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Figure 1. Reported polymer-supported Evans’ chiral auxiliaries anchored
at the 4-position of the oxazolidinone ring (A) and design of a new auxiliary
anchored at the 5-position (B).

polymer-supported chiral Evans’ oxazolidinone with a
novel anchoring system onto the solid-support as a rapid
communication.'!” In this article, we describe the detailed
design and synthesis of the polymer-supported chiral Evans’
oxazolidinone and its reusability in Evans’ asymmetric
alkylation.

2. Results and discussion

2.1. Design of a new polymer-supported chiral
oxazolidinone

One of the common features of polymer-supported Evans’
chiral auxiliary in all previous reports''='# is that a chiral
4-substituted oxazolidin-2-one was connected to the solid-
support through the chiral discriminating moiety at the
4-position of the oxazolidinone ring (Fig. 1A). This made us
suspect that chiral control ability of Evans’ oxazolidinone is
influenced by the polystyrene backbone of the solid-support,
leading to the low stereoselectivity in the asymmetric
alkylation.' '™ Hence, we proposed an alternative anchoring
strategy, which leaves the crucial chiral discriminating
moiety unmodified, and utilizes the external 5-position for
connecting to the solid-support (Fig. 1B).

To prepare such a new oxazolidinone derivative, we focused
on o-hydroxy-B-amino acids, which are routinely used in
our laboratory as a core structure for the development of
effective aspartic protease inhibitors.'® The unique structure
of a-hydroxy-f-amino acids, in which three different
functional groups, i.e. amino, hydroxyl and carboxyl
groups, are located on two adjacent asymmetric carbon
atoms gave us the idea. Namely, the known oxazolidinone
formation'® at the 1,2-amino alcohol moiety of
a-hydroxy-fB-amino acid, (2S,35)-3-amino-2-hydroxy-4-

phenylbutanoic acid 3 (allophenylnorstatine, Apns),'® can
afford a desired oxazolidinone derivative 4 with a benzyl
substituent at the 4-position as a chiral discriminating group
and a free carboxyl group at the 5-position which can
connect with the solid-support (Fig. 1B). In addition,
Burgess et al. pointed out that Wang resin had a better
enantiomeric excess than Merrifield resin in asymmetric
benzylation.'® Since Wang resin has an additional benzyl
moiety which has a space from the polystyrene backbone in
comparison to Merrifield resin, we planned to employ both
Wang resin and, as a further spacer, a piperidine-4-
carboxylic acid. Thus, in the designed solid-supported
auxiliary 5, this spacer is connected to the carboxyl group at
the 5-position of the oxazolidinone moiety by a tertiary-
amide bond and to Wang resin by an ester bond. This
tertiary-amide bond with no amide proton is stable under
both acidic and basic conditions. The ester bond between the
spacer and Wang resin can be formed by the standard
methods.

2.2, Evaluation of new oxazolidinone derivatives in
solution-phase model experiment

To understand the efficacy of designed solid-support chiral
oxazolidinone 5 as a new chiral auxiliary, we first studied a
solution-phase experiment, using a model oxazolidinone
derivative 9 whose C-terminal is protected by a benzyl ester
to mimic Wang resin. As Scheme 1 shows, 9 was
synthesized by a three-step reaction. Namely, Boc-Apns-
OH 6 was coupled to benzyl piperidine-4-carboxylate 7% by
the EDC-HOBt (EDC: 1-ethyl-3-(3—dimethylaminopr01pyl)
carbodiimide, HOBt: 1-hydroxybenzotriazole) method”! to
give dipeptide 8,7 followed by the removal of the Boc
group and CDI (1,1’-carbonyldiimidazole) treatment'® to
afford the cis-configured oxazolidinone derivative 9 as a
single isomer. During the cyclization reaction, neither
aziridine nor [,2-imidazoylamine byproduct formation
was observed.”® The cis-configuration of 9 was confirmed
by the coupling constant®* between H-4 and H-5, and NOE
experiments (Scheme I and Ref. 25). Synthesized 9 had
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Scheme 1, Synthesis of a cis-configured oxazolidinone derivative 9 from
Boc-Apns-OH 6.
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Scheme 2. Epimerization and deuterium incorporation to the cis-configured carboximide 9.

coupling constants of J; 5=7.9, 8.1 Hz, which corresponded
to the representative value of the cis-configured
oxazolidinone.

Next, oxazolidinone 9 was N-acylated with 3-phenyl-
propionic acid by the mixed anhydrlde method to obtain
carboximide 10 (Scheme 2).%¢ Although there are three
a-protons in 10, the newly introduced carboximide a-proton
was expected to be most acidic. Since it was reported that
the imide-selective enolization of substrates with the both
carboximide and ester structures was accomplished by
careful base addition,”” and that after asymmetric reaction,
N-acyl fragments were selectively cleaved from the
auxiliary by the 1m1de specific lithium hydroperoxide-
mediated hydroly51s 8 we proposed 9 as a chiral auxiliary
that could be recovered and reused. However, its enolate
formation gave a new compound even with a careful
addition of LDA (1.2 equiv) to the cooled THF solution of
10 and a subsequent stirring for 0.5 h. This compound was
an epimerized frans-configured carboximide 11.%° This
result suggests that the o-proton of the carboxamide moiety
was predominantly deprotonated by LDA to dlmmxsh the
steric repulsion caused by cis- conﬁguratlon Indeed,
quenching lithium enolate generated in situ from 10 with
acetic acid-d (99at.% D) afforded the deuterized 12 in
85% yield. The deuterium was incorporated mainly at
the a-position of the carboxamide moiety (68% D)
along with the a-position of the N-acylimide moiety
(12% D).
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Scheme 3. Synthesis of a frans-configured oxazolidinone derivative 14
from Boc-Pns-OH 13.

This unexpected result prompted us to suggest that stable
trans-configured oxazolidinone 14 was suitable for the
auxiliary (Scheme 3). We synthesized 14 according to the
procedure shown in Scheme 1, starting from Boc-Pns-OH
13 (Pns: phenylnorstatine), a 2R isomer of 6, in 85% yield (3
steps). The relative stereochemistry of 14 was analyzed by
NMR. Coupling constants of J,s were 5.1 and 5.3 Hz,
which are wel] consistent with the known value in rrans-
conﬁguratlon and a strong NOE signal was observed
between H-5 and two protons at the benzylic position. % In
addition, the most stable conformation of 14 obtained from
conformational analysis showed a dihedral angle of 136.4°
between two methine hydrogens (H-4 and H-5). This value
and Karplus curve reasonably supported the observed
coupling constant. From these observations, the configur-
ation between H-4 and H-5 in 14 was confirmed as trans.
Furthermore, the absolute stereochemistry of 14 was
confirmed as 45,5R by the X-ray crystal structural analysis
of (R)-phenylethylamide 153! derived from 14 (Fig. 2). In
addition, it was found that the piperidine-4-carboxylic acid
spacer extended outside from the oxazolidinone core,
suggesting that this spacer does not interfere with the
asymmetric reaction.

Figure 2. X-ray crystal structure of (R)-phenyliethylamide 15.

Next, we synthesized N-3-phenylpropionylated oxazolidi-
none 16 and subjected it to the deuterium labeling to
confirm the enolization position (Scheme 4) by the same
procedure described in Scheme 2. No particular change on
TLC was observed during the enolization and the recovered
product (88% yield) contained 76% of deuterized 17,
exclusively at the a-position of the desired carboximide
moiety with unmodified 16. This result suggests that the
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Scheme 4. Deuterium incorporation to trans-configured carboximide 16.

a-position of the imide N-acyl moiety in 16 has the most
acidic a-proton, which is predominantly deprotonated by
LDA. Self-condensation of 16 was not observed under this
reaction condition.

With these positive observations, we examined the Evans’
asymmetric allylation of the carboximide 16 as a model for
alkylation (Scheme 5).'* Briefly, to a solution of 16 in THF
was added LDA (1.2 equiv) dropwise at —78 °C. After
stirring for 0.5 h, the generated Z-O-enolate 18*2 was treated
with allyl iodide (3.0 equiv), and the temperature of the
reaction mixture was gradually increased up to 0 °C over a
period of 3 h. Resultant 19 was hydrolyzed by LiOOH
without any purification.”® The desired a-allylated car-
boxylic acid 26¢ was obtained in good yield (2 steps 75%,
an average of 87% for each of the two steps in the reaction
sequence) and high stereoselectivity (96% ee),>* which
were comparable to the standard Evans’ asymmetric
allylation in solution-phase.'® Oxazolidinone 14 was
sufficiently recovered (94%) without epimerization, and
no byproduct produced by the endocyclic cleavage of the
oxazolidinone ring™® was observed. These results proved
that the frans-configured oxazolidinone 14 was effective as
a chiral auxiliary and that the spacer moiety did not interfere
with the asymmetric reaction.
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Scheme 5. Asymmetric allylation of the N-3-phenylpropionylated
carboximide 16.

An energy minimization study of enolate intermediate 18
suggested that its conformation corresponds to that of the
original chelation-controlled model proposed for standard

Evans’ chiral auxiliary system (Fig. 3).'%* Interestingly,
this modeling also suggested that nucleophilic attack of the
hydroperoxide anion to the oxazolidinone carbonyl for the
endocyclic cleavage is effectively obstructed by the steric
effect of the benzyl and carboxamide moieties.*® From these
data, we selected the structure of 14 originating from Pns as
the candidate for solid-supported Evans’ auxiliary.
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Figure 3. Energy minimization study of enolate intermediate 18.

2.3. Solid-phase synthesis of Wang resin-supported
chiral oxazolidinone 23

In our previous communication,'” Wang resin-supported
chiral oxazolidinone 23 was obtained by the carbodiimide-
mediated coupling between Wang resin and the oxazolidi-
none-spacer unit prepared from 14 by hydrogenolysis. Since
four-step solution-phase synthesis of this unit and its excess
use (4 equiv) required for complete loading onto the resin
were inefficient, in the present study we developed a more
convenient synthetic route for 23 using Fmoc-based solid-
phase method as shown in Scheme 6.>¢ Namely, Fmoc-
piperidine-4-carboxylic acid 20 was first loaded to Wang
resin using the DIPCDI-DMAP (DIPCDI: 1,3-diisopropyl-
carbodiimide) method® in CH,Cl,. After Fmoc-deprotec-
tion of 21 with 20% piperidine, Fmoc-Pns-OH was coupled
by the DIPCDI-HOBt method to give the dipeptide resin 22
followed by removal of the Fmoc group. The resultant 1,2-
amino alcohol moiety was converted to oxazolidinone with
CDI. Methanolysis of 23 with potassium carbonate in
anhydrous THF-MeOH yielded the corresponding methyl
ester 24 as a single isomer (95% for 6 steps). During this
synthesis, neither epimerization at the 5-position nor
byproduct formation such as aziridine and 1,2-aminoimi-
dazole was observed.”® It is noteworthy that all reactions in
Scheme 6 proceeded smoothly at room temperature within a
few hours, and multi-gram quantity of the oxazolidinone
resin 23 with high loading yield was efficiently synthesized
in just a day.

2.4. Solid-phase Evans’ asymmetric alkylation with the
oxazolidinone resin 23

At first, we investigated the solid-phase Evans’ asymmetric
allylation of the N-3-phenylpropionylated carboximide
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Scheme 6. Solid-phase synthesis of Wang resin-supported oxazolidinone resin 23.

resin 25a, which was prepared from 23 by Mukaiyama
method (Scheme 7).% It was found that the use of NaHMDS
(3 equiv) as a base and gradual increase of the temperature
of reaction mixture up to 0 °C over a period of 12 h in the
alkylation reaction were quite effective.®® After quenching
the reaction mixture with saturated NH,Cl aq, the allylated
carboximide resin was recovered, washed, then subjected to
the LiOOH-mediated hydrolysis. The desired chiral
a-allylated carboxylic acid 26c was obtained with high
stereoselectivity (96% ee), which was equal to the model
experiment in solution-phase (Table 1, entry 3). The
absolute configuration of acid 26c was determined in
comparison to the reported specific rotation,™ suggesting
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Scheme 7. Solid-phase asymmetric Evans’ alkylation.

Table 1. Results of the solid-phase asymmetric Evans’ alkylations

that the asymmetric alkylation on resin 25a also proceeded
in the same chelation-controlled model as the solution-
phase method.'” During the hydrolytic cleavage, the ester
linkage and oxazolidinone core were stable.*® These
encouraging results urged us to understand the generality
of 23 in the Evans’ asymmetric alkylation reaction. Several
carboximide resins 25b—d were prepared and subjected to
the similar solid—ghase alkylation reactions with a series of
electrophiles (R X).*' The results are summarized in
Table 1. Favorably, not only highly reactive alkyl halides
such as Mel and BnBr but also less reactive Etl reacted
sufficiently under the same reaction conditions. Hydrolytic
cleavage of the resultant resin afforded the corresponding
chiral a-branched carboxylic acids 26a-k with satisfying
isolated yields (50-70%, for 3 steps) and enantiomeric
excesses (84-97% ee).** Especially, in the asymmetric
benzylation of carboximide resin 25b, stereoselectivity was
found to be 97% ee (Table 1, entry 6), which was better than
the value reported by Burgess et al.,!’® and was as high
enough as in the corresponding solution-phase asymmetric
alkylation utilizing the standard chiral 4-substituted oxazo-
lidin-2-one.'” The relatively lower yield was due to the fact
that the yield includes the three-step process from the
oxazolidinone resin 23 to the final alkylated product 26. We
consider that yield for two steps (alkylation and hydrolysis)
is similar to that of the solution-phase method, and average
yield calculated for each step was reasonably acceptable
(79-89%). We assume that these successful results are
attributed to our new polymer-anchoring strategy based on
the connection at the S-position of the oxazolidinone ring.
This liberates the chiral differentiating benzyl group from
the polystyrene backbone of the resin, freeing the auxiliary

Entry 25 R! R 26 Yield® (%) ee® (%)
1 25a Bn- Mel 26a 61(85) 85
2 25a Bn- Etl 26b 50(79) 88
3 25a Bn- Allyl-f 26¢ 68(88) 96
4 25a Bn- Propargyl-Br 26d 62(85) 96
5 25a Bn- BrCH,CO,Et 26e 62(85) 92
6 25b Me- BnBr 26f 70(89) 97
7 25b Me- 4-BrBnBr 26g 68(88) 97
8 25b Me- 4-NO,BnBr 26h 55(82) 97
9 25b Me- 2,4-diCIBni 26i 65(87) 97
10 25¢ PhO- Allyl-1 26§ 50(79) 96
11 25d 2,4-diCIBn- Mel 26k 59(84) 84

* Combined yield of 3 steps starting from oxazolidinone resin 23. Value in the parenthesis is the average yield for each step.
b Determined by chiral HPLC analysis after conversion to the corresponding (8)-a-methylbenzylamine-derived amides.
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unit from the solid-support, which was not realized in the
previous system based on the 4-position anchoring.

2.5. Recycling of the Wang resin-supported auxiliary 23

The recycling of the expensive auxiliary is one of the key
points in the development of the polymer-supported chiral
auxiliary. However, the recycling of the polymer-supported
Evans’ oxazolidinone has been reported in only one case of
solid-phase 1,3-dipolar-cycloaddition,’*® with a consider-
able reduction of regio- and stereo-selectivity depending on
the cycle number up to three, although the reason was
unclear.

Hence, the ability of recycling of the Wang resin-supported
chiral auxiliary 23 was studied in the solid-phase asym-
metric allylation, mentioned above, to obtain a-allylated
carboxylic acid 26¢ (Fig. 4). After the first cycle of
allylation, the recovered chiral auxiliary resin 23 was
washed and dried, then N-acylation with 3-phenylpropionic
acid gave the corresponding carboximide resin 25a again.
After the continuous second to fourth solid-phase asym-
metric allylation, the desired product 26¢ was obtained in
high enantioselectivity (96% ee each) (Table 2). Throughout
these cycles, the product’s stereoselectivity was maintained
successfully, although the yield gradually decreased about
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Figure 4. Recycling of the chiral auxiliary resin 23.

Table 2. Recycling of the Wang resin-supported chiral oxazolidinone 23 in
Evans’ asymmetric allylation

Cycle Yield® (%) ee’ (%)
1 68 96
2 59 96
3 49 9
4 42 96

* Combined yield of 3 steps starting from oxazolidinone resin 23.
" Determined by chira] HPLC analysis after conversion to the correspond-
ing (S)-a-phenylethylamides.

8% in each cycle. After the fourth cycle, the resin was
cleaved by methanolysis to measure the amount of the
residual auxiliary. Methyl ester 24, which corresponds to the
chiral auxiliary on the resin, was obtained in 71% yield
along with the 22% of undesired N-allylated oxazolidinone
27.* This indicated that the reduced yield obtained after
recycling was due to the formation of byproduct 27, in
which the substrate-loading site was completely blocked by
the allyl group (Fig. 4). It is thought that this unfavorable
side reaction was induced by the partial elimination of the
N-acyl moiety during enolate-alkylation steps. In fact, from
detailed analysis of our solution-phase model experiment,
6% of N-allylated byproduct formation was detected.
Therefore, the reaction conditions should be carefully
adjusted to minimize unfavorable N-alkylation of the
oxazolidinone resin.

3. Conclusion

In the development of an efficient tool to prepare versatile
chiral synthon, we designed and synthesized Wang resin-
supported Evans’ chiral oxazolidinone derivative based on
the novel polymer-anchoring strategy, which utilizes the
S-position of the oxazolidinone ring. Solid-phase asym-
metric Evans’ enolate-alkylation reaction on this auxiliary
resin proceeded successfully and a series of chiral
a-branched carboxylic acids was obtained in high stereo-
selectivities (up to 97% ee), which are parallel to those
obtained in the comparative classical solution-phase
experiments. Therefore, this is the first successful example
that Evans’ asymmetric alkylation reaction proceeded
efficiently on a solid-support. Furthermore, recycling of
this polymer-bound chiral auxiliary was achieved by
maintaining stereoselectivity of the product. This newly
developed solid-support auxiliary provides a variety of
chiral a-branched carboxylic acid derivatives, which would
be valuable synthetic building blocks in Medicinal
Chemistry.** These results also suggest the significance of
the polymer-anchoring strategy of chiral auxiliary to
perform the satisfactory asymmetric induction in solid-
phase organic synthesis. Further application studies to other
solid-phase Evans’ asymmetric reactions are now in
progress.

4. Experimental
4.1. General

NMR spectra (‘H and '3C) were recorded on a JEOL JNM-
AL300 ('H: 300 MHz; '*C:75.5 MHz) or a Varian UNITY
INOVA 400NB ('H: 400 MHz; '*C: 100 MHz) spec-
trometer and the chemical shift values were expressed in
parts per million downfield from tetramethylsilane (TMS)
as an internal standard. All coupling constants (J values)
were reported in Hertz (Hz). Infrared (IR) spectra were
recorded using a Shimadzu FT-IR-8300 Fourier Transform
Infrared Spectrophotometer. Melting points were taken on a
micro hot-stage apparatus (Yanagimoto) and were uncor-
rected. Mass spectra (MS) were obtained by electron impact
(EI) ionization methods on JEOL GCmate MS-BU20.
Elemental analyses were done on a Perkin—Elmer Series
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CHNS/O Analyzer 2400. Specific rotations were recorded
on a Horiba High-speed Accurate Polarimeter SEPA-300
with a sodium lamp and are reported as follows: [a)b
(c g/100 mL, solvent). The enantiomeric €xcess was
determined by chiral HPLC analysis with JASCO HPLC
systems consisting of the following: pump, 880-PU;
detector, 875-UV, measured at 230 nm; column, Chiralcel
OD normal phase column (4.6 X250 mm; Daicel Chemical
Ind., Ltd, Tokyo, Japan); mobile phase, n-hexane/EtOH;
flow rate, 1.0 mL/min. Solvents used for HPLC analysis
were of HPLC grade. Organic extracts were dried over
sodium sulfate (Na,SO,), filtered, and concentrated using a
rotary evaporator at <40 °C bath temperature. Solids and
involatile oils were vacuum dried at <2 mmHg. Solution-
and solid-phase asymmetric alkylation reactions were
carried out under Ar atmosphere, using anhydrous THF in
flame-dried glassware. In the case of solid-phase asym-
metric alkylation reactions, immobilized substrates were
agitated by a slow stirring under Ar atmosphere.

4.2, Materials

Commercially available chemicals were obtained from
Wako Pure Chemical Industries, Ltd (Osaka, Japan),
Nacalai Tesque, Inc. (Kyoto, Japan), Aldrich Chemical
Co., Inc. Milwaukee, WI) and Tokyo Kasei Kogyo Co., Ltd
(Tokyo, Japan), and used without further purification.
Exceptionally, triethylamine was distilled from CaH,
under Ar atmosphere and stored over KOH (pellet).
Dehydrated MeOH and THE were purchased from Kanto
Chemical Co., Inc. (Tokyo, Japan) and stored over pre-
activated pellet-type molecular sieves 3A and 4A,
respectively. Wang resin (0.80 mmol/g, styrene—1%DVB,
200-400 mesh) was purchased from Watanabe Chem. Ind.,
Ltd (Hiroshima, Japan). Boc-Apns-OH and H-Pns-OH were
purchased from Nippon Kayaku (Tokyo, Japan). Boc- and
Fmoc-Pns-OH were prepared from H-Pns-OH by the
standard procedure. NaHMDS was used as supplied
(Aldrich) as a solution in THF (1.0 M). Column chroma-
tography was carried on Merck 107734 silica gel 60
(70-230 mesh). Analytical thin layer chromatography
(TLC) was performed using Merck 105715 silica gel 60
F,s4 precoated plates (0.25 mm thickness) and compounds
were visualized by UV illumination (254 nm) and by
heating after dipping in 10% ethanolic solution of
phosphomolybdic acid or after spraying ca. 0.7% ethanolic
solution of ninhydrin. Preparative TLC was done with
Merck 105717 silica gel 60 Fasy plate (2.0 mm thickness).

4.3. Synthesis of cis-configured oxazolidinone 9 and N-3-
phenylpropionylated carboximide 10

4.3.1. Benzyl N-{(28,35)-3-[(tert-butoxycarbonyl)-
amino]-2-hydroxy-4-phenylbutanoyl}piperidine-4-car-
boxylate 8. To a solution of Boc-Apns-OH 6 (40¢g,
13.5 mmol), benzyl piperidine-4-carboxylate HC1 7 (4.1 g,
16.2 mmol) and HOBt-H,O (7.7 g, 16.2 mmol) in DMF
(68 mL) was added EDC-HCI (3.1 g, 16.2 mmol) in parts at
0°C. After stirring for 0.5 h at the same temperature, EtsN
(7.0 mL, 16.2 mmol) was added dropwise, then the reaction
mixture was stirred overnight at room temperature. The
solution was diluted with AcOEt and washed consecutively
with 5% citric acid aq, 5% NaHCO; ag, water (X2) and

brine. After the organic layer was dried over Na;SOy, the
solvent was removed under reduced pressure. The resuliing
white powder 8 (5.5 g, 82%) was used for the next reaction
without any purification. R¢=0.44 (n-hexane/AcOEt=1:1);
mp 37-39 °C; '"H NMR (400 MHz, CDCl;) § 7.41-7.14
(m, 10H), 5.16, 5.13 (2d, 0.5X2H, J=12.3 Hz), 5.12 (s,
0.5X2H), 5.06 (br d, 0.5H, J=8.4 Hz), 5.02 (br d, 0.5H,
J=9.0Hz), 4.58 (d, 0.5H, J=2.2 Hz), 4.55 (d, 0.5H, J=
2.2 Hz), 4.22-3.92 (m, 4H), 3.14, 3.06 (2ddd, 0.5 X2H, /=
13.7, 11.2, 3.1 Hz), 2.88, 2.54 (2ddd, 0.5X2H, /=134,
11.2, 3.1 Hz, partially overlapping with the next signal),
2.71-2.51 (m, 3H), 2.08-1.21 (m, 4H), 1.38 (s, 0.5X9H),
1.37 (s, 0.5 X 9H); '*C NMR (75.5 MHz, CDCl3) § 173.5,
173.5, 169.9, 169.6, 155.6, 137.8, 135.7, 129.2, 129.1,
128.6, 128.4, 128.3, 128.2, 128.1, 126.5, 126.4, 79.6, 77.2,
69.9, 69.8, 66.5, 54.1, 53.4, 44.1, 42.0, 42.0, 40.7, 34.4,
34.2, 2833, 27.6; [a}5=+163 (c 0.64, CHCly); FT-IR
(CHCl3) vmax 3690, 3441, 3038, 1728, 1699, 1639, 1497,
1367, 1238, 1169, 698 em~!; HRMS (EI): found M*
496.2576, C,5H36N,0¢ requires M 496.2573. Anal. Caled
for CogHseNoOg: C, 67.72; H, 7.31; N, 5.64; found: C,
67.69; H, 7.46; N, 5.58.

4.3.2. Benzyl N-[(48,58)-4-benzyl-1,3-0xazolidin-2-one-
5.carbonyl]piperidine-d-carboxylate 9. Compound 8
(5.4 g, 10.9 mmol) was treated with 4 M HCl/dioxane
(45.0 mL) at 0 °C, and the reaction mixture was stirred at
room temperature for 2.5 h. After the solvent was removed
under reduced pressure, the obtained colorless oil was
dissolved in anhydrous THF (110 mL). To this solution was
added B3N (2.3 mL, 16.4 mmol) dropwise at 0 °C, followed
by CDI (2.7 g, 16.4 mmol). The cloudy reaction mixture
was stirred overnight at room temperature, diluted with
AcOEt, and washed consecutively with 5% citric acid aqg,
5% NaHCOj; aq, water and brine. After the organic layer
was dried over Na,SO,, the solvent was removed under
reduced pressure and the residue was applied to silica-gel
column chromatography (n-hexane/AcOEt=1:10) to yield
9 as a white powder (4.0 g, 86% for 2 steps). R;=0.27
(n-hexane/AcOEt=1:10); mp 136-137 °C; 'H NMR
(400 MHz, CDCl3) 6 7.40-7.14 (m, 10H), 5.41 (d, 0.5H,
J=7.9Hz), 5.39 (d, 0.5H, J=8.1 Hz), 5.15 (s, 0.5X2H),
5.14 (s, 0.5 X 2H), 4.98 (br s, 0.5H), 4.92 (br s, 0.5H), 4.46,
423 (2dtd, 0.5X2H, J=13.6, 4.0,1.5 Hz, partially over-
lapping with the next signal), 4.28-4.18 (m, 1H), 3.76 (m,
0.5x2H), 3.25, 3.11 (2ddd, 0.5X2H, J=13.6,
10.3,3.3 Hz), 2.92-2.53 (m, 3H), 2.87-2.71 (m, 0.5X2H,
partially overlapping with the next signal), 2.05-1.93 (m,
2H), 1.80-1.62 (m, 2H), 13C NMR (75.5 MHz, CDCl3) ¢
173.4, 173.4, 163.8, 163.7, 157.4, 157.3, 1358, 135.6,
129.2, 129.1, 129.1, 128.9, 128.6, 128.4, 1281, 127.3,
127.2, 75.1, 74.9, 66.5, 55.5, 55.4, 44.1, 43.9, 41.5, 41.2,
40.8, 40.0, 37.4, 37.3,28.1, 28.1, 27.6, 27.4; [a]p = —58.4
(¢ 1.01, CHCIl3); FT-IR (CHCl3) #ma 3030, 3020, 1774,
1730, 1666, 1231, 1207, 800, 791, 768, 714, 675 em™ Y
HRMS (ED): found M7 422.1843, CasHyeN,Os requires
M7 422.1841. Anal. Caled for CagHpeN2Os: C, 68.23; H,
6.20; N, 6.63; found: C, 68.14; H, 6.28; N, 6.49.

4.3.3. Benzyl N-[(4S,5S)-4-benzy!-(3-phenylpropionyl)-
1,3-oxazolidin-2-0ne-5-carb0nyl]piperidine-4-carboxyl-
ate 10. To a solution of 3-phenylpropionic acid (1.8 g,
11.7 mmol) in anhydrous THF (30 mL) was added Et;N
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(3.1 mL, 22.5 mmol) and trimethylacetylchloride (1.3 mL,
10.8 mmol) dropwise at — 18 °C. The reaction mixture was
stirred at the same temperature for 0.5 h, then anhydrous
LiCl (420 mg, 9.9 mmol) was added, followed by the slow
addition of a solution of oxazolidinone 9 (3.8 g, 9.0 mmol)
in anhydrous THF (20 mL). After the addition was
completed, the reaction mixture was stirred overnight at
room temperature. The solution was poured into ice-cold
satd NaHCO; aq and the organic phase was extracted with
AcOEt, washed with water and brine, and dried over
Na,SOy4. The solvent was removed under reduced pressure,
and the resulting oil was applied to silica-gel column
chromatography (n-hexane/AcOEt=4:1) to yield the
desired compound 10 as a white solid (4.7 g, 95%). R;=
0.48 (n-hexane/AcOEt=1:1); mp 153-155°C; '"H NMR
(400 MHz, CDCl;). Major isomer é 7.41-7.04 (m, 15H),
5.11-5.09 (m, 1H), 5.07 (s, 2H), 4.92-4.87 (m, 1H), 4.36-
4.33 (m, 1H), 3.36-3.26 (m, 2H), 3.11-2.93 (m, 6H), 2.22
(tt, 1H, J=11.2, 3.7Hz), 2.10 (td, 1H, J=12.6, 3.1 Hz),
1.89-1.85 (m, 1H), 1.63~1.38 (m, 3H); minor isomer ¢
7.41-7.04 (m, 15H), 5.11~5.09 (m, 3H), 4.92-4.87 (m, 1H),
3.59 (ddd, 1H, J=13.6, 6.4, 4.0 Hz), 3.36-3.20 (m, 2H),
3.11-2.93 (m, 4H), 3.14, 2.87 (24dd, 28, /=134, 828,
3.7 Hz, partially overlapping with the next signal), 2.71-
2.64 (m, 1H), 2.47-2.41 (m, 1H), 1.77-1.70 (m, 1H), 1.63-
1.38 (m, 2H), 0.98-0.89 (m, 1H); '*C NMR (75.5 MHz,
CDCl3) 6 173.2, 172.9, 171.9, 171.9, 162.0, 161.9, 151.7,
151.6, 140.2, 135.7, 135.6, 135.5, 129.6, 129.5, 128.7,
128.6, 128.6, 128.5, 128.4, 128.4, 128.1, 127.2, 127.1,
126.3, 73.3, 66.5, 66.4, 57.6, 57.5, 43.3, 43.1, 41.1, 40.8,
40.4, 39.0, 36.9, 34.2, 34.2, 30.1, 27.5, 27.2, 26.8, 26.1;
[a] = —25.2 (c 1.16, CHCl3); FT-IR (CHCI3) ¥yax 1790,
1730, 1701, 1670, 1454, 1375, 1173, 718, 696cm™';
HRMS (EI): found M* 554.2410, C33H34N,04 requires
M™ 554.2416. Anal. Calcd for C33H3N,06: C, 71.46; H,
6.18; N, 5.05; found: C, 71.51; H, 6.40; N, 4.84.

4.3.4. Deuterium labeling study of the carboximide 10.
Under Ar atmosphere, the solution of the carboximide 10
(146.5 mg, 0.264 mmol) in anhydrous THF (2.6 mL) was
cooled to —78 °C (MeOH-dry ice bath), and LDA (1.8 M
solution in  heptane/THF/ethylbenzene, 0.18 mL,
0.32 mmol) was added dropwise. After stirring for 0.5 h at
the same temperature, acetic acid-d (99at.% D) (0.31 mL,
5.28 mmol) was added slowly and the reaction mixture was
stirred for 1 h at room temperature. The solution was poured
into ice-cold satd NH,Cl aq and the organic phase was
extracted with AcOEt, washed with 5% NaHCO;. aq, water
and brine, and dried over Na,SO,. The solvent was removed
under reduced pressure, and the resulting oil was subjected
to preparative TLC (n-hexane/AcOEt=3:2, 2 times
development) to yield the products as a white powder
(124.7 mg, 85%). The content of deuterium-incorporated 12
was detected by NMR. R;=0.53 (n-hexane/AcOEt=1:1);
mp 40-41°C; 'H NMR (400 MHz, CDCl3) & 7.42-7.18
(m, 15H), 5.14, 5.10 (2d, 0.5X2H, J=12.3 Hz), 5.09 (s,
0.5X2H), 4.88 (d, 0.16H, J=4.6 Hz), 4.87 (d, 0.16H, J=
4.4 Hz), 4.71-4.64 (m, 1H), 4.19 (dt, 0.5H, J=13.6,
4.2 Hz), 4.13 (dt, 0.5H, J=13.4, 4.2 Hz), 3.45-3.18 (m,
2.88H), 3.08-2.94 (m, 2H), 2.87-2.32 (i, 5H), 1.91-1.86
(m, 1H), 1.65-1.38 (m, 2H and 0.5H), 1.18-1.10 (m, 0.5H);
"*C NMR (100 MHz, CDCly) § 173.3, 173.3, 172.1, 172.1,
164.8, 164.7, 152.5, 152.4, 140.3, 140.3, 135.7, 1356,

135.2, 129.6, 129.5, 129.3, 129.3, 128.6, 128.6, 128.5,
128.4, 128.4, 128.2, 128.1, 128.1, 127.7, 126.2, 71.8, 71.6,
71.5 (t, J=24.1 Hz), 66.5, 66.5, 59.2, 59.1, 58.9, 58.8, 43.5,
43.3, 41.7, 41.6, 404, 40.3, 37.8, 37.7, 37.1, 37.0, 30.2,
28.2, 28.0, 274, 27.3; [a]¥=—15.1 (¢ 1.55, CHCl,);
FT-IR (CHCl3) vy 1796, 1732, 1703, 1661, 1454, 1379,
1198, 1173, 772, 756, 727, 700, 679, 667 cm™'; HRMS
(ED: found M™ 5552478, C33H33DN,O¢ requires M+
555.2479. Anal. Caled for C33H33DN,04: C, 71.33; H+D,
6.35; N, 5.04; found: C, 71.26; H+D, 6.06; N, 4.99.

4.4. Synthesis of frans-configured oxazolidinone 14 and
N-3-phenylpropionylated carboximide 16

4.4.1. Benzyl N-[(4S,5R)-4-benzyl-1,3-0xazolidin-2-one-
5-carbonyl]piperidine-4-carboxylate 14. To a solution of
Boc-Pns-OH 13 (12.4 g, 42.0 mmol), benzy! piperidine-4-
carboxylate-HCl 7 (12.9 g, 50.4 mmol) and HOBt-H,0
(7.7 g, 50.4 mmol) in DMF (210 mL) was added EDC-HCl
(9.7 g, 50.4 mmol) in parts at 0 °C. After stirring for 0.5 h at
the same temperature, Et;N (7.0 mL, 50.4 mmol) was added
dropwise, then the reaction mixture was stirred overnight at
room temperature. The solution was diluted with AcOEt and
washed consecutively with 5% citric acid aq, 5% NaHCO;
aq, water (X 2) and brine. After the organic layer was dried
over Na,SO,, the solvent was removed under reduced
pressure. The resulting white powder (20.0 g, 96%) was
used for the next reaction without any purification. Ry=0.52
(n-hexane/AcOEt=1:1); mp 34-36°C; 'H NMR
(400 MHz, CDCl,) 4 7.38-7.21 (m, 10H), 5.17, 5.12 (24,
0.5X2H, J=12.5 Hz), 5.10 (s, 0.5 X 2H), 4.87 (br d, 0.5H,
J=10.8 Hz), 4.71 (br d, 0.5H, J=10.3 Hz), 4.28-4.01 (m,
4H), 3.13-2.68 (m, 5H), 2.62-2.47 (m, 1H), 2.08-1.33 (m,
4H), 1.39 (s, 0.5X9H), 1.38 (s, 0.5X9H); '*C NMR
(75.5 MHz, CDCl,) 6 173.6, 173.3, 170.3, 155.3, 155.2,
137.9, 137.7, 1358, 135.6, 129.3, 128.6, 128.5, 128.2,
128.1, 128.0, 126.7, 79.4, 66.9, 66.6, 66.3, 53.8, 53.1, 43.7,
433, 42.1, 41.7, 41.0, 40.2, 38.8, 38.6, 28.2, 27.5, 27.2,
27.1, 26.7; [a]d = —20.0 (c 0.47, CHCl5); FT-IR (CHCls)
Vmax 3439, 3005, 1717, 1701, 1639, 1499, 1454, 1393, 1367,
1240, 1169, 700 cm ™~ '; HRMS (EI): found M ™ 496.2568,
CogH36N,04 requires M* 496.2573. Anal. Caled for
CaH36N20g: C, 67.72; H, 7.31; N, 5.64; found: C, 67.65;
H, 7.31; N, 5.90.

Obtained dipeptide (20.0 g, 40.3 mmol) was treated with
4 M HCl/dioxane (140 mL) at O °C, and the reaction mixture
was stirred at room temperature for 2.5 h. After the solvent
was removed under reduced pressure, the colorless oil
obtained was dissolved in anhydrous THF (400 mL). To this
solution was added Et;N (8.4 mL, 60.5 mmol) dropwise at
0 °C, followed by the addition of CDI (9.8 g, 60.5 mmol).
The cloudy reaction mixture was stirred overnight at room
temperature, diluted with AcOEt, and washed consecutively
with 5% citric acid aq, 5% NaHCO; aq, water and brine.
After the organic layer was dried over Na,SOy, the solvent
was removed under reduced pressure and the residue was
applied to silica-gel column chromatography (n-hexane/
AcOEt=1:2) to yield 14 as a white powder (15.0 g, 88% for
2 steps). Ry=0.55 (n-hexane/AcOEt=1:5); mp 91-93 °C;
"H NMR (400 MHz, CDCl3) 6 7.40-7.20 (m, 10H), 5.28 (br
s, 0.5H,), 5.25 (brs, 0.5H), 5.14 (s, 0.5 X 2H), 5.12 (s, 0.5 X
2H), 4.80 (d, 0.5H, J=5.3 Hz), 4.79 (d, 0.5H, J=5.1 Hz),
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4.69-4.64 (m, 1H), 4.40-4.37 (m, 0.5H), 4.19 (dt, 0.5H, J=
13.6, 4.2 Hz), 3.89-3.86 (m, 0.5H), 3.74-3.71 (m, 0.5H),
3.23,3.0 (2br t, 0.5X2H, J=11.2 Hz, partially overlapping
with the next signal), 3.06-2.77 (m, 3H), 2.67-2.55 (m, 1H),
1.99-1.59 (m, 4H); "*C NMR (75.5 MHz, CDCl3) 6 173.7,
173.4, 164.4, 164.3, 156.9, 135.8, 135.8, 135.7, 129.1,
129.0, 128.6, 128.3, 128.3, 128.1, 127.3, 76.8, 76.6, 66.5,
55.3, 44.8, 44.5, 42.0, 41.8, 41.0, 41.0, 40.9, 40.3, 28.4,
282, 27.5, 27.5; [a)y =—91.2 (¢ 1.28, CHCl3); FT-IR
(CHCl3) vmax 3452, 3036, 3007, 1771, 1730, 1653, 1456,
1387, 1313, 1271, 1238, 1209, 1173, 1038, 1011, 756, 737,
698, 667 cm™'; HRMS (EI): found M* 422.1845,
CpyHogN,Os requires M* 422.1842. Anal. Caled for
CagHoN,Os: C, 68.23; H, 6.20; N, 6.63; found: C, 67.99;
H, 6.20; N, 6.55.

4.4.2. N-{N-[(4S,5R)-4-benzyl-1,3-oxazolidin-2-one-5-
carbonyl]piperidine-4-carboxyl}-(R)-1-phenethyl amide
15. To a solution of oxazolidinone 14 (141.1 mg,
0.334 mmol) in MeOH (3.0 mL) and water (0.35 mL) was
added 5% Pd-C (15.2 mg), and the reaction mixture was
stirred for 3 h under H, atomosphere. The reaction mixture
was purged with Ar, then filtered through a pad of Celite®
with MeOH. After evaporation, the resulting oil was diluted
with AcOEt, and washed consecutively with water and
brine. After the organic layer was dried over NaySQy, the
solvent was removed under reduced pressure. To a solution
of this carboxylic acid in DMF (4.0mL) was added
HOBt-H,0 (61.3mg, 0.401 mmol) and EDC-HCI
(61.3 mg, 0.401 mmol) at 0°C. After the mixture was
stirred for 0.5 h at the same temperature, (R)-a-methyl-
benzylamine (51.6 pL, 0.401 mmol) was added dropwise.
The reaction mixture was stirred for overnight at room
temperature, then diluted with AcOEt and washed with 5%
citric acid aq, 5% NaHCO; aq, water and brine, and dried
over Na,SO4. The solvent was removed under reduced
pressure and the resulting crude product was purified by
preparative TLC (CHCly/MeOH=10:1, 2 times develop-
ment) to yield amide 15 as a white powder (133.7 mg, 92%
for 2 steps). Recrystalization of the obtained white
powder from CHCI; afforded the white needles, which
was analyzed by X-ray crystallography. Ry=0.34 (CHCl3/
MeOH=10:1); mp 190-191 °C; '"H NMR (400 MHz,
CDCly) 6 7.37-7.20 (m, 10H), 5.75 (br d, 0.5H, J=
8.1 Hz), 5.72 (br 4, 0.5H, J=84Hz), 5.13 (q, 0.5H, J=
6.8 Hz), 5.11 (q, 0.5H, J=7.0 Hz), 5.06 (s, 0.5H), 5.05 (s,
0.5H), 4.81 (d, 0.5H, J=5.5 Hz), 4.79 (d, 0.5H, J=5.7 Hz),
4.69-4.64 (m, 1H), 4.56-4.52 (m, 0.5H), 4.454.39 (m,
0.5H), 3.95-3.99 (m, 0.5H), 3.87-3.82 (m, 0.5H), 3.16, 2.87
(2ddd, 0.5X2H, J=14.3, 11.5, 2.9 Hz, partially over-
lapping with the next signal), 3.01-2.67 (m, 3H), 2.39-
2.29 (m, 1H), 1.94-1.54 (m, 4H), 1.50 (d, 0.5X3H, J=
7.0 Hz), 1.48 (d, 0.5X3H, J=6.8 Hz); '*C NMR
(75.5 MHz, DMSO-dg) 6 172.8, 165.6, 165.5, 157 .4,
145.0, 144.8, 136.3, 136.2, 129.6, 129.5, 128.6, 128.3,
126.8, 126.6, 125.8, 74.3, 74.1, 55.8, 55.5, 47.6, 44.0, 41.4,
41.3, 28.9, 28.1, 27.7, 22.5; [a)% = +9.4 (c 1.05, MeOH);
HRMS (EI): found M™ 435.2157, C,sHooN30, requires
M™* 435.2158.

4.4.3. Crystallography of amide 15. Diffraction data for 15
were collected on a Rigaku AFC7R diffractometer with
graphite monochromated Cu K. radiation (A=1.54178 A)

and a rotating anode generator. All calculations were
performed using the teXsan crystallographic software
package of Molecular Structure Corporation. Formula
Ca5H29N30,, formula weight=435.52, orthorhombic,
space group P2,2;2; (#19), a=17.986(2), b=23.841(2),
¢=5.269(3) A, V=2259(1) A%, Z=4, D¢qc=1.280 glem®,
Fooo=928.00, u(CuKo)=7.10cm™"'. Total of 1554
unique reflections (complete for 20<110°) was used in
the solution and refinement of structure. The structure was
solved by direct methods using SAPI91,* and expanded
using Fourier techniques with DIRDIF94 program.*® The
final refinement was done by the full-matrix least-squares
method with anisotropic thermal parameters for all non-
hydrogen atoms, and hydrogen atoms were included but not
refined. The final R value was 0.238 (R,,=0.087).

4.4.4. Benzyl N-[(4S,5R)-4-benzyl-(3-phenylpropionyl)-
1,3-oxazolidin-2-one-5-carbonyl]piperidine-4-carboxyl-
ate 16. To a solution of 3-phenylpropionic acid (6.8 g,
45.2 mmol) in anhydrous THF (100 mL) was added Et;N
(12.2 mL, 87.0 mmol) and trimethylacetylchloride (5.2 mL,
41.8 mmol) dropwise at -18 °C. The reaction mixture was
stirred at the same temperature for 0.5 h, then anhydrous
LiCl (1.6 g, 38.3 mmol) was added, followed by the slow
addition of a solution of oxazolidinone 14 (14.7 g,
34.8 mmol) in anhydrous THF (75 mL). After the addition
was completed, the reaction mixture was stirred overnight at
room temperature. The solution was poured into ice-cold
satd NaHCOj3 aq and the organic phase was extracted with
AcOFEt, washed with water and brine, and dried over
Na,SO,. The solvent was removed under reduced pressure,
and the resulting oil was applied to silica-gel column
chromatography (n-hexane/AcOEt=4:1) to yield the
desired compound 16 as a white solid (18.5 g, 96%). R¢=
0.52 (n-hexane/AcOEt=1:1); mp 39-41 °C, 'H NMR
(400 MHz, CDCl3) 6 7.40-7.18 (m, 15H), 5.14, 5.10 (2d,
0.5%2H, J=12.3 Hz), 5.09 (s,0.5X 2H), 4.88 (d, 0.5H, J=
4.4 Hz), 4.87 (d, 0.5H, J=4.4 Hz), 4.71-4.65 (m, 1H), 4.19
(dt,0.5H, J=13.7,4.0 Hz), 4.13 (dt, 0.5H, J=13.4,4.2 Hz),
3.45-3.18 (m, 3H), 3.08-2.94 (m, 2H), 2.83-2.33 (m, 5H),
1.92-1.86 (m, 1H), 1.65-1.39 (m, 2H and 0.5H), 1.19-1.09
(m, 0.5H); '*C NMR (75.5 MHz, CDCl;) ¢ 173.1, 171.9,
164.7, 164.5, 152.4, 152.3, 140.2, 135.6, 135.5, 135.0,
1294, 1293, 129.2, 129.1, 1284, 128.3, 128.3, 128.2,
128.2, 127.9, 127.9, 127.5, 126.0, 71.7, 71.5, 66.3, 59.2,
58.8, 43.3, 43.1, 41.5, 41.4, 40.2, 40.1, 37.6, 37.5, 36.9,
36.9, 30.0, 28.0, 27.9, 27.2; [a}y’ = — 16.7 (¢ 2.09, CHCl);
FT-IR (CHCl3) vnax 3040, 3007, 1794, 1728, 1701, 1659,
1497, 1454, 1379, 1310, 1292, 1263, 1244, 1171, 1103,
1078, 1030, 694 cm™}; HRMS (EI): found M* 554.2410,
Cia3HaN,0¢ requires M* 554.2416. Anal. Caled for
C33Ha4N,0g: C, 71.46; H, 6.18; N, 5.05; found: C, 71.28;
H, 5.99; N, 5.34.

4.4.5. Deuterium labeling study of the carboximide 16.
Under Ar atmosphere, the solution of the carboximide 16
(142.4 mg, 0.257 mmol) in anhydrous THF (2.6 mL) was
cooled to —78 °C (MeOH-dry ice bath), and LDA (1.8 M
solution in heptane / THF / ethylbenzene, 0.17 mL,
0.31 mmol) was added dropwise. After stirring for 0.5 h at
the same temperature, acetic acid-d (99at.% D) (0.30 mL,
5.14 mmol) was added slowly, then cooling bath was
removed and the reaction mixture was stirred for 1 h at room
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temperature. The solution was poured into ice-cold satd
NH,4C! aq and the organic phase was extracted with AcOEt,
washed with 5% NaHCO; aq, water and brine, and dried
over Na,S0O,4. The solvent was removed under reduced
pressure, and the resulting oil was subjected to preparative
TLC (n-hexane/AcOEt=1:1) to yield the products as a
white powder (125.7 mg, 88%). The content of deuterium-
incorporated 17 was detected by NMR. Ry=0.53 (n-hexane/
AcOEt= 1:1); mp 39-40 °C; "H NMR (400 MHz, CDCl,) 6
7.40-7.18 (m, 15H), 5.14, 5.10 (2d, 0.5 X2H, J=12.3 Hz),
5.09 (s, 0.5 X 2H), 4.88 (d, 0.5H, J=4.6 Hz), 4.87 (d, 0.5H,
J=4.6 Hz), 4714.64 (m, 1H), 4.19 (dt, 0.5H, J=13.6,
4.0 Hz), 4.13 (dt, 0.5H, J=13.2, 4.0 Hz), 3.44-3.18 (m,
2.24H), 3.06-2.94 (m, 2H), 2.83-2.33 (m, 5H), 1.91-1.86
(m, 1H), 1.64-1.38 (m, 2H and 0.5H), 1.18-1.08 (im, 0.5H);
*H NMR (400 MHz, CHCl3) 6 3.32 (s, 0.76D); '*C NMR
(75.5 MHz,CDCl3) 6 173.3,172.1,164.8,164.6, 152.5, 152 4,
140.3, 135.7, 135.6, 135.2, 129.5, 129.5, 129.3, 129.3, 128.6,
128.5,128.4,128.4,128.1,127.7, 126.2,71.8,71.6,66.5,59.2,
58.9,43.5,43.3,41.7,41.6,40.3,37.8,37.7,37.1,37.0, 36.7 (,
J=19.9 Hz), 30.1, 30.1, 28.2, 28.0, 27.3; [a]h = —14.8 (¢
1.69, CHCly); FT-IR (CHCl3) vax 1792, 1732, 1703, 1661,
1454,1371,1236,1196, 1186,1173,797,725,700,673 cm™ !,
HRMS (EI): found M ™ 555.2482, C33H33DN,O¢ requires
M* 555.2479. Anal. Calcd for C33H33DN,0q: C, 71.33;
H+D, 6.35; N, 5.04; found: C, 71.17; H+ D, 6.29; N, 5.01.

4.5, Preparation of the Wang resin-supported
oxazolidinone 23 by Fmoc-based solid-phase synthesis

Wang resin (0.80 mmol/g resin) (5.0g, 4.0 mmol) in a
cap-fitted reaction vessel was washed with CH,Cl, (20 mL,
X5), then Fmoc-piperidine-4-carboxylic acid 20 (4.2 g,
12.0 mmol) and CH,Cl, (30 mL) were charged. DIPCDI
(1.9 mL, 12.0 mmol) was added, followed by the addition of
DMAP (48.7 mg, 0.4 mmol). The heterogeneous reaction
mixture was vigorously shaken for 2 h at room temperature,
then filtered and washed with DMF (20 mL, X5). The
obtained white resin 21 was then washed with piperidine in
DMF (20%, v/v) (20 mL, X 5) and treated with piperidine in
DMEF (20%, v/v) (30 mL) for 0.5 h at room temperature. The
solvent and reagent were drained and the resin was washed
with DMF (20 mL), CHCl3 (20 mL), DMF (20 mL) (X5,
sequentially). Next, Fmoc-Pns-OH (5.0 g, 12.0 mmol),
HOBt-H,0 (1.8 g, 12.0 mmol), DMF (30 mL) and DIPCDI
(1.9 mL, 12.0 mmol) were added, and the heterogenious
reaction mixture was vigorously shaken for 2h at
room temperature, then filtered and washed with DMF
(20 mL, X5). The aliquot of the resultant resin 22 was
applied to the Kaiser-Test*’ to check the reaction progress.
Starting secondary amine resin was positive (pale orange),
whereas the dipeptide-bound resin 22 was negative (color-
less). The obtained resin 22 was washed with piperidine in
DMEF (20%, viv) (20 mL, X 5) and treated with piperidine in
DMF (20%, v/v) (30 mL) for 0.5 h at room temperature. The
solvent and reagent were drained and the resin was washed
with DMF (20 mL), CHCl3 (20 mL), DMF (20 mL) (X5,
sequentially). The obtained amino alcohol resin was washed
with THF (20 mL, X5), then CDI (1.9 g, 12.0 mmol) and
anhydrous THF (30 mL) were added. The heterogenious
reaction mixture was vigorously shaken for 3h at
room temperature, then filtered and washed with THF
(20 mL, X5). Kaiser-Test of the starting primary amine

resin was positive (blue), whereas the oxazolidinone resin
23 was negative (colorless). The obtained resin was washed
with CHCl3 (20 mL) and MeOH (20 mL) (X5, sequen-
tially), then overnight drying in vacuo afforded the desired
pale yellowish oxazolidinone resin 23 (6.3 g) with loading
rate of 0.61 mmol/g.

4,5.1. O-Wang resin-supported N-[(9H-9-fluorenyl-
methoxy)carbonyl]piperidine-4-carboxylic acid 21.
FT-IR (KBr) vmax 1736, 1719 cm ™1,

4.5.2, O-Wang resin-supported N-((2R,3S)-3-{[(9H-9-
fluorenylmethoxy)carbonyl]amino}-2-hydroxy-4-
phenylbutanoyl)piperidine-4-carboxylic acid 22, FT-IR
(KBr) Vimax 3398, 1733, 1718, 1638 cm ™.

4.5.3. O-Wang resin-supported N-[(4S,5R)-4-benzyl-1,3-
oxazolidin-2-one-3-carbonyl]piperidine-4-carboxylic
acid 23. FT-IR (KBr) vy 1763, 1740, 1655 cm ™.

4.5.4. Methanolysis of the oxazolidinone resin 23 to
afford the methyl N-[(4S,5R)-4-benzyl-1,3-oxazolidin-2-
one-5-carbonyl]piperidine-4-carboxylate 24, Oxazolidi-
none-loaded resin 23 (129.9 mg, 0.083 mmol) was swollen
in anhydrous THF (0.85mL) and anhydrous MeOH
(0.85mL), then potassium carbonate (22.9 mg,
0.166 mmol) was added in one portion at 0°C. The
heterogeneous reaction mixture was gently stirred for 2 h
at room temperature. The reaction was quenched by the
addition of satd NH4Cl aqg, and the resultant resin was
removed by filtration. The filtrate was extracted with
AcOEt, and washed with water and brine, then dried over
Na,SOy4. After solvent removal, the remaining crude oil was
purified by preparative TLC (n-hexane/AcOEt=1:10) to
yield the oxazolidinone methyl ester 24 as a white solid
(27.4mg, 95% in 6 steps from Wang resin). R;=0.30
(n-hexane/AcOEt=1:5); mp 39-40°C; 'H NMR
(400 MHz, CDCl;) 6 7.36-7.21 (m, 5H), 5.73 (br s, 1H),
4.82(d, 0.5H, J=5.5 Hz), 4.80 (d, 0.5H, /=5.5 Hz), 4.67-
4.62 (m, 1H), 4.39-4.34 (m, 0.5H), 4.19 (dt, 0.5H, J=13.6,
4.0 Hz), 3.83-3.79 (m, 0.5H), 3.70-3.65 (m, 0.5H, partially
overlapping with the next signal), 3.70 (s, 0.5 X 3H), 3.68 (s,
0.5X3H), 3.20, 3.00 (2ddd, 0.5 X 2H, J=14.1, 10.6, 3.1 Hz,
partially overlapping with the next signal), 2.99-2.78 (m,
3H), 2.61-2.50 (m, 1H), 1.96-1.54 (m, 4H); '*C NMR
(75.5MHz, CDCl3) ¢ 174.3, 174.1, 164.5, 164.4, 157.1,
135.8, 135.7, 129.1, 128.8, 127.1, 76.4, 76.3, 55.4, 55.3,
51.8, 44,7, 44.4, 41.9, 41.7, 40.8, 40.7, 40.6, 40.1, 28.3,
28.1,27.4; [a]5 = — 104.4 (¢ 0.55, CHCl,); FT-IR (CHCls)
Vmax 3454, 3007, 2955, 1771, 1732, 1655, 1456, 1437, 1383,
1317, 1269, 1240, 1194, 1177, 1040, 1015, 760, 745 cm ™ ';
HRMS (EI): found M™ 346.1526, C;3H»N,0s requires
M™ 346.1528. Anal. Caled for C;5H,N,05:0.25H,0: C,
61.61; H, 6.46; N, 7.98; found: C, 61.99; H, 6.26; N, 7.96.

4.6. General procedure for N-acylation of the Wang
resin-supported oxazolidinone resin 23, solid-phase
asymmetric alkylation, lithium hydroperoxide-mediated
hydrolysis, and the derivatization to the (S)-phenyl-
ethylamide for enantiomeric excess determination

Oxazolidinone-loaded resin 23 in a polystyrene reactor was
washed with CH,Cl, (X5), then the corresponding
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carboxylic acid (3.0 equiv), 2-chloro-1-methylpyridinium
jodide (3.0 equiv) and anhydrous CH>Cl, (0.08 mmol resin/
mL) were added. The mixture was shaken for 10 min,
followed by the addition of Et;N (5.0 equiv) and DMAP
(0.3 equiv). The reaction mixture was shaken for 2h at
room temperature and filtered, then the resultant resin was
washed with CH,Cl, (X 5). The reaction was repeated once
again, and the obtained resin was washed with DMF, CHCl,
and MeOH (X5, sequentially), then overnight drying in
vacuo afforded the desired carboximide resin 25. Under Ar
atmosphere, carboximide resin 25 in a glass reaction vessel
was swollen in THF (20 mL/mmol resin) for 10 min at room
temperature, and the heterogeneous mixture was cooled to
—78 °C (MeOH-dry ice bath), followed by the dropwise
addition of 1.0 M THF solution of NaHMDS (3.0 equiv).
After continuously stirring for 1 h at the same temperature,
the corresponding alkyl halide (10.0 equiv) was added. The
temperature of the reaction mixture was gradually increased
up to 0 °C over 12 h with gentle stirring, then quenched by
the addition of satd NH4Cl aq, and tri-phase reaction
mixture was stirred for additional 15 min. at 0°C. The
resultant resin was separated from the reaction mixture by
filtration, followed by washing with THF-H,O (1:1), THF
and MeOH (X5, sequentially). Then, the resin was dried
well in the desiccator under reduced pressure for 3 h. THF-
H,O (3:1, v/v) (0.05 mmol resin/mL) was added to the
a-alkylated carboximide resin, and the resin was swollen for
10 min. at 0 °C. Next, 30% aqueous H,0, (6.0 equiv) and
LiOH-H,0 (3.0 equiv) were added. After gentle stirring for
2 h at the same temperature, the reaction was quenched by
the addition of 1.5 N NaHSO; aq, and the deacylated resin
was filtered off.' The filtrate was acidified to pH 2 with 1N
HCI aq, and extracted with AcOEt. The extract was washed
with brine, and dried over Na,SOy. After removal of the
solvent under reduced pressure, the residue was purified by
preparative TLC to yield the desired a-alkylated carboxylic
acids 26. The recovered oxazolidinone resin 23 was washed
with THF, CHCl; and MeOH (X 5, sequentially), then dried
in the desiccator under reduced pressure. Determination of
the enantiomeric excess of the obtained carboxylic acids 26
was carried out by derivatization to the corresponding (S)-
phenylethyl amides and chiral HPLC analysis. To a 0.05M
solution of the acids 26 in DMF was added HOBt -H,0
(1.2 equiv) and EDC-HCI (1.2 equiv) at 0 °C. The mixture
was stirred for 0.5 h at the same temperature, and (§)-
phenylethylamine (1.2 equiv) was added dropwise. The
reaction mixture was stirred overnight at room temperature,
then diluted with AcOEt and washed with 5% citric acid aq,
5% NaHCOj5 aq, water and brine, and dried over Na,SO4.
The solvent was removed under reduced pressure, and the
resulting amide was subjected to the HPLC analysis without
any purification, Enantiomeric excess was calculated from
the peak areas of the corresponding two diastereomers.

4.6.1. (S)-2-Benzylpropanoic acid 26a. The title com-
pound 26a was obtained according to the general procedure
using the oxazolidinone resin 23 (277.5 mg, 0.169 mmol).
Purification by preparative TLC (n-hexane/AcOEt=1:1)
gave 26a as a colorless oil (16.8 mg, 61% yield in 3 steps
from oxazolidinone resin 23). Ry=0.63 (n-hexane/AcOEt=
1:1); '"H NMR (300 MHz, CDCl3) 6 7.32-7.17 (in, 5H), 3.08
(dd, 1H, J=13.0, 6.1 Hz), 2.83-2.71 (m, 1H), 2.67 (dd, 1H,
J=13.0, 79Hz), 1.18 (d, 3H, J=6.8Hz); ')C NMR

(75.5 MHz, CDCl;) & 181.7, 139.0, 129.0, 128.4, 126.4,
41.1, 39.3, 165; [a]¥=+20.6 (c 0.87, CHCly): 1it,*
[alp= +25.5 (¢ 1.00, CHCl3); FT-IR (CHCl3) ;0 3038,
2980, 1709, 1454, 1238, 719, 698, 675 cm™'; HRMS (EI):
found M* 164.0838, C;oH;,0, requires M+ 164.0837.
Anal. Caled for C,oH,202: C, 73.15; H, 7.37; found: C,
73.25; H, 7.47. Enantiomeric excess was 85% ee determined
by chiral HPLC analysis of the corresponding (S)-a-
methylbenzylamine-derived amide with Chiralcel® OD
normal phase column (n-hexane/EtOH=30/1, 1.0 mL/
min, 230 nm), major isomer=13.1 min, minor isomer=
16.8 min.

4.6.2. (S)-2-Benzylbutanoic acid 26b. The title compound
26b was obtained according to the general procedure using
the oxazolidinone resin 23 (193.8 mg, 0.118 mmol). Puri-
fication by preparative TLC (CHCly/MeOH=10:1) gave
26b as a colorless oil (10.6 mg, 50% yield in 3 steps from
oxazolidinone resin 23). Ry=0.53 (CHCl;/MeOH=10:1);
'H NMR (300 MHz, CDCl3) 6 7.30-7.16 (m, 5H), 2.98 (dd,
1H, J=13.6, 7.7 Hz), 2.75 (dd, 1H, J=13.6, 6.8 Hz), 2.66-
2.57 (m, 1H), 1.72-1.54 (m, 2H), 0.96 (t, 3H, J=7.3 Hz),
3¢ NMR (75.5 MHz, CDCl3) 6 181.3, 139.1, 128.9, 128.4,
126.4, 48.8, 37.7, 24.7, 11.6; [a]i¥=+30.7 (c 0.86,
benzene): lit,* [a]d'=+34.7 (c 8.45, benzene); FT-IR
(CHCl3) vpmay 1707, 1462, 1383, 1096, 899, 696, 652 cm ™~ I
HRMS (EI): found M7 178.0999, C,,H,40, requires M+
178.0994. Anal, Caled for C;;H 402 C, 74.13; H, 7.92;
found: C, 73.99; H, 7.99. Enantiomeric excess was 88% ee
determined by chiral HPLC analysis of the corresponding
(S)-a-methylbenzylamine-derived amide with Chiralcel
OD normal phase column {n-hexane/EtOH=30/1, 1.0 mL/
min, 230 nm), major isomer=11.3 min, minor isomer=
16.1 min.

4.6.3. (S)-2-Benzyl-4-pentenoic acid 26c. The title com-
pound 26¢ was obtained according to the general procedure
using the oxazolidinone resin 23 (302.1 mg, 0.184 mmol).
Purification by preparative TLC (CHCly/MeOH=10:1)
gave 26¢ as a colorless oil (23.8 mg, 68% yield in 3 steps
from oxazolidinone resin 23). Ry=0.50 (CHCl3/MeOH =
10:1); 'H NMR (300 MHz, CDCly) ¢ 7.31-7.16 (m, 5H),
5.78 (ddt, 1H, J=17.1, 10.3,7.0 Hz), 5.12-5.05 (m, 2H),
3.03-2.94 (m, 1H), 2.82-2.72 (m, 2H), 2.44-2.25 (m, 2H);
13C NMR (75.5 MHz, CDCI;) 6 180.7, 138.8, 134.7, 128.9,
128.5,126.5, 117.5,46.9,37.3,35.6; [a]F = +24.0 (¢ 1.27,
CHCly): lit.,*® [a}F=+19.2 (c 12.2, CHCl); FT-IR
(CHCl3) vpux 3084, 3067, 3038, 1709, 922, 802, 775, 764,
746, 739, 729, 721, 700, 675, 667 cm ™ !; HRMS (EI): found
M™ 190.0989, C;,H,,0, requires M™ 190.0994. Anal.
Calcd for Cy,H,405: C, 75.76; H, 7.42; found: C, 75.50; H,
7.50. Enantiomeric excess was 96% ee determined by chiral
HPLC analysis of the corresponding (S)-a-methylbenzyl-
amine-derived amide with Chiralcel© OD normal phase
column (n-hexane/BEtOH=230/1, 1.0 mL/min, 230 nm),
major isomer=11.6 min, minor isomer=15.2 min.

4.6.4. (5)-2-Benzyl-4-pentynoic acid 26d. The title com-
pound 26d was obtained according to the general procedure
using the oxazolidinone resin 23 (206.9 mg, 0.126 mmol).
Purification by preparative TLC (CHCl/MeOH = 10:1) gave
26d as a colorless oil (14.7 mg, 62% yield in 3 steps from
oxazolidinone resin 23). Re=0.44 (CHCl3/MeOH=10:1); 'H



3830 T. Kotake et al. / Tetrahedron 61 (2005) 3819-3833

NMR (300 MHz, CDCl3) 6 7.31-7.20 (i, 5H), 3.09 (dd, 1H,
J=13.4, 6.6 Hz), 2.99-2.85 (m, 2H), 2.44 (dd, 2H, J=64,
2.6 Hz), 2.06 (t, 1H, J=2.6Hz); '°C NMR (75.5 MHz,
CDCl3) 6 179.5, 138.1, 129.0, 128.5, 126.7, 80.9, 70.6, 45.9,
36.3, 20.0; [a)y=—10.9 (c 1.24, CHCl3); FT-IR (CHCI;)
Vmax 3308, 1719, 1217, 1200, 770, 700, 671 cm™'; HRMS
(EI): found M™* 188.0835, C;5H ;505 requires M+ 188.0837.
Anal. Calcd for Cy,H,,0,'0.25H,0: C, 74.78; H, 6.54; found:
C, 75.14; H, 6.57. Enantiomeric excess was 96% ee
determined by chiral HPLC analysis of the corresponding
(S)-a-methylbenzylamine-derived amide with Chiralcel® OD
normal phase column (n-hexane/EtOH =30/1, 1.0 mL/min,
230 nm), major isomer=16.4 min, minor isomer=18.6 min,

4.6.5. (R)-2-Benzyl-4-ethoxy-4-oxobutanoic acid 26e. The
title compound 26e was obtained according to the general
procedure using the oxazolidinone resin 23 (259.8 mg,
0.158 mmol). Purification by preparative TLC (CHCly/
MeOH=10:1) gave 26e as a colorless oil (23.1 mg, 62%
yield in 3 steps from oxazolidinone resin 23). R;=0.41
(CHCI3/MeOH=10:1); '"H NMR (300 MHz, CDCl,) 6
7.32-7.17 (m, 5H), 4.11 (q, 2H, J="7.2 Hz), 3.21-3.10 (m,
2H), 2.83-2.74 (m, 1H), 2.64 (dd, 1H, J=17.0, 8.9 Hz),
2.41 (dd, 1H, J=17.0, 4.6 Hz), 1.22 (t, 3H, J="7.2 Hz); 1*C
NMR (75.5 MHz, CDCl;) ¢ 179.5, 171.7, 137.9, 129.1,
128.6, 126.8, 60.8, 42.8, 37.4, 34.8, 14.1; []®¥= +10.6 (¢
1.15, CHCL3): lit.,” [a]= +10.0 (c 2.9, CHCl,); FT-IR
(CHCl3) vy 1732, 1717, 910,777, 754, 739, 721, 700, 679,
652 cm™'; HRMS (EI): found M* 236.1051, C,3H;40,4
requires M ¥ 236.1048. Anal. Calcd for Cy3H,404: C, 66.09;
H, 6.83; found: C, 65.93; H, 6.81. Enantiomeric excess was
92% ee determined by chiral HPLC analysis of the
corresponding (S§)-a-methylbenzylamine-derived amide
with Chiralcel® OD normal phase column (n-hexane/
EtOH=30/1, 1.0 mL/min, 230 nm), major isomer=
15.7 min, minor isomer= 16.6 min.

4.6.6. (R)-2-Benzylpropanoic acid 26f. The title compound
26f was obtained according to the general procedure using
the oxazolidinone resin 23 (236.5 mg, 0.144 mmol). Puri-
fication by preparative TLC (n-hexane/AcOEt=1:1) gave
26f as a colorless oil (16.6 mg, 70% yield in 3 steps from
oxazolidinone resin 23). R;=0.63 (n-hexane/AcOEt=1:1);
"H NMR (300 MHz, CDCl3) 6 7.31-7.17 (m, 5H), 3.08 (dd,
1H, /=13.0, 6.1 Hz), 2.80-2.70 (m, 1H), 2.67 (dd. 1H, J=
13.0, 7.9 Hz), 1.18 (d, 3H, J=6.8Hz); "*C NMR
(75.5 MHz, CDCl3) 6 182.3, 139.0, 129.0, 128.4, 1264,
41.2, 39.3, 16.5; [a}F=—30.7 (¢ 1.04, CHCLy): Iit.,*!
[a]# = —30.1 (¢ 1.00, CHCl3); FT-IR (CHCl3) ¥,y 1707,
1464, 1381, 1231, 893, 800, 694, 648 cm™'; HRMS (EI):
found M™ 164.0830, C;oH;20, requires M¥ 164.0837.
Anal. Caled for CioH;,0,: C, 73.15; H, 7.37; found: C,
72.94; H, 7.31, Enantiomeric excess was 97% ee determined
by chiral HPLC analysis of the corresponding (S)-a-
methylbenzylamine-derived amide with Chiralcel® OD
normal phase column (n-hexane/EtOH=30/1, 1.0 mL/
min, 230 nm), major isomer=16.8 min, minor isomer=
13.1 min.

4.6.7. (R)-3-(4-Bromophenyl)-2-methylpropanoic acid
26g. The title compound 26g was obtained according to
the general procedure using the oxazolidinone resin 23
(185.5 mg, 0.113 mmol). Purification by preparative TLC

(CHCI3/MeOH=10:1) gave 26g as a white powder
(18.6 mg, 68% yield in 3 steps from oxazolidinone resin
23). R¢=0.55 (CHCly/MeOH=10:1); mp 60-62°C: 'H
NMR (300 MHz, CDCl5) § 7.41 (d, 2H, J=8.4 Hz), 7.06 (d,
2H, J=8.4Hz), 3.01 (dd, 1H, J=13.0, 6.4 Hz), 2.77-2.68
(m, 1H), 2.64 (dd, 1H, J=13.0, 7.5Hz), 1.18 (d, 3H, J=
6.8 Hz); '*C NMR (75.5MHz, CDCly) 6 181.1, 138.0,
131.5,130.7, 120.3, 40.9, 38.7, 16.6; [a]y = —26.4 (¢ 1.02,
CHCl,); FT-IR (CHCl3) v4x 3030, 1711, 1466, 1381, 1231,
1215, 1097, 893, 800, 787, 750, 733, 725, 696, 677,
654 cm ™' HRMS (EI): found M* 241.9949, C,oH;;BrO,
requires M 241.9942. Anal. Caled for CoHBrO;: C,
49.41; H, 4.56; found: C, 49.56; H, 4.66. Enantiomeric
excess was 97% ee determined by chiral HPLC analysis of
the corresponding (S)-a-methylbenzylamine-derived amide
with Chiralcel® OD normal phase column (n-hexane/
EtOH=50/1, 1.0 mL/min, 230 nm), major isomer=
30.8 min, minor isomer=27.5 min.

4.6.8. (R)-3-(4-Nitrophenyl)-2-methylpropanoic acid
26h. The title compound 26h was obtained according to
the general procedure using the oxazolidinone resin 23
(256.2 mg, 0.156 mmol). Purification by preparative TLC
(CHCI3/MeOH = 10:1) gave 26h as a pale yellowish powder
(21.2 mg, 65% yield in 3 steps from oxazolidinone resin 23).
R¢=0.44 (CHCl3/MeOH = 10:1); mp 101-103 °C; 'H NMR
(300 MHz, CDCls) ¢ 8.16 (d, 2H, J=8.8 Hz), 7.36 (d, 2H,
J=8.8 Hz), 3.15 (dd, 1H, J=16.5, 9.9 Hz), 2.86-2.77 (m,
2H), 1.23 (d, 3H, J=6.6 Hz); '>C NMR (75.5 MHz, CDCl,)
6 181.0, 146.9, 146.7, 129.8, 123.7, 40.8, 39.0, 16.8;
[a]B = —~36.9 (c 1.14, CHCl3); FT-IR (CHCI3) vppax 1713,
1607, 1522, 1464, 1381, 1348, 1231, 1097, 895, 733, 694,
648 cm™'; HRMS (EI): found M* 209.0683, C,oH;,NO,
requires M for 209.0688. Anal. Caled for CoH;NO,: C,
57.41; H, 5.30; N, 6.70; found: C, 57.58; H, 5.39; N, 6.72.
Enantiomeric excess was 97% ee determined by chiral
HPLC analysis of the corresponding (S)-a-methylbenzyl-
amine-derived amide with Chiralcel® OD normal phase
column (n-hexane/EtOH=20/1, 1.0 mL/min, 230 nm),
major isomer = 33.2 min, minor isomer=37.5 min.

4.6.9. (R)-3-(2,4-Dichlorophenyl)-2-methylpropanoic
acid 26i. The title compound 26i was obtained according
to the general procedure using the oxazolidinone resin 23
(251.2 mg, 0.153 mmol). Purification by preparative TLC
(CHCIs/MeOH=10:1) gave 26i as a pale yellowish oil
(25.3 mg, 71% yield in 3 steps from oxazolidinone resin 23).
R;=0.56 (CHCly/MeOH=10:1); '"H NMR (300 MHz,
CDCly) 4 7.37 (m, 1H), 7.16-7.15 (m, 2H), 3.12 (dd, 1H,
J=12.8, 6.6 Hz), 2.90-2.82 (m, 1H), 2.79 (dd, 1H, J=12.8,
7.2 Hz), 1.22 (d, 3H, J=6.8 Hz); °C NMR (75.5 MHz,
CDCl3) 6 181.9, 1354, 134.9, 133.0, 132.0, 129.4, 127.0,
39.3, 363, 16.8; [a]y =—44.9 (¢ 1.00, CHCl3); FT-IR
(CHCl3) vnax 1709, 1474, 1383, 1103, 901, 870, 802, 725,
712, 677, 652 cm™}; HRMS (EI): found M* 232.0055,
CioH9Cl,0, requires M™ 232.0058. Anal. Caled for
CioH,0Cl1,0,: C, 51.53; H, 4.32; found: C, 51.68; H, 4.44,
Enantiomeric excess was 97% ee determined by chiral
HPLC analysis of the corresponding (S)-a-methylbenzyl-
amine-derived amide with Chiralcel® OD normal phase
column (#-hexane/EtOH=70/1, 1.0 mL/min, 230 nm),
major isomer=24.2 min, minor isomer=21.7 min.
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4.6.10. (R)-2-Phenoxy-4-pentenoic acid 26j. The title
compound 26j was obtained according to the general
procedure using the oxazolidinone resin 23 (284.0 mg,
0.173 mumol). Purification by preparative TLC (CHCIy/
MeOH=10:1) gave 26j as a white solid (16.7 mg, 50%
yield in 3 steps from oxazolidinone resin 23). Ry=0.48
(CHCl3/MeOH = 10:1); mp 30-31 °C; 'H NMR (400 MHz,
CDCl3) 6 9.19 (br s, 1H), 7.31-7.25 (m, 2H), 7.02-6.98 (m,
1H), 6.90 (dd, 2H, /=8.8, 1.1 Hz), 5.91 (ddt, 1H, /=170,
10.3, 7.0 Hz), 5.21 (dd, 1H, J=17.0, 1.6 Hz), 5.16 (dd, 1H,
J=103, 1.6 Hz), 4.72 (t, 1H, J=6.2 Hz), 2.72-2.76 (m,
2H); *C NMR (75.5 MHz, CDCl5)? 6 176.5, 157.4, 131.9,
129.6,122.1,119.0,115.3,75.9, 36.8; [a]5' = +7.9 (¢ 1.96,
CHCl3); FT-IR (CHCI3) ¥ 1732, 1599, 1495, 1238, 771,
750, 735, 691 cm~'; HRMS (EI): found M* 192.0782,
Cy,H,,05 requires M* 192.0786. Anal. Calcd for
C;1H 203 C, 68.74; H, 6.29; found: C, 68.49; H, 6.34.
Enantiomeric excess was 96% ee determined by chiral
HPLC analysis of the corresponding (S)-o-methylbenzyl-
amine-derived amide with Chiralcel® OD normal phase
column (n-hexane/EtOH=150/1, 1.0 mL/min, 230 nm),
major isomer==8.3 min, minor isomer=9.8 min.

4.6.11. (S)-3-(2,4-Dichlorophenyl)-2-methylpropanoic
acid 26k. The title compound 26k was obtained according
to the general procedure using the oxazolidinone resin 23
(208.5 mg, 0.127 mmol). Purification by preparative TLC
(CHCl3/MeOH = 10:1) gave 26k as a colorless oil (17.4 mg,
59% yield in 3 steps from oxazolidinone resin 23). Ry=0.52
(CHCl3/MeOH = 10:1); 'TH NMR (300 MHz, CDCl,) 6 7.37
(m, 1H), 7.17-7.16 (m, 2H), 3.12 (dd, 1H, /=12.8, 6.6 Hz),
2.90-2.80 (m, 1H), 2.79 (dd, 1H, J=12.8, 7.3 Hz), 1.22 (4,
3H, J=6.8 Hz); '*C NMR (75.5 MHz, CDCl;) 6 181.8,
135.4, 134.9, 133.0, 132.1, 129.4, 127.0, 39.2, 36.3, 16.8;
[a]d = +34.7 (c 0.95, CHCly); FT-IR (CHCl3) ¥max 1711,
1474, 901, 733, 698, 675, 667, 652cm™'; HRMS (EI):
found M* 232.0054, C,oH,0Cl,0, requires M* 232.0058.
Anal. Calcd for CygH;oCl202: C, 51.53; H, 4.32; found: C,
51.93; H, 4.62. Enantiomeric excess was 85% ee determined
by chiral HPLC analysis of the corresponding (S)-a-
methylbenzylamine-derived amide with Chiralcel® OD
normal phase column (n-hexane/EtOH=70/1, 1.0 mL/
min, 230 nm), major isomer=21.7 min, minor isomer=
24.2 min.

4.6.12. Reuse of the oxazolidinone resin 23 in solid-phase
Evans’ asymmetric allylation, and methanolysis of the
oxazolidinone resin recovered after three-times
recycling., Starting from the oxazolidinone resin 23
(298.9 mg, 0.182 mmol), reaction sequence (N-acylation
with 3-phenylpropionic acid, asymmetric allylation, and
LiOOH-mediated hydrolysis) was repeated three times
according to the procedure for synthesizing carboxylic
acid 26¢. Then, oxazolidinone-loaded resin 23 recovered
after three-times recycling was subjected to the methan-
olysis condition following the same procedure for synthe-
sizing ester 24. After the reaction, the resultant crude oil was
purified by preparative TLC (n-hexane/AcOEt=1:5) to
yield the methy! ester 24 (45.3 mg, 72% calculated from the
loading rate of the starting oxazolidinone resin 23) and
N-allylated oxazolidinone methyl ester 27 as a pale
yellowish viscous oil (16.1 mg, 23% calculated by the
loading rate of the starting oxazolidinone resin 23). Ry=

0.47 (n-hexane/AcOEt= [:5); "H NMR (400 MHz, CDCl5)
5 7.35-7.17 (m, 5H), 5.78 (dddd, 1H, /=172, 10.3, 7.3,
4.8 Hz), 5.26-5.19 (m, 2H), 4.70 (d, 0.5H, /=44 Hz), 4.69
(d, 0.5H, J=4.6 Hz), 4.66-4.60 (m, 1H), 4.30 (dtd, 0.5H,
J=3.4, 4.0, 1.5 Hz), 424-4.21 (m, 0.5H), 4.20-4.17 (m,
0.5H), 4.15-4.10 (m, 0.5H), 3.68-3.51 (m, 2H), 3.69 (s,
0.5 % 3H), 3.67 (s, 0.5%3H, partially overlapping with the
next signal), 3.15-2.71 (m, 4H), 2.56~2.45 (m, 1H), 1.91-
1.38 (m, 4H); "*C NMR (75.5 MHz, CDCl3) 6 174.3, 174.0,
164.5, 164.4, 156.0, 155.9, 1353, 135.2, 131.6, 129.2,
128.9, 128.9, 127.3, 127.2, 118.9, 118.8, 73.5, 73.3, 57.0,
56.9, 51.8, 45.2, 44.7, 44.4, 419, 41.7, 40.7, 40.2, 38.1,
37.9, 28.4,28.1,27.5, 27.4; [a)¥ = — 85.9 (c 1.19, CHCly);
FT-IR (CHCl3) vmax 1753, 1746, 1655, 1456, 1437, 1175,
895, 648 cm '; HRMS (EI): found M7 386.1846,
C, Hy6N>O5 requires Mt 386.1841. Anal. Calcd for
CyHyeN2Os: C, 65.27; H, 6.78; N, 7.25; found: C, 64.99;
H, 6.49; N, 7.47.
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Organic Chemistry and Medicinal Chemistry Based on o~Hydroxy—p-
amino Acids
Yoshio Hayashi* and Yoshiaki Kiso

a-Hydroxy-f-amino acids are well known as inhibitory machinery for the development of pro-
tease inhibitors. In our ongoing efforts to develop effective aspartic protease inhibitors such as
HIV-1 protease, malaria plasmepsin and human B-secretase inhibitors, the o-hydroxy-f-amino
acids are also the critical core structures. In addition, the unique structure of these amino acids, in
which three different functional groups, i.e. amino, hydroxyl and carboxyl groups, are located on
the two adjacent asymmetric carbon atoms, also has interesting features to create new functional
molecules useful in both organic chemistry and medicinal chemistry. In this article, organic and
medicinal chemical applications based on the chemistry of o-hydroxy-f-amino acids will be pre-
sented, including 1) byproduction of homobislactone during the carboxyl group activation of
N-protected-a-hydroxy-p-amino acids, 2) development of a-hydroxy-f-amino acid derived new
solid-supported Evans’ chiral auxiliary for asymmetric synthesis, 3) development of a novel and
efficient method for the synthesis of difficult sequence-containing peptides, and 4) O—N
intramolecular acyl migration of a-hydroxy-f-amino acids for the development of water-soluble
prodrugs of taxoids (isotaxoids).
Key words: o-hydroxy-f-amino acids, HIV-1 protease inhibitors, homobislactone, Evans’ chiral
auxiliary, asymmetric alkylation, solid-phase synthesis, difficult sequence, Ap1-42,
O—N intramolecular acyl migration, water-soluble prodrugs, paclitaxel
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Fig. 2 Structure of HIV-1 protease inhibitor KNI-764.
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Fig. 3 Structure of homobislactone and its half-ester dimer.

Tabie 1 Homobislactone 4 formation under various
coupling conditions.

Coupling  Additives Et;N DIEA  Formation of 4°

Agents (eq) (eq) (%)
EDC - - - 0
EDC - 1.0 - 0
EDC HOAt - - 6004
EDC HOAt 1.0 - 476x1.2
EDC HOAt - 1.0 487 1.1
EDC HOBt - - 6.0x0.2
EDC HOBt 1.0 - 424 +1.2
EDC HOBt - 1.0 41.2+0.2
EDC HODhbBt - - <1.0
EDC HODhbt 1.0 - 33.3+2.1
EDC HOSu - - 0
EDC HOSu 1.0 - 33x04
EDC DMAP - - 3.1+02
EDC DMAP 1.0 - <1.0
BOP HOBt 2.0 - 545+ 3.6
PyBOP HOBt 2.0 58.9x1.6
HBTU - 20 241+28

Vyields were calculated by HPLC analysis. Values are

- the mean = SEM of three independent experiments.
Reaction conditions: 1 (1 eq), coupling agent (1.0 or
1.2 eq), additive (1 eq), EtsN or DIEA, rt. for 2 h.
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EDC-HOAt
—a— Homobislactone
80 —e—Halfester of dimer

Formation (%)

Et:N (equiv)

Fig. 4 Effect of base concentration on the
byproduct formation.

ZD#®R, Z® homobislactone I34FiIZR VP T
SN BVIENY Y MY T ISR AT L AE
ZEHALT 2B IIBWTRET L 2 EAHL IR -
To(FR1)o T/, BEOEBTHRI LA, M4
EDC-HOAt # (EDC: 1-ethyl-3- (3-dimethylamino-
propyl)carbodiimide hydrochloride, HOAt:1-hydroxy-
7-azabenzotriazole) ¥ TOH &R+ 4%, i E D Et;N
I homobislactone DRIEX{RHET H & & b, 1
HEDRMTIRIZDERENRREL HAH I EAHBAL
Too HIREWI D, S 5HIZENORMERERT L
homobislactone 124 L, {4 o T half-ester dimer 5
WEMICER L7, CORREIS, INODRIEWER
DAHZALELTE, BISIZRT LI, ERTHIE
P 2 F VRO benzotriazole 1 LB ERFHHEEY
Bizihafre Fox v okt t 50, HOEHE
IATWVERIEL, RWT, $H)—hDk Pk &)
Fied 52 & T6 BB homobislactone # Tk L7 &%
25N 2 (HS5 Route A)e — 7, BHOBEOHFLETT

i, (I OERETEET AT VOMEFESLL 5 TR
Sh7zE#E 25N 5 (E5 Route B)o 2D & ) % homo-
bislactone DEIZ& L, D o-v FoF L -8-7 3 /B,
) 2 i£ Boc-Pns-OH[Pns: phenylnorstatine, (2R, 35)-
AHPBA] % Boc-Chns-OH[Chns: cyclohexylnorstatine,
(2R, 38)- 3-amino-2-hydroxyl-4-cyclohexylbutanoic
acid] CHEIB N e h s, KREET 2 /BICH4E
LB ThDEEZ LN,
1.2 73 FERREOREL

Homobislactone ®E|LE & 7 3 FRESERKL THOIX
KT OBAEFWRE T 572912, Boc-Apns-Dmt-OBzl
6 DER % EF NVIZ HOAt, HODhbt (3-hydroxy-4-oxo-
3, 4-dihydro-1, 2, 3-benzotriazine) !, HOBt (1-hydroxy-
benzotriazole)'® % additive & ¢ % EDC &% #5F L 7
LA, BEOFME, BERFHIINEORT A
&, IS YUED LOBEOFETIE, £ BMYrEs
Niahor(E6), =OERIE, BERED ERIKRF
L7-BlE ome RB<—8LTHYN, homobislactone
HZEDRIEN - FOFU-B-7 3 VBEBETET S
T I FHEAETERICTORERTOERTH S I LHFR
BENT, BN T I FEEETRIE, homobislactone
ADREEPRLDLVEETRML 20wEHEHET T,
EDC-HOAt D & 9 i WEHbET A WwA 2 L T
e (HB), T/, ZORE® homobislactone M4
B3 2% & T0TH o7, T4 5D homobislactone
Bl 12889 BT T — ¥ 12 Apns-Dmt I THE D & 7
59, -k FOF-F-7 3 JBEEBESETETIF
HWEDMENLGERIZERGMRE5 25 L 8bN b,

H
‘o-H”  iBase
o s
Boc\H O—l}l
o] Nz
(o}

O\H TN

NH . Base

/

(n

’Boc

Fig. 5 Proposed mechanism of formation of homobisiactone and half~ester of dimer.

642

RSB LS &K



70 F —a—EDC-HOAt
60 —o—~EDC-HODhbt
—a— EDC-HOBt

Boc-Apns-Dmi-OBzl (%)
(4]
o

0 0.5 T 1.5 2 2.5 3
Et;N (equiv)

Fig. 6 Effect of base concentration on the yield
of Boc-Apns-Dmt-OBzl 6

2. a-EROFT-B-7I/BERBBRETIHRRY
v —EER Fvans AXHEIEDRH

BIETHERFT AT L EEREDOET L EMHE
BAEERTAREERERETPLEATRTH),
lzar¥F by T MEEORRIZH - T, HESH
HarEhfLI T, TR ERBIZIARTEHEMEEHTF
HEOBSNLEYL & b, Evans’ oxazolidinone'®i3, %
B SER AR EFORBERLREYOF K 2RI
HahTsY, EANLAFEAREE LTLERMS
NTWD, fEoT, EHERICEBTENT, £EAE
I %FIB L tEEES T T 4 77 ) — O
gL, AMGFEERHETE S &%K L,

E AN, KT%%@EJJ#%:IEHA& WA L®mEE
BH LW, LT, RENLFED12TH2
Evans AH 7V F )ML’C 3, UAEIREFAESRTY
90% ee 32 (v VL) LRV & F A, MR
DEEICBVTRIKEAEHE L THE Y, RAFE
ARBEOARFOHITIFEROBEHESRTIET 5 EES
NTWiav, TOERERRED12ELT, FEAEDHREN

BT, HEIRM: % #1142 oxazolidinone 3 4 iL D
B4 (chiral discriminating group) 23 fg~D &
FALCFIHENRTWAZENBEITONE(ETA), D
%4, chiral discriminating group (T Ig DB L 5+ E%
LT A I LI Db, FITE#E ST, Evans AEEL
BOFHLEELEL LT, THEFEHTHIREL(E
BLWEBDbRA oxazohdmone BofMzfATSE
Fh#EFEZ, o-k FO X ¥-B-7 I /B phenylnorstatine
(Pns) 2B L7 (M 7B),

2.1 ¥R U~ —EFER Evans FEEEIEDO SR

Pnsl3#D7 3/ 1% /) — Vg VR NVETYH
BsaIEildl), SRICANTEFILVELFTA
oxazolidinone FFEAENEFHICERTETH L, T L
T, SOHVK Y BTHIRICEELT A L2 E R,

BIZRT &9 iR Y v —EEM oxazolidinone 7 &
T Ll Bl BEFERAICE, AERRCHER T
% THF 7 &0 Z A A LT RIF 2R 2R
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O = polymer-support

o
1 = WA
HaN™ > “OH BN© O
OH Bn“.\_S—OH

phenylnorstatine o

—_ 5

o YO

e}
Fig. 7 Solid-supported Evans-type chiral auxiliaries.

O W
\j = Wang resin

\—S— C>-coo-(
Fig. 8 New solid-supported Evans-type chiral auxiliary.

+ Wang #fg % BIRL, WpEBESESFHELIO
PEEE %R L 912, piperidine-4-carboxilic acid &) ¥
H-LLTEATAIEIIL,

21T, F9HH oxazolidinone &K B &k O Ktk
FEEOWMETVERTHRIET 272012, X% —L4L2
12R% & 912, Boc-Pns-OH 8 2> HFH# L 7 trans BLE
H oxazolidinone FHEMEK 11 2By, -7 =7l
FrEEHLIVETOEF VBTN-TMLL, oL
BFET7NVF MR ERET Lz 25, REHREL TS
KWETLHZEDhhol(R2, IO EhH, oxazo-
lidinone B& 5L DL, TEFRECEE L2V L
AR RN, T, RETAVIFMLHRDOT I IVEE,
Evans AE W EIZBVTE (V55 LIOOH?
L AR EEL T, oxazolidinone IROFBRE L U7
YH—EMBEROTATVEEORREE) Z LR,
BT ) AR, SR, AR T — @zﬂ
Evans Z:Hfﬁﬁj]:j%ﬂ‘ BRETETH LI L ERE
WD, PnsDafiz¥v—T##5 Apns TH, IEH‘sf ”
oxazolidinone % ABL L, AK 7V F VALK % #ET
L7245, ZO%EaE, LDASOIEELMT, F¥%4
YU VBRSO M ORI ERENRIY, STOEMK
{LASETT A LMo, Apns LW FE SN
oxazolidinone 1%, 4 BLU S OERED cis BLE & 4t
D, MRWICAREIL R0 EEZONL, 1B,
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T, EEBE S Ld o7z,

Ph

o
Ph o)
6NN o OB N°Y N Rk
Ho 250 O8N B NQ-Cozan
2 88% 0

OH OH
96%
8 9 10 (2 steps) 1"

O o]

HN” 0
Bn“'\_-S—ND—COQMe
0

. )L O = Wang resin

— #w“‘ a0

99% quant.
7 (0.495 mmol/g)

a) EDC, HOBt, Et3N, DMF, 0 C to rt; b) 4 M HCI/1,4-dioxane, 0 °C to rt; ¢) Et;N, CDI,
THF, 0 C to rt; d) Hy, Pd/C, MeOH-H,0, rt; e) Wang resin, DIPCDI, DMAP, DMF, rt;
) K,COs, THF-MeOH, 0 C.

Scheme 2

R'CH,CO,H, EtyN

PEnZ ehs, Pns OB SN h VR BEFE
12 % AT, DIPCDI-DMAP # (DIPCDI; 1, 3~diiso-
propylcarbodiimide)?" iz & ) Wang #fig~DEE{L%
EWLA(XAF—£52), FOFKR, EbR) v—HER
oxazolidinone 7 WE BB LN, &8, TOEA
B, BEL) MO ATAVEAEAY ) VA
THIEWLLY, HETAHTATFVIZEYYHL, #
DEEPR L U Wang # g0 R @O E & (0.80 mmol/g)
PHEE L7,

2.2 AR 7 —EFEE Evans TEBBHEEHV
BAETILXIALERE

AX—LIIZRT LI

?—tr?ﬁiﬁj]?i7’a’:N 7/)1/1LL,“C I NEE 14 2 B

, IR TEIAFNEOHT Eﬂ&f REL N TR
b‘*ﬁ Evans A&F 7V F Wb E A7, Ar BHET,
THE T4 2B asdi-, LDAICL W) F9 4
I/ —bERBESE, ROTT VIR EHEML,
0 °C¢’ T—ERMEE L, BET A0 - &% - 5

, KW TLIOOH # 5 4 3 FRBIRIIKS R IE
%ﬁ’) ETH R2IZFET LI, BMETAFS

GAhNVRVEEI6 PR BENETELNLEE D
12, BifR B 0 R R O SRR LB E O WS IZIT
W 2+0 BV LNV THot, ORI, Evans
RET N FNALLIG % Bl L TR AERIICER L
MO TOBTH Y, BROMBEY2BRT 20T
HHEEZTWVD, T/, INLEBRERIL, RO
# Evans AERICOMAERBRE T mO 720 Th <,
REOEEIBEL, BIE~REHHELT > H) o
THUBOEEMZMRE LTS, EHREIRRRREEE
DFLVHARIHA T 52500 Bbh s, B, B
HETOERLREMBEOHESRZ I LD, EHL M
vk, 7 v F EOSEEEAFEREIGA~OLH
PHEIT AL LB, MBEHBEOMN - HREIZow
THRIFREREFF VLY,

R ’7'—@%7‘““ Evans &
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N a:R! = PhCH
DMAP 2
|, 0 )Ol\ b:R! = PhO
N Ct 9 c:R'=CH
(<] 3
; 7 H\/”\N 0
CHoCl B NC>—— coo—@
n o
14a-c
LDA o 2 LiOH
1 | 0
R2X R\‘/lLN)J\O Ho0, Al
—— R2 \ ————— i i OH
THF B - THF-H0 R2
0°C o) (3:1, viv)
15 0°C 16a-g

Scheme 3 Solid-phase Evans’ asymmetric alkylation
of the carboximide resin 14.

Table 2 Solid-phase Evans’ asymmetric alkylations.

Entry 14 RA2X 16 Yield (%)* Ee (%)
1 14a Mel 16a 48 (62) 85 (86)
14a Etl 18b 50 (64) 88 (89)

a2  _~_ 1 16c  54(66) 96°(96)

4 ta e 16d 51 (64) 94 (95)
5 14a B _COEt 16e 47 (60) 92 (90)
6 14b o~ 16  38(48) 96 (96)
7 14¢ BnBr 16g 40 (57) 97 (98)

4 Combined yield of 3 steps from 7, based on the initial
loading rate of Wang resin. ® Determined by HPLC analy-
sis after conversion to the corresponding (S)-o-methyl-
benzylamine-derived amides. ¢ Value in the parenthesis is
the result of the solution-phase model experiment.

3. O—NDFA7VIERMRICEFAL % diffi-
cult sequence EENT F N OFHRS R IERH

b FOE ST 3 BT, BHELARERT L
T I /7Fbe FOX ESFERELTVwAED, —AKK
TUNEDNHEETHSEAE, 5 BTLER |}\f“~7i’n'=§lj_ﬂ LT
N—O/ O-NSFHT ¥ VEIEMEIE % 2 3 ik

AL AR



@]
H acid
H1\H’N\:)J\N-—Rg -_— Ry N\)LN ~Ry
: H base )<
HO
(0]
acid
base Ro oz H

7
C)O

Fig. 9 N—O or O—N intramolecular acyl migration
in peptides.

bbo ZOWEMIGE, WEREFFRAMKLCERRIZSH
B AL DL T I/ BEEUCNTFFR
WKKBWTRLCHLGNA TS,

Thbt, MOIRT LT, RTF FEgicns
THE, KEQON-T I VEEEL) YETTN-0
shift £IEEN B HFHEAIGIZ I D O-T VA I
TF iR ERILT A, —F, ERLLO-T Y ME
i, P S TIEEMEOKBHPTERLHIZO-NZTF
AT NVEEMRIEEREI L, FIZTORTF FIZRS
TENTED, BELE, TOO-NGFFAT I INVEER
MRBICEEL, a-k Fa¥v--7 3 /BE &t dif-
ficult sequence EHEF VAT F FOEBEITHI T & T,
difficult sequence &H X7 F FOFMEARBIEL RS L1,

SANRTF FERE, HEEHGBEETRAVEIL
T, BHIGERTELAL A—VPHBH, 73/ EET
o TIREREELZDOPEMEN TS, Ihb
i difficult sequence @B R 7F FEIRigh, dlat
A L CET L, MEE - IUERE QITHERERD
Bz, BRI, HFICEBEEICBWT, ~X7F F#H
Fﬁ'ﬂ@ﬁﬂ(*ﬁfﬂﬂ?ﬁﬁ BLUOKREFRGICINVERENS
B-sheet #EEIZ L AWML ERERDERIZEDEERDL

nTwa n1m% ¥, TDLHLRTFFTH,
BHEANOBRGHEE 7o — FRiERO 9, HPLCIZ &
LIEEPHEEFED S,

*-)LN"\( ‘)LN"\( ")LN"
: n‘./kN"\rN‘.)\N"\rN")\N"
“‘*'ﬁ‘wr"‘)‘w"ﬁr"**'ﬂ"

Fig. 10 j-Sheet formation of peptides in

the solid phase peptide synthesis.
COMER BRT Ao JEE LT, Mutter H i
pseudo-proline &I B Ser/Thr o HE S
ox’lzolidine & B Wit Cys 2 6 FFE X {15 thiazolidine
Uy VEERERAMEHOELT VT T
Oy e L TlRLTWAM, F7:, Sheppard 513,
FHOT I FEZR#EL L LT 2-hydroxy-4-methoxy-
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benzyl (Hmb) # & LT a®, TN oDEHKRLZE N
FA Ty sk, 7T N EMET S-sheet &
BT B %5 b DT, B-sheet breaker & IFIE
NTWABE(EI), LeLadEs, bz HsEHM
AT, FOMICTL7 I BFERLERT ALE
Wb,

R
i +o FmOC\N/kH/OH
FmOC-N/krer 'Ra Fmoc—0
N o}

CHy0” t

Hmb-modified amino acids
(Sheppard et al.)

0" OH
Ry=H or CHy

pseudo-proline dipeptides
(Mutter et al.)

Fig. 11 B-Sheet breakers for the synthesis of

difficult sequence-containing peptides.
EEOPERLLHHRESBE O-T L VA VRTFF
B, BI12RT S, ITERRTERT I &
BTHO-TY VA YRTF FeEMREETER,
HPLC #E8 L2, pH74 D) VEEEHRERPTO—N
DFAT ¥ VEEMFETIC L ) BERORTF FIZEIRY
BHDThH5D,

o

Hlt \)L(Xaa)hOH
=R, n

<°>

H-(Xaa'T \/g Xaa : amino acid

OC-acyl |sopept|des

pH7.4
O-N intramolecular

acyl migration

\/[L(Xaa}OH

O

H-{Xaa;\ )\f

difficult sequence-containing peptides

Fig. 12 “O-acyl isopeptide method” for the synthesis

of difficult sequence-containing peptides.

31 - RKOXY--73I/BET 3 difficult
sequence EFENTF FDERK

SEELOMREBETHIERINTVERTF FED a-t
Faxv-B-7 3 /E’“"ﬁ7°ﬂ'77~J€KHi%"JV :
difficult sequence ¥ H$ 2 b0HMH b, BEDOEES
BiZBWT ﬁ%%#w%n&w_a#%%o 2T,
O-NSFAT Vv VERMREATEELZ a- FHEF
U-B-7 3 /WA AF T A difficult sequence &H E TN
TFEOERIZENO-T LAY RTF FE OFEF)
HEBMELL, EFALXRTFFELT
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