvent was remove under reduced pressure.
Residual solid was dissolved in 3% Na,CO3 and the solution was
extracted with ether, washed with H,O and brine, dried (Mg-
SO,), and concentrated to give an aminooxy ester, which was
used for the next reaction without further purification. The
solution of an aminooxy ester, 2-nitrobenzenesulfonyl chloride
(0.25 g, 1.1 mmol), and collidine (145 uL) in DMF (600 uL) was
stirred for 17 min at room temperature. The reaction was
gquenched with brine and extracted with EtOAc. The combined
organic solution was washed with brine, dried (MgSO,), and
concentrated in vacuo. The crude product was purified by flash
column chromatography (6:1 hexane/EtOAc) to give 23a in 60%
yield as a yellow solid: mp 68 °C; [a]p —115.1 (c 1.0, CHCl3); 1H
NMR (250 MHz, CDCl3) 6 8.40 (s, 1 H), 819 (d, 1 H,J=7.9
Hz), 7.93-7.89 (d, 1 H, J = 7.3 Hz), 7.85—7.74 (m, 2 H), 4.55
(dd, 1 H, 3 =4.2,8.1 Hz), 3.62 (t, 2 H, J = 5.9 Hz), 1.93-1.80
(m, 1 H), 1.71-1.57 (m, 3 H), 1.49 (s, 9 H), 0.89 (s, 9 H), 0.04 (s,
6 H); 13C NMR (62.5 MHz, CDClg) ¢ 170.3, 148.7, 134.9, 133.6,
132.9, 130.5, 125.7, 84.8, 82.5, 62.1, 28.5, 28.2, 27.5, 26.0, 18.4,
—5.2. Anal. Calcd for C»1H3sN20gSSi: C, 49.98; H, 7.19; N, 5.55.
Found: C, 49.97; H, 7.23; N, 5.51.

Notes

tert-Butyl (R)-5-(tert-Butyldimethylsilyloxy)-2-(benzyl-
oxycarbonylaminooxy)pentanoate (23b). The solution of an
aminooxy ester from the previous experiment (0.44 g, 1.0 mmol),
benzyloxycarbonyl chloride (0.19 g, 1.1 mmol), and DIEA (245
uL) in CH.Cl, (500 uL) was stirred for 1 h at room temperature.
The reaction mixture was diluted with CH,Cl, and washed with
H,0 and brine, dried (MgSQ,), and concentrated in vacuo. The
crude product was purified by flash column chromatography (6:1
hexane/EtOAC) to give 23b in 93% yield as an oil: [a]p +52.8 (c
1.0, CHCI3); *H NMR (250 MHz, CDCl3) 6 7.88 (s, 1 H), 7.36 (s,
5 H), 5.24-5.08 (m, 2 H), 4.28 (dd, 1 H, 3 = 4.3, 7.9 Hz), 3.64—
3.58 (m, 2 H), 1.98—1.50 (m, 4 H), 1.46 (s, 9 H), 0.88 (s, 9 H),
0.03 (s, 6 H); 13C NMR (62.5 MHz, CDCl3) ¢ 171.0, 156. 9, 135.7,
128.7, 128.5, 128.4, 83.8, 82.2, 67.6, 62.2, 28.3, 28.2, 27.4, 26.0,
18.4, —5.2. Anal. Calcd for C23H39NOgSi: C, 60.89; H, 8.67; N,
3.09. Found: C, 60.81; H, 8.69; N, 3.13.

tert-Butyl (R)-5-(tert-Butyldimethylsilyloxy)-2-(fluore-
nylmethoxycarbonylaminooxy)pentanoate (23c). The solu-
tion of an aminooxy ester from the previous experiment (0.44 g,
1.0 mmol), FMOC-OSu (0.35 g, 1.04 mmol) and DIEA (180 uL)
in CH,Cl, (500 uL) was stirred for 1 h at room temperature.
The reaction was diluted with CH»Cl,, washed with H,O and
brine, dried (MgSQO,), and concentrated in vacuo. The crude
product was purified by flash column chromatography (10:1
hexane/EtOAc) to give 23c in 81% yield as an oil: [a]p +39.5 (c
1.0, CHCIls); 1H NMR (250 MHz, CDCl3) 6 8.18 (s, 1 H), 7.73 (d,
2H,3J=7.4Hz),7.65(d,2H,J=7.4Hz), 7.40-7.22 (m, 4 H),
4.45 (d, 2 H, J = 6.9 Hz), 4.27—4.21 (m, 2 H), 3.62 (bs, 2 H),
2.01-1.50 (m, 4 H), 1.48 (s, 9 H), 0.88 (s, 9 H), 0.03 (s, 6 H); 13C
NMR (62.5 MHz, CDCl3) ¢ 171.0, 156.9, 143.5, 141.3, 127.8,
127.1, 125.0, 120.0, 83.7, 82.1, 67.4, 62.2, 47.0, 28.1, 27.4, 25.9,
18.2, —5.2. Anal. Calcd for C3H43NOgSi: C, 66.51; H, 8.00; N,
2.59. Found: C, 66.52; H, 8.01; N, 2.61.

D-Ns-N-O-Pro-OH (24a). To a stirred solution of 23a (0.28
g, 0.5 mmol) in CHCI3; (5 mL) was added BF3-Et,0 (0.12 g, 0.8
mmol) at room temperature. After 1 h at the same temperature,
the reaction mixture was diluted with CHCIs, washed with
saturated NaHCO3, H,0, and brine sequentially, dried (MgSO,),
and concentrated in vacuo. The crude product was purified by
flash column chromatography (2:1 to 1:2 hexane/EtOAc) to give
a TBDMS deprotected 23a in 51% yield as a solid: mp 95—97
°C; [a]o —143.4 (c 1.07, CHCIg); *H NMR (250 MHz, CDClg) ¢
8.45 (s, 1 H), 8.23-8.18 (m, 1 H), 7.94—7.90 (m, 1 H), 7.85—7.77
(m, 2 H), 458 (dd, 1 H, J = 4.2, 8.2 Hz), 3.68 (dd, 1 H, J = 5.9,
6.2 Hz), 1.92—1.67 (m, 4 H), 1.50 (s, 9 H); 13C NMR (62.5 MHz,
CDCl3) 6 170.2, 148.6, 135.1, 133.5, 133.0, 130.2, 125.7, 84.8,
82.7, 62.0, 28.3, 28.1, 27.4. Anal. Calcd for C;sH22N20S : C,
46.15; H, 5.68; N, 7.18. Found: C, 46.12; H, 5.78; N, 7.19.

To a stirred solution of a TBDMS deprotected 23b (90 mg,
0.2 mmol), PPhs (80 mg, 0.3 mmol) in CH.CI, (1 mL) was added
DIAD (70 mg, 0.3 mmol) at 20 °C. After 1 h at the same
temperature, the reaction mixture was concentrated in vacuo
and directly purified by flash column chromatography (3:1
hexane/EtOAc) to give dihydro-DIAD contaminated p-Ns-N-O-
Pro-Ot-Bu. A solution of dihydro-DIAD contaminated p-Ns-N-
O-Pro-Ot-Bu in 50% TFA in CH.Cl, was stirred for 1 h, and then
the solution was concentrated in vacuo. The concentration step
was repeated several times to remove residual TFA, and then
the crude product was purified by short column chromatography
(21:1 hexane/EtOAc to 1:1 EtOAc/MeOH) to give 24a in 85% yield
as a white solid: mp 125—126 °C; [a]p +32.6 (c 0.5, MeOH); 'H
NMR (250 MHz, CD3CO2D) 6 8.19 (d, 1 H, 3 = 7.6 Hz), 7.89—
7.66 (m, 3 H), 4.72—4.62 (m, 1 H), 3.70—3.55 (m, 1 H), 3.24—
3.08 (m, 1 H), 2.00—-1.73 (m, 4 H); 3C NMR (62.5 MHz,
CD3CO,D) 6 174.1, 150.2, 136.3, 134.1, 132.3, 127.9, 125.0, 80.1,
48.4,26.8, 23.1. Anal. Calcd for C11H12N,0+S: C, 41.77; H, 3.82;
N, 8.86. Found: C, 41.79; H, 3.77; N, 0.8.79

D-Cbz-N-O-Pro-OH (24b). To a stirred solution of 23b (0.23
g, 0.5 mmol) in CHCI3 (3 mL) was added BF3-Et,O (0.11 g, 0.8
mmol) at room temperature. After 1 h at the same temperature,
the reaction mixture was diluted with CHCI;, washed with
saturated NaHCO3;, H,0 and brine sequentially, dried (MgSO,),
and concentrated to give a TBDMS deprotected 23b in 75% yield
as an oil: [a]p +69.2 (c 1.02, CHCI3);*H NMR (250 MHz, CDCls)
07.92 (s, 1 H), 7.36 (s, 5 H), 5.24-5.08 (m, 2 H), 4.35 (dd, 1 H,
J = 3.8, 8.1 Hz), 3.68 (bs, 2 H), 1.99—-1.72 (m, 4 H), 1.47 (s, 9
H); 3C NMR (62.5 MHz, CDCl3) ¢ 171.0, 157.3, 135.5, 128.5,
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128.4, 128.3, 83.9, 82.3, 67.5, 62.0, 28.3, 28.0, 27.6. Anal. Calcd
for C17H2sNOg @ C, 60.16; H, 7.42; N, 4.13. Found: C, 60.14; H,
7.45; N, 4.10.

To a stirred solution of a TBDMS deprotected 23b (0.12 g,
0.3 mmol), PPhs (0.13 g, 0.5 mmol) in CHClI; (3 mL) was added
DIAD (0.11 g, 0.5 mmol) at 20 °C. After 1 h at the same
temperature, the reaction mixture was concentrated in vacuo
and directly purified by flash column chromatography (6:1
hexane/EtOAc) to give b-Cbz-N-O-Pro-Ot-Bu in 87% yield as an
oil: [a]p +11.9 (c 1.0, CHCI3); *H NMR (250 MHz, CDClg) 6
7.40—-7.30 (m, 5 H),5.24(d, 1 H,J=12.4Hz),5.16 (d,1H,J =
12.4 Hz), 4.30 (dd, 1 H, J = 3.5, 9.1 Hz), 3.96—3.87 (m, 1 H),
3.49-3.38 (m, 1 H), 2.04—-1.65 (m, 4 H), 1.46 (s, 9 H); 3C NMR
(62.5 MHz, CDCl3) 6 167.9, 155.3, 135.9, 128.3, 127.9, 127.7, 81.9,
78.5, 67.6, 45.7, 27.8, 26.3, 21.6. Anal. Calcd for C17H23NOs: C,
63.54; H, 7.21; N, 4.36. Found: C, 63.53; H, 7.21; N, 4.49.

A solution of b-Cbz-N-O-Pro-Ot-Bu (0.10 g, 0.3 mmol) in 50%
TFA in CHCI; was stirred for 1 h, and then the solution was
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concentrated in vacuo. The concentration step was repeated
several times to remove residual TFA to give 24b in 97% yield
as a sticky solid: [a]p +30.4 (c 1.0, CHCI3); *H NMR (250 MHz,
CDCl3) 0 7.36 (s, 5 H), 5.21 (s, 2 H), 4.59 (t, 1 H, J = 5.3 Hz),
3.80—3.55 (m, 2 H), 2.22—2.01 (m, 2 H), 1.83—1.70 (m, 2 H); 13C
NMR (62.5 MHz, CDCl3) ¢ 172.3, 155.6, 135.5, 128.6, 128.4,
128.1, 78.8, 68.3, 45.9, 25.8, 21.6. Anal. Calcd for C13H15NOs:
C, 58.86; H, 5.70; N, 5.28. Found: C, 58.86; H, 5.76; N, 5.23.
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