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Palladium-Catalyzed Asymmetric Decarboxylative Allylation of
Azlactone Enol Carbonates: Fast Access to Enanti riched a-
Allyl Quaternary Amino Acids

Massimo Serra*®, Eric Bernardi, Giorgio Marrubini, Ersilia De Lorenzi and 14
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Abstract: We report a fast protocol for the synthesis of this field continue
enantioenriched quaternary 4-allyl oxazol-5-ones. The key step is a quaternary amino
Pd-catalyzed enantioselective Tsuji allylation of azlactone allyl enol  blocks for the synt
carbonates, which can be easily prepared starting from racemic a- to their abili
amino acids. The use of (R,R)-DACH-phenyl Trost chiral ligand  metabolic sta
allowed the attainment of the allylated derivatives in very good yields incorporated.za’4
(83-98%) and with ee up to 85%. Scaling up the allylation protocol  of alpha-amino aci
to gram quantities did not affect the yields end ee values. The ence, affect the conformation of the
produced 4-allyl azlactones can be converted into the corresponding peptide frame plays a predominant role in
quaternary amino acids or submitted to further synthetic elaborations  determining the biological effects of peptides and their
exploiting the allyl moiety as a handle for the attachment of alkyl and  a alogues.iie incorporation of quaternary amino acids

grow at an im
ids have been
of peptides

aryl groups. After hydrolysis of the azlactone ring, the zwitterionic rying a le bond containing moiety at C® not only allows
amino acids can be attained in enantiopure or nearly optically pure attainmeént of biologically active cyclic6 and stapled
form through only one recrystallization step. es,>” but also would make it possible to explore new
beyond traditional peptide design. Examples of such
es are site-selective peptide modifications® and the
ultifunctional peptides, cell penetrating peptides
rug/polymer conjugates.'®® This gave rise to new
attention in" the synthesis of a-allyl amino acids as versatile
building blocks for the attainment of therapeutic peptides.
itgin this line of research, we became interested to the use of
oxazol-5-(4H)-ones, easily accessible via
cygi®dehydration of N-protected a-amino acids, as substrates
he asymmetric synthesis of a,a-disubstituted (quaternary) a-
ino acids.' In a previous work we reported the gram scale
d-catalyzed synthesis of a-allyl-phenylalanine exploiting the
synthetic strategy depicted in Scheme 1."" The phenylalanine-
derived azlactone 1 (R = CH)Ph) was converted to the
The use of peptides as drugs has ce corresponding allyl enol carbonate 2, and submitted to a Tsui
their high biological activity, high spe decarboxylative allylation'?in the presence of a Pd/diphosphine
suffers from some drawbacks, e.g. t i oili 1:4  complex composed by Pdxdba); and 1,2
bis(diphenylphosphino)ethane (dppe) to give the 4-allyl
azlactone 3. The rapid, quantitative attainment of the free
quaternary a-amino acid 4, together with the use of readily
accessible and cheap starting materials, encouraged us to both
extend the substrate scope, and study an enantioselective
variant of this transformation.

Introduction

and peptidomimetics structural properties and the
peptide synthesis, prompted the development of a
peptidic drug candidates. To date, more than 80,
have reached the market, approximately 140
peptides are being evaluated in clinical trials, an
advanced preclinical stages,” with a global peptide mark
approaching U.S. $21B in 2015 and an expected valuation
$46B by 20247
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Scheme 1. Asymmetric approach for the synthesis of quaternary a-allyl amino

acids.
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Here we want to describe an efficient synthetic protocol for the
fast conversion of racemic a-amino acids into the corresponding
enantioenriched  quaternary  a-allylated derivatives via
decarboxylative allylation of intermediate azlactone allyl enol
carbonates.

Results and Discussion

The electrophilic asymmetric allylation at C4 position of the
oxazolone ring was firstly reported by Trost et al., which
exploited an intermolecular allylic alkylation reaction in the
presence of a chiral palladium catalyst to directly install the allyl
moiety.” High levels of ee’s (290%) were obtained only with
substituted allyl derivatives, while the use of allyl acetate
afforded the desired 4-alkyl-4-allyl oxazolones with ee’s not
higher than 40%. A different strategy made use of a chiral base
to deprotonate various oxazolones, followed by allylation of the
resulting enolates with allyl bromide to give enantioenriched
quaternary allyl oxazolones. Using Cinchona-derived dimeric
ammonium salts, Tari et al. performed the allylation of 4-benzyl
azlactone with 80% ee, whereas 4-methyl, 4-ehtyl, and 4-
isobuthyl oxazolones gave allylated products with lower ee’s
(63-62%). The desired products were obtained in poor to
moderate 35-65% yields determined by 'H-NMR." In a similar
manner, using tetraaminophosphonium salts as chiral pha
transfer organocatalysts, Uraguchi et al. performed the allyl
reaction on phenylalanine- and leucine-derived azlactone$ with
91% and 83% ee, respectively.'

The catalytic enantioselective Tsuji allylation of oxa
ones has remained essentially unexplored,’® the o
being the preparation of 4-allyl-4-methyl-oxazol-5-
low 2% ee in the presence of (S)-t-Bu-phosphino
chiral ligand."” Starting from these literature dat
perform an extensive study of the various reaction p
order to gain higher levels of enantioselectivity (Scheme

0]

AN OJ\ o Pd catalysts
ligands L1-L

R
\%\O solvent, temperature,

N= time, concentration

2a (R=CHs)
2b (R = CH,Ph)

Scheme 2. Study of the ri parameters.

The allyl enol carbonate 2a
alanine in 89%

n be prepared from racemic
ut the need of intermediate
e involves a three-step
mann benzoylation, a
dration, and the final conversion of the
corresponding allyl enol carbonate
te and subsequent treatment with
allyl chloroformate- entioning that the derivative 2a
and the other allyl enol carbonates prepared in this work showed
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to be much more stable than the related oxazolones towards
flash chromatography. Moreover, ] can be stored for months
at —4 °C without any noticeable los
In our initial experiments we planned to
the most representative chiral ligands
catalyzed enantioselectiv

, BINAP L13, pyridine
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Figure 1. Chiral ligands.

Applying the reaction conditions reported in literature,’” i.e. the
use of THF as solvent and a Pdy(dba)s/phosphine 1:2.5 ratio,
only (R,R)-DACH-phenyl Trost L9 afforded the allylated product
3a with some degree of enantioselectivity (24% ee), while the
other chiral ligands gave ee ranging from 0 to 10%."
Interestingly, (R,R)-ANDEN L10, which was found to be optimal
in the Pd-catalyzed decarboxylative asymmetric allylic alkylation
(DAAA) of a wide range of cyclic and acyclic ketones,”® gave the
desired product in low 4% ee. Differently from what stated by
Trost et al.,?° using toluene or dioxane, the solvents of choice in
DAAA, the yield and ee dropped down (Table 1, entry 4 and 9).
Similar results were obtained with dimethoxyethane (entry 8),
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while in protic solvents such as methanol no reaction occurred  1,pe 2. Screening of the optimal reaction conditions

(entry 7). The best performing solvent was shown to be
acetonitrile, which provided a significant increase in  Entry  Time Temp  Conc N L9 Yield  ee"
enantioselectivity with only a slight decrease in the allylation (*C) M (mol% m of (%]

y [b]
yield (entry 6). l 30

v
y -
Table 1. Solvent screening. 1 1h rt ‘u 6.25 94 41

Entry Solvent Yield of 3a' ee" 2 th " iy 2 NS 98 43

(%] (%] r“ & D Z Y

1 THF o8 24 4 1h o. 0.1 2. 75 95 38

2 B0 86 25 5 1h g ‘ 0.1 2’ 10 98 47
3 peu 49 28 6 1h \t‘ﬂ 10 % 52

4 Toluene 68 10 7 30min \ 25 10 97 52
5 DMSO 63 30 \
8 2.5 10 92 50
.“
6 ACN 92 40 99 30 min ey s 10 98 59
7 MeOH nr. - 001 25 10 9% 58
8 DME 45 2 001 25 15 9% 59
9 1,4-Dioxane 37 2 0.01 25 10 91 4
[a] Yield of isolated azlactone 3a. [b] The ee values were determined by chiral
0 min rt 0.01 5 20 98 40
HPLC with a constant flow rate of 1 mL/min using hexane/isopropy! al
99.75:0.25 as the mobile phase. rt 0.01 1.0 4.0 98 58
ing i 1519 Y 0.01 0 2 98 64
Having in our hands grams of 4-benzyl-azlactone 2 key 5 0 min rt : 5
building block for other rese.arch projects under study 30 min "t 0.01 01 0.4 98 1

16[d]
~

dba);. [b] Yield of isolated azlactone 3b. [c] The ee values were
ined by chiral HPLC with a constant flow rate of 1 mL/min using

and yield were only marginally affected by the nefisopropyl alcohol 99.75:0.25 as the mobile phase. [d] The oxazolone 1

the reaction time and temperature (entry 3 and 4). By |
the Pdy(dba)s/phosphine ratio to 1:4 and lowering
concentration to 0.01 M we observed an increase in the eey Syringe pump

s slowly added to the reaction mixture by the use of a syringe pump. [e] The
chiral catalyst was slowly added to a solution of the oxazolone 1 through a

any loss in yield and enantioselectivit i to 0.5 mol% (entry 15), while by further decreasing the catalyst
a value of 59% when azlactone 2 loading we attained an almost racemic mixture of the desired 4-
reaction mixture by the use of a syrin _ allyl azlactones 3b (entry 16).

raising the reaction temperature up to 50 The reaction conditions described in entry 15 were then selected
increasing the catalyst/phosphj i . to perform a screening of different palladium sources (Table 3,
enantioselectivity remained u i iti entries 1-5). The use of Pd(OAc), and PdCl, afforded the

allylated derivatives as racemates (entry 4) and in low 18% ee
resulted in almost co ity (entry 12).  (entry 2), while all the examined dimeric Pd-catalysts gave
Finally, warned by a rece and coworkers, Comparable results in terms of yields and enantioselectivities.
which showed that the olig isati The best one proved to be allylpalladium (ll) chloride dimer,

; which allowed the attainment of the desired allylated derivative

of the catalyst to a

alkylation me modular ligand L9,*' we In 66% ee and nearly quantitative yield (entry 5). Also in this
decided to inves e catalyst loading on the  case the optimization of the catalyst loading turned out to be a
outcome of the rea . e amount of the chiral  suitable strategy to further increase the enantiomeric excess,
catalyst, and keeping Pd/diphosphine ratio unchanged, we  Which reached 70% when 1.0 mol% of [PdCl(allyl)l. was used

observ ignifi ease in the ee (entry 13). The best  (entry 6).
result ed lowering the Pdx(dba)s amount
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Table 3. Screening of the palladium source.

[al

Entry Pd Catalyst Pd L9 Yield of ee
catalyst  (mol%) 3p" [%]
(mol%) [%]
1 Pd,(dba)s 0.5 2.0 98 64
2 PdCl, 1.0 2.0 92 18
3 [(Cinnamyl)PdClI], 0.5 2.0 93 62
4 Pd(OAC), 1.0 2.0 97 0
5 [PdCI(allyl)], 0.5 2.0 98 66
6 [PdCI(allyl)]. 1.0 4.0 98 70
7 [PdCI(allyl)], 25 10.0 98 62
8 [PdCl(allyl)]. 5.0 20.0 98 53
9 [PdCI(allyl)], 0.1 0.4 98 30
10 [PdCI(allyl)]. 1.0 25 98 64

[a] The ee values were determined by chiral HPLC with a constant flow rate of
1 mL/min using hexane/isopropyl alcohol 99.75:0.25 as the mobile phase. [b]
Yield of isolated azlactone 3b.

To further examine the substrate scope, the optimi
conditions, ie. acetonitrle as a solvent, 1.0 mol%
[PdClI(allyl)], in 1:4 ratio with the chiral ligand L9, and 0.0 as
final substrate concentration, were then applied to the synthesis
of 4-allyl azlactones reported in Scheme 3. The
carbonates 2 were synthesized starting from the cog
a-amino acids in three-step with yields ranging fro
89% (2a), by avoiding intermediate purification
allylation protocol showed to be very efficie
preparation of the allylated derivatives in high
enantiomeric excesses ranging from 62 to 85% ee.
level of enantioselection (85% ee) was achieved with
sterically demanding a-phenylglycine-derived  allyl

as in 2a and 2b the ee reached
introduction of a 4-methoxy substitu

containing C4 alkyl c
from valine (2¢) and
the corresponding allylat
respectively. On the contra

significant loss
In a preliminary optimized asymmetric
e phenylalanine-derived
y increasing tenfold the amount of
startin g). The 4-allyl azlactone 3b was

d and with very similar ee value.
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(0]
O)J\O/\/ 1.0 mol% N o
a-amino_i-ii R\(ko Mo
acids N= R
Ar Ar
2a (89%)
2b (69%)

3
2¢ (62%) 2 (
2d (68%) 29 (60%

N\
Nao

\‘ N:<Ph

3c ee 63%
y: 83%

O

N\
= ® O

N=
Ph
3e 3f

ee 62%
y: 96% Cl

3d ee 64%
: OMe

ph N=

Scheme 3. Substrate scope. (i) PhCOCI, 3N NaOH, 0 °C; (ii) DCC, CH,Cl,,
0 °C; (iii) allyl chloroformate, Et;N, THF, 0 °C then rt. [a] The ee value was
detggmined on the corresponding N-Bz quaternary amino ester 3ds (see
4). [b] The ee value was determined both, on 3g and on the
onding N-Bz quaternary amino ester 3gs in order to ascertain that the
ng of the oxazolone ring occurs without racemization. For details see
porting Information.

The lack of any literature data about the stereochemistry of the
allylated azlactones required the assignment of the absolute
configuration of the major enantiomers by correlation with known
compounds. For this purpose, we exploited the ring-opening of
the azlactone ring under acidic conditions to convert the
phenylalanine-derived 4-allyl oxazolones 3b, 3e, and 3f into the
corresponding zwitterionic amino acid 5'° (Scheme 4). The
aforementioned reaction allowed the attainment of the
zwitterionic a-allyl valine 6% starting from the parent allylated
azlactone 3c, though the a-allyl phenylglycine methylester 7%
was prepared through ring-opening of 3g followed by
diazomethane esterification of the obtained quaternary amino
acid. The known N-benzoyl alanine derivative 8'* was
synthesized by performing a basic hydrolysis of 3a, while the
methionine-derived azlactone 3d was transformed into the
corresponding N-Bz quaternary amino ester 3ds through
methanolysis of the azlactone ring.

This article is protected by copyright. All rights reserved.
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‘ . . N\ _
; o P i3 R=Bn,R'=H | { 1pa 902
AN ! 3¢ R=Bn,R'=0Me! ———» NH
' (0] ! 13f R=Bn,R' =Cl 1 2. ionic resin PH

D RN= P ! (79-98%) 5 (Ref.15)

} Do Y 1.TFA N CO,
' R ' '3 R=Pr,R =H > -

: 3a-g FH St A ' 2. ionic resin NH3
————————————————————— ‘ (94%)

9 (86%)

1. TFA
N 2. ionic resin (98%) 7 (Ref. 23)
9 (Ref. 23) (98%)
N
N\ COp  1TFA  mromoooooooeoee 1. LIOHITHF COH
4 <7\33R=’\/|6,R'=H:4>HC
H3C NH, 2.ionic resin === - - s mmacainons 2. H,0* 3 NHBz
10 (Ref. 24) (92%) (84%) g8 (Ref. 13b)
\ e N
CO 1. TFA 7 N
\S& 2 TR U3dR= (CHZ)ZSCHs MeOH \‘3@<COZM6
- NH3 2 |on|cgesm ‘7RH 7777777777 AO g > 'NHBz
" (98%) (91%) 3ds

Scheme 4. Preparation of fully deprotected and protected quaternary a-allyl
amino acids.

The absolute configuration of the obtained quaternary amino
acid derivatives 5-8 was determined by comparing their opj
rotations with literature values, whereas in the case
methionine-derived compound 3ds the configuration was
determined by the order of elution of the enantiomers
HPLC in relation to 3gs.

The synthesis of zwitterionic derivatives 5, 6 an
accomplished since we wondered if this meth
have been applied to the preparation of e
deprotected quaternary amino acids. Recryst
optically pure (R)-a-allyl phenylglycine 9%, and

data).
unreported methionine derivative 11 i
as indicated by comparison of it

estimated ee value of 91%.

The synthesis of the met
planned also with the
(Scheme 5), as
ht-ion-pair-type
linked with the

enantioselectivity b
debated.?*"® In one

mations are still quite
eir initial reports, Trost and coworkers
between allyl and crotyl carbonates
using (R,R)-ANDEN L10 as chiral
up observed scrambling of allyl
termlnl and complete cross-over when deuterated allyl enol
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carbonates were reacted in the presence of t-Bu-PHOX ligand
L1.7 In a subsequent study, St and Goddard reported a
theoretical calculation on the mech f Pd-catalyzed DAAA
in the presence of the aforementi i
computational results were in agreem

ed by employing various
C-C bond formation is
an the alternative
e pal¥dium enolate”.?®
nates 2a and 2bs were
lytic system, we

“more likely an outer-s
inner-sphere reducti

2.5 mol% [PdCl(allyl)],
10 mol% L9
CHCN, rt, 30 min

3a y:82% ee 68%

+

oY W
N=
Ph o Ph Ph
2| Ph 3bs y:79% ee14%

e 5. Crossover experimentation: decarboxylative allylation of an

allylated 3a and methallylated 3bs compounds, with the lack of
any scrambling products (Scheme 5). This evidence supports
theybypothesis that the allylation proceeds via a tight ion pair

y, we demonstrated that the newly introduced allyl moiety
Id be manipulated to attain modified azlactones and
uaternary amino acids with potential applications in modern
peptide synthesis. By reacting racemic 3b with 5-hexenenitrile in
the presence of Hoveyda-Grubbs catalyst, the versatile nitrile
functionality was easily introduced on the azlactone quaternary
stereocenter to give 12 as a 77:23 mixture of (E)/(2)
stereoisomers (Scheme 6). Moreover, exploiting a Heck reaction
with 1-bromo-4-nitrobenzene in the presence of a polyurea-
encapsulated Palladium(ll) acetate catalyst (PdEnCAt 30), the
allylated oxazolone 3b was one-pot converted to the
corresponding derivatized N- and C-protected quaternary amino
acid 13 as a 67:33 mixture of (E)/(Z) stereoisomers.

MesN _ NMes
5 hexenenitrile

—
Y
»Ru=
) " olene
o Y A60°C _<

N
o o
_ y: 81% E/Z 77 23)
Ph N 4-Br-nitrobenzene
3p Ph 10 mol % PdEnCat CO,Me
Bu,NOAc =
MeOH mNHCOPh

amwizocc  ON 13 Ph
y: 75% (E/Z = 67:33)

Scheme 6. Functionalization of the allyl moiety.
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Conclusions

We have developed a fast synthetic protocol for the preparation
of enantioenriched quaternary 4-allyl oxazol-5-ones, which can
give access to the corresponding quaternary amino acids
through opening of the azlactone ring. The starting substrates,
i.e. the azlactone allyl enol carbonates, can be prepared from
racemic a-amino acids without the need of intermediate
purifications, and showed to be much more stable than the
parent oxazolones. The key Pd-catalyzed enantioselective Tsuji
allylation, using (R,R)-DACH-phenyl Trost as chiral ligand,
allowed the attainment of the allylated derivatives in very good
yields (83—98%) and with ee up to 85%. The quaternary
zwitterionic amino acids resulting from hydrolysis of the
azlactone ring can be recovered in their enantiopure form or in
high optical purity after a simple recrystallization step. Finally,
we demonstrated that the allyl moiety installed onto the
oxazolone ring could be exploited as a handle for the
introduction of alkyl and aryl groups, thus allowing the synthesis
of further functionalized quaternary amino acids.

Experimental Section
General Remarks

All chemicals were of reagent grade and were used without fi
purification. Solvents were purified according to the guideli
Purification of Laboratory Chemicals.?® All solvents were freshly distilled
from the appropriate drying agent. THF, and toluene were di
sodium/benzophenone ketyl;, TEA and DCM from CaH
requiring anhydrous conditions were performed under N
calculated for compounds purified by flash chromatogra
homogeneous by thin-layer chromatography,

spectrometry. Thin layer chromatography was perfor

prior to use. Liquid reage

syringes through septa- flasks under

acquired using a Bruker
eter equipped with Bruker's TopSpin 1.3
iatons s, d, t, g, br s, and m stand for the
doublet, triplet, quartet, broad singlet,
the peak listing of 13C spectra
and two protons attached to the
by DEPT-135 experiments. Sample

resona
and
abbreviations s an
carbons, as determined
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temperatures were controlled with the variable-temperature unit of the
instrument.

Chiral HPLC methods

For details on the chiral HPLC sepa e Supporting Information.

allyl enol carbonates 2a—
2g

dissolved in a 3 N aqueous
d benzoylated under Schotten-
erforming three sequential additions of benzoyl
ueous NaOH (3.0 eq) at 30 minutes intervals.
e was stirred for 1 hour at 0 °C and filtered
e solid residue was washed with cold
water and dried in vac 2 hours. The N-benzoyl amino acid (1
equiv.) was added portionwise over 20 min to a stirred solution of DCC (1
eguiv.) in dry?ﬁlz (0.30 M) under a nitrogen atmosphere at 0 °C. The
[

Baumann condition
chloride (1.0 eq) and
eaction

gress of eaction was monitored by TLC analysis. While the
tion mixtd¥e was kept at 0°C, a vacuum filtration with a Gooch
atus was performed. The solvent from the filtrate was evaporated in

TLC analysis. After 12 hours, H,O was added, the organic solvent was
evaporated in vacuo and the aqueous layer was extracted three times
ith Et,O. The organic phases were collected, dried with anhydrous
, filtered and the solvent was evaporated in vacuo.

llyl (4-methyl-2-phenyloxazol-5-yl) carbonate (2a)

The title compound was prepared from L-alanine (1.00 g, 11.2 mmol)
according to the general procedure. The product was purified by flash
chromatography to give 2a as a white amorphous solid (2.60 g, 89% over
three steps). The spectroscopic data of compound 2a were matched with
literature values.*

Allyl (4-benzyl-2-phenyloxazol-5-yl) carbonate (2b)

The title compound was prepared from L-phenylalanine (1.00 g, 6.05
mmol) according to the general procedure. The product was purified by
flash chromatography to give 2b as a pale yellow amorphous solid (1.40
g, 69% over three steps). The spectroscopic data of compound 2b were
matched with literature values."'

Allyl (4-isopropyl-2-phenyloxazol-5-yl) carbonate (2c)

The title compound was prepared from L-valine (1.00 g, 8.54 mmol)
according to the general procedure. The product was purified by flash

This article is protected by copyright. All rights reserved.
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chromatography to give 2c¢ as a colourless oil (1.52 g, 62% over three
steps). Ry= 0.24 (hexane/AcOEt 90:10); IR (neat, cm™') 3062, 2968, 2875,
1783, 1654, 1198; 'H NMR (CDCl3, 400 MHz) 6 1.31 (d, J = 6.9 Hz, 6 H),
2.92 (septuplet, J = 6.9 Hz, 1 H), 4.81 (dt, J = 1.3, 5.9 Hz, 2 H), 5.39 (dq,
J=1.3,10.4 Hz, 1 H), 5.48 (dq, J = 1.3, 17.1 Hz, 1 H), 6.02 (ddt, J = 5.9,
10.4, 17.1 Hz, 1 H), 7.41-7.47 (m, 3 H), 7.95-8.02 (m, 2 H); "*C{'H}
NMR (CDCl3, 100 MHz) & 21.4, 25.8, 70.8 (t), 120.7 (t), 126.4, 127.7 (s),
129.0, 129.9 (s), 130.5, 130.7, 144.9 (s), 152.1 (s), 155.2 (s) HRMS (ESI)
calcd. for C16H1gNO4 [M + H]* 288.1236; found 288.1225 (A = —3.8 ppm).

Allyl (4-(2-(methylthio)ethyl)-2-phenyloxazol-5-yl) carbonate (2d)

The title compound was prepared from L-methionine (1.00 g, 6.70 mmol)
according to the general procedure. The product was purified by flash
chromatography to give 2d as a pale yellow amorphous solid (1.46 g,
68% over three steps). Ri= 0.29 (hexane/AcOEt 90:10); IR (neat, cm™)
3074, 2916, 1785, 1664, 1243, 1209; 'H NMR (CDCls, 400 MHz) & 2.15
(s, 3 H), 2.77-2.89 (m, 4 H), 4.81 (d, J = 5.9 Hz, 2 H), 5.39 (d, J = 10.4
Hz, 1 H), 5.48 (d, J=17.1 Hz, 1 H), 6.01 (ddt, J =5.9, 10.4, 17.1 Hz, 1 H),
7.40-7.48 (m, 3 H), 7.92-7.99 (m, 2 H); "*C{"H} NMR (CDCl;, 100 MHz)
5 15.9, 25.6 (t), 32.7 (t), 71.0 (t), 120.9 (t), 123.3 (s), 126.3, 127.4 (s),
129.1, 130.6, 130.8, 146.6 (s),151.7 (s), 155.5 (s); HRMS (ES]I) calcd. for
C16H17NO4SNa [M + Na]* 342.0776; found 342.0778 (A = 0.6 ppm).

Allyl (4-benzyl-2-(4-methoxyphenyl)oxazol-5-yl) carbonate (2e)

The title compound was prepared from L-phenylalanine (1.00 g, 6.05
mmol) according to the general procedure. The product was Kicd by
flash chromatography to give 2e as pale yellow amorphous s
44% over three steps). Rr= 0.33 (hexane/AcOEt 85:15); |
3063, 2944, 2839, 1782, 1663, 1206, 1166; 'H NMR (CD
3.87 (s, 3H), 3.88 (s, 2 H), 4.71 (dt, J = 1.3, 5.9 Hz, 2
1.2, 10.4 Hz, 1 H), 5.44 (dq, J = 1.3, 17.2 Hz, 1 H),
10.4,17.2 Hz, 1 H), 6.95 (d, J = 8.9 Hz, 2 H), 7.24 (m,1 HY¥

4 H), 7.90 (d, J = 8.9 Hz, 2 H); "*C{"H} NMR (CDCls, 100 MHz
55.8, 70.8 (t), 114.5, 120.2 (s), 120.8 8t), 123.4 (s), 126.9, 128.1,
129.3, 130.6, 138.0 (s), 146.3 (s), 151.7 (s), 155.7 (s), 161.7 (s); HRM
(ESI) calcd. for Cp1H1gNOsNa [M + Na]® 388.1161; found 388.1165
1.0 ppm).

Allyl (4-benzyl-2-(4-chlorophenyl)oxazol-5-yl) carbon

The title compound was
mmol) according to the
flash chromatography t
33% over three steps). R¢=

enylalanine (1.00 g, 6.05
duct was purified by
s solid (0.74 g,
) IR (neat, cm™):
NMR (CDCls, 400
), 5.39 (dq, J = 1.1,
z, 1 H), 5.96 (ddt, J = 5.9, 10.4,
4 H), 7.42 (d, J = 8.7 Hz, 2 H),
I3, 100 MHz) & 31.8 (t), 70.9
(s), 127.0, 127.7, 128.9, 129.2, 129.4,
(s), 151.6 (s), 154.6 (s); HRMS (ESI)
a]” 392.0666; found 392.0674 (A = 2.0

MHz) & 3.89 (s, 2 H), 4.72 (
10.4 Hz, 1 H), 5.

NaCl [
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Allyl (2,4-diphenyloxazol-5-yl) carbonate (2g)

The title compound was prepared frol
mmol) according to the general procedure.
flash chromatography to give 2g as a pale y
g, 60% over three steps). Rf= 0.27 (hexane/,
3031, 2950, 1781, 1752, 1649 :
(dt, J = 1.3, 5.9 Hz, 2 H), 5.42 (
1.3, 17.2 Hz, 1 H), 6.03 (ddt, J = 5.9,
Hz, 1 H), 7.43-7.52 (m,
H); *C{"H} NMR (CDC
126.6, 127.4 (s), 128
151.5 (s), 155.6 (s)j
344.0899; found 344.

enylglycine (1.00 g, 8.68
uct was purified by
ous solid (1.68
(neat, cm™)
(CDCls, 400 MHz) & 4.85
10.4 Hz, 1 H), 5.50 (dq, J =
Hz, 1 H),7.35(, J=7.3
H), 8.05-8.11 (m, 2
12°M0 (t), 124.1 (s), 126.3,
(s), 130.5, 130.9, 145.6 (s),
r CigHisNO4Na [M + NaJ

29.1,129.2, 1
RMS (ESI) calcd.
(A =0.3 ppm).

4-benzyl-2-phenylo! -5-yl (2-methylallyl) carbonate (2bs)
, 2.39 mmol) was dissolved in dry toluene
nitrogen atmosphere, and K,CO; (396
mg, 2.87 mmol) was added to the reaction mixture. Then, a solution of
triphosgene (508 mg, 1.71 mmol) in dry toluene (1.8 ml, 0.66 M) was
ded drop-ﬁAﬁer 2 h the reaction was bubbled with nitrogen to
ss of phosgene, and was transferred via cannula into a
-bottom flask containing 4-benzyl-2-phenyloxazol-5(4H)-one'* (300
19 mmol) and EtzN (0.500 ml, 3.74 mmol) in dry THF (5.42 ml,
cooled at 0 °C. After 12 hours, H,O was added, the organic
evaporated in vacuo and the aqueous layer was extracted
My Et,0. The organic phases were collected, dried with
O,, filtered and the solvent was evaporated in vacuo.
The crude mkture was purified by flash chromatography to give a white
amorphous solid (242 mg, 58%). Rs= 0.26 (hexane/AcOEt 95:05); IR
(neat, cm™): 3030, 2944, 2926, 1778, 1665, 1209; 'H NMR (CDCls, 400
MHALS 1.80-1.83 (m, 3 H), 3.91 (s, 2 H), 4.63-4.65 (m, 2 H), 5.05 (m, 1
(quintuplet, J = 1.1 Hz, 1 H), 7.25 (m, 1 H), 7.30-7.34 (m, 4 H),
7.47 (m, 3 H), 7.94-8.00 (m, 2 H); "*C{"H} NMR (CDCl;, 100 MHz)
.7, 31.9 (t), 73.6 (t), 115.5 (t), 126.4, 126.9, 127.5 (s), 128.9, 129.1,
9.2, 130.7, 137.9 (s), 138.5 (s), 146.7 (s), 151.7 (s), 155.5 (s); HRMS
ESI) calcd. for Ca1H1gNOsNa [M + Na]* 372.1212; found 372.1212 (A =
0.0 ppm).

General
allylation

procedure for the asymmetric Tsuji decarboxylative

To a solution of Pd catalyst (0.01 eq) and chiral phosphine (0.04 eq) in
dry CH3;CN (0.015 M), a solution of allyl enol carbonate (1.0 eq) in dry
CH3CN (0.03 M) was added over 5 minutes by using a syringe-pump.
After 30 minutes, phosphate buffer (pH 7.4) was added and the organic
solvent was evaporated at reduced pressure. The aqueous layer was
extracted with DCM and the organic phases were collected, dried with
anhydrous Na,SO;, filtered and evaporated in vacuo.

4-allyl-4-methyl-2-phenyloxazol-5(4H)-one (3a)

The title compound was prepared from 2a (50 mg, 0.19 mmol) according
to the general procedure. The product was purified by flash
chromatography to give 3a as a colourless oil (34 mg, 83%). The
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spectroscopic data of compound 3a were matched with literature
values."”

4-allyl-4-benzyl-2-phenyloxazol-5(4H)-one (3b)

The title compound was prepared from 2b (1.0 g, 2.98 mmol) according
to the general procedure. The product was purified by flash
chromatography to give 3b as a colourless oil (851 mg, 98%). The
spectroscopic data of compound 3b were matched with literature
values."

4-allyl-4-isopropyl-2-phenyloxazol-5(4H)-one (3c)

The title compound was prepared from 2¢ (50 mg, 0.17 mmol) according
to the general procedure. The product was purified by flash
chromatography to give 3c as a colourless oil (34 mg, 83%). The
spectroscopic data of compound 3c were matched with literature
values.'

4-allyl-4-(2-(methylthio)ethyl)-2-phenyloxazol-5(4H)-one (3d)

The title compound was prepared from 2d (50 g, 0.16 mmol) accordi
the general procedure. The product was purified by

(hexane/AcOEt 90:10); [a]p?2 —23.5 (c = 1.0, CDCls); IR (neat, crg_
2917, 2852, 1813, 1651, 1290; 'H NMR (CDCls, 400 MHz) & 2

13.6 Hz, 1 H), 2.67 (ddt, J = 1.1, 6.9, 13.6 Hz, 1 H), 5.1
10.1 Hz, 1 H), 5.20 (dq, J = 1.2, 17.1 Hz, 1 H), 5.67 (dd
10.1,17.1 Hz, 1 H), 7.51 (t, J = 7.5 Hz, 2 H), 7.60 (tt, J
7.99-8.05 (m, 2 H); "*C{"H} NMR (CDCl;, 100 MHz)
(t), 42.3 (1), 73,1 (s), 121.3 (t), 126.1 (s), 128.4, 129.2,
161.0 (s), 180.0 (s); HRMS (ESI) calcd. for CisHi7NO-NaS [M
298.0878; found 298.0883 (A = 1.7 ppm).

4-allyl-4-benzyl-2-(4-methoxyphenyl)o

to the general procedure.
chromatography to give 3e as
spectroscopic data of
values."

atched with literature

4-allyl-4-benzyl-. zol-5(4H)-one (3f)
The title compound w
to the general proc e,
chromatography to give

mg, 0.14 mmol) according
The product was purified by flash
as a colourless oil (44 g, 96%). The
nd 3f were matched with literature
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4-allyl-2,4-diphenyloxazol-5(4H)-one (3g)

The title compound was prepared from
to the general procedure. The produ
chromatography to give 3g as a colourle
spectroscopic data of compound 3g w
values.'

g, 0.16 mmol) according
purified by flash
86%). The
ith literature

bs (50 mg, 0.14 mmol)
duct was purified by flash
oil (28 mg, 64%). R;= 0.33
063, 2923, 2854, 1815, 1652,
7) 5 1.77 (s, 3 H), 2.73 (d, J = 13.4
Hz, 1 H), 3.19 (d, J = 13.4 Hz, 1 H), 3.26 (d, J
, 7.12-7.22 (m, 5 H), 7.44 (t, J = 7.6 Hz, 2
7.85 (d, J = 7.5 Hz, 2 H); "*C{'"H} NMR
(CDCls, 100 MHz , 45.3 (t), 75.9 (s), 116.4 (t), 126.2 (s),
127.6, 128.2, 128.5, 129.1, 130.6, 132.8, 134.7 (s), 140.3 (s), 160.1 (s),
179.7 (s); H?(ESI) calcd. for CgoHigNO2Na [M + Na]* 328.1313;
0

according to the gen
chromatograph i
(hexane/AcOEt
1290, 1096; 'H N

ffind 328.13 =-1.2 ppm).

is of methyl 2-benzamido-2-(2-(methylthio)ethyl)pent-4-

Compound (50 mg, 0.18 mmol) was dissolved in dry MeOH (1.8 ml,
0.10 M) and a saturated HCI methanolic solution (50 pl) was added.
Afterwards the reaction mixture was heated at 120 °C for 1.5 hours by
micgpwave irradiation. The solvent was evaporated in vacuo and the
ixture was purified by flash chromatography to give compound
a colorless oil (50 mg, 91%). Rs= 0.27 (hexane/AcOEt 80:20); IR
t, cm™) 3407, 3321, 3063, 2950, 2917, 1735, 1643, 1226; 'H NMR
Cl3, 400 MHz) 8 2.07 (s, 3 H), 2.19-2.36 (m, 2 H), 2.51 (m, 1 H), 2.60
dd, J = 7.5, 13.8 Hz, 1 H), 3.02 (m, 1 H), 3.41 (dd, J = 7.3, 13.8 Hz, 1 H),
3.84 (s, 3 H), 5.04-5.15 (m, 2 H), 5.63 (ddt, J = 7.4, 10.1, 17.4 Hz, 1 H),
7.26 (s, 1H),7.64(t J=74Hz, 2H), 754 (t J=7.3Hz, 1H),7.81(d,J
= 7.3 Hz, 2 H); *C{'H} NMR (CDCl;, 100 MHz) 5 16.0, 29.5 (t), 34.6 (1),
40.0 (t), 53.4, 64.9 (s), 119.8 (t), 127.3, 129.0, 132.0, 132.3, 135.1 (s)
166.7 (s), 174.4 (s); HRMS (ESI) calcd. for CigH21NO3NaS [M + Na]
330.1140; found 330.1143 (A = 0.9 ppm).

+ T

Synthesis of methyl 2-benzamido-2-phenylpent-4-enoate (3gs)

Compound 3g (50 mg, 0.18 mmol) was dissolved in dry MeOH (1.8 ml,
0.10 M) and a saturated HCI methanolic solution (50 pl) was added.
Afterwards the reaction mixture was heated at 120 °C for 1.5 hours by
microwave irradiation. The solvent was evaporated in vacuo and the
crude mixture was purified by flash chromatography to give compound
3gs as a colorless oil (48 mg, 86%). Rs= 0.31 (hexane/AcOEt 85:15); IR
(neat, cm™): 3413, 3062, 2952, 1731, 1667, 1480, 1230; 'H NMR (CDCl,,
400 MHz) 5 3.32 (dd, J = 7.6, 13.6 Hz, 1 H), 3.76 (s, 3 H), 3.84 (dd, J =
6.9, 13.6 Hz, 1 H), 5.15 (dd, J=1.7, 10.2 Hz, 1 H), 5.21 (dd, J= 1.7, 17.1
Hz, 1 H), 5.73 (dddd, J=6.9, 7.6, 10.2, 17.1 Hz, 1 H), 7.32 (t, J = 7.2 Hz,
1H), 739 ( J=7.1Hz 2H), 747 (t, J = 7.2 Hz, 2 H), 7.50-7.57 (m, 3
H), 7.74 (s, 1 H), 7.85 (d, J = 7.1 Hz, 1 H); *C{"H} NMR (CDCl;, 100
MHz) & 37.6 (t), 53.8, 66.2 (s), 120.1 (t), 126.4, 127.4, 128.4, 129.0 (2C),
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132.1, 132.7, 135.0 (s), 139.5 (s), 166.0 (s), 173.6 (s); HRMS (ESI) calcd.
for C1gH1sNOsNa [M + Na]* 332.1263; found 332.1270 (A = 2.1 ppm).

General procedure for the ring-opening of azlactone ring under
acidic conditions

The allyl oxazolone (1.0 eq) was dissolved in TFA/water 90:10 (0.1 M),
and the solution was heated at 100 °C for 12 h. After evaporation of the
solvent under reduced pressure, water was added to the residue, and the
mixture was washed three times with DCM. The aqueous phase was
evaporated in vacuo to give the fully deprotected quaternary amino acid.

2-ammonio-2-benzylpent-4-enoate (5)

The title compound was prepared from compound 3b (152 mg, 0.521
mmol), 3e (36 mg, 0.19 mmol) and 3f (34 mg, 0.10 mmol) according to
the general procedure for the ring-opening of azlactone ring under acidic
conditions. The crude mixture was purified by ion-exchange
chromatography with Amberlite IR-120 (Plus)® resin as the stationary
phase. After the crude mixture was loaded onto the column, the resin
was washed with HO until the eluted solution turned neutral, then it was
eluted with NH; (10% aqueous solution). The fractions containing the
product were evaporated in vacuo to give 5 (105 mg, 98% starting from
3b; 34 mg, 87% starting from 3e; 17 mg, 79 % starting from 3f) ag a
white solid. The quaternary amino acid deriving from acid hydrolysj
3b was crystalized from MeOH to afford racemic compound 5 (
32%). The mother liquors were evaporated in vacuo to attain the desired
(R)-enantiomer in estimated 99% ee (71 mg, 68%)."" The spe
data of compound 5 were matched with literature values."" [
(1.0 ¢, H0, before crystallization), [a]p?? = -24.9 (1.0
crystallization). Melting point: 188-190 °C.

2-ammonio-2-isopropylpent-4-enoate (6)

The title compound was prepared from compound 3c (160 m
mmol) according to the general procedure for the ring-opening
azlactone ring under acidic conditions. The crude mixture was purified by

stationary phase. After the crude mixture

the resin was washed with H,O until the

as a white solid. The product was
afford the desired (R)-enantiomer

ded. After 3 hours, the solvent was
was recovered with a 1.0 M solution
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of HCI. The aqueous layer was washed with DCM, basified to pH 12 with
a 3.0 M aqueous solution of NaOH and gxtracted three times with AcCOEt.
The organic phases were collected, with anhydrous Na,;SOg,
filtered and evaporated in vacuo to afford c 7 was obtained as a
pale yellow oil. The spectroscopic data of ¢ were matched
with literature values.?®

Synthesis of 2-benzami

To a solution of 3a (
1.6 M aqueous soluti
the organic solvent
washed two timgs with
pH 1 with a 6
with DCM. The or
and evaporated in va

THF (1.0 mL, 0.10 M), a
.0 pL, 1.2 mmol). After 2 h
cuo and the residue was
eous phase was acidified to
and was extracted three times
layer d with anhydrous Na,SO,, filtered
0 give 8 as a yellow solid (20 mg, 84%) without
lons. The spectroscopic data of compound 8
lues.'®®

of LiOH was adde:
evaporated in
. Then, the

were m

according to the general procedure for the ring-opening of
e ring under acidic conditions. The crude mixture was purified by

. After the crude mixture was loaded onto the column,
ashed with H,O until the eluted solution turned neutral,
then it was eluted with NH3; (10 % aqueous solution). The fractions
containing the product were evaporated in vacuo to give 9 (96 mg, 98%)
white solid. The spectroscopic data of compound 9 were matched
Kerature values.?®® The product was crystalized from EtOH/H,O
) to afford racemic 9 (23 mg, 24%). The mother liquors were
orated in vacuo to attain the desired optically pure (R)-enantiomer
mg, 76%). [alo*? = -15.3 (0.5 ¢, 1 N HCI), Lit. (S)-enantiomer *** [a]p
+12.6 (0.5 c, 1 N HCI). Melting point: 188-190 °C. The optical purity
was further confirmed by comparing the [a]o? values in H,O before and
after the crystallization process, -23.7 (0.5 ¢, H,0) and -27.0 (0.5 c, H,0),
respectively.

2-ammonio-2-methylpent-4-enoate (10)

The title compound was prepared from compound 3a (153 mg, 0.711
mmol) according to the general procedure for the ring-opening of
azlactone ring under acidic conditions. The crude mixture was purified by
ion-exchange chromatography with Amberlite IR-120 (Plus)® resin as the
stationary phase. After the crude mixture was loaded onto the column,
the resin was washed with H,O until the eluted solution turned neutral,
then it was eluted with NH; (10% aqueous solution). The fractions
containing the product were evaporated in vacuo to give 10 (84 mg, 92%)
as a white solid. The spectroscopic data of compound 10 were matched
with literature values.?? The product was crystalized from EtOH/H,O
(10:1) to afford the optically pure (S)-enantiomer (54 mg, 64%).2* [a]p? =
-28.8 (0.5 ¢, Hy0), Lit.%* [a]p?® = -28.5 (0.5 ¢, H,0O). Melting point: 269-
271 °C.
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2-ammonio-2-((methylthio)methyl)pent-4-enoate (11)

The title compound was prepared from compound 3d (163 mg, 0.592
mmol) according to the general procedure for the ring-opening of
azlactone ring under acidic conditions. The crude mixture was purified by
ion-exchange chromatography with Amberlite IR-120 (Plus)® resin as the
stationary phase. After the crude mixture was loaded onto the column,
the resin was washed with H,O until the eluted solution turned neutral,
then it was eluted with NH; (10% aqueous solution). The fractions
containing the product were evaporated in vacuo to give 11 (110 mg,
98%) as a white solid. The product was crystalized from EtOH/H,O
(10:1.5) to afford the estimated optically pure (S)-enantiomer (65 mg, 59
%). [a]o?® = -4.1 (0.5 ¢, H,0, before crystallization), [a]o? = -6.6 (0.5 c,
H,O, after crystallization). Melting point: 175-178 °C. IR (neat, cm™):
3075, 2975, 2916, 1591, 1518, 1439, 1384, 1310; 'H NMR (D20, 400
MHz) & 1.99 (m, 1H), 2.05 (s, 3H), 2.13 (m, 1H), 2.37-2.47 (m, 2H),
2.48-2.68 (m, 2H), 5.17-5.28 (m, 2H), 5.58 (m, 1H); "*C{'H} NMR (D,0,
50 °C, 100 MHz) & 14.8, 28.1 (t), 35.8 (t), 41.0 (t), 65.0 (s), 122.3 (t),
131.0, 175.1 (s); HRMS (ESI) calcd. for CgH1sNO,S [M + H]* 190.0902;
found 190.0904 (A = 1.1 ppm).

Synthesis of (E)-7-(4-benzyl-5-oxo-2-phenyl-4,5-dihydrooxazol-4-
yl)hept-5-enenitrile (12)

Compound 3b (50 mg, 0,17 mmol) and 5-hexenenitrile (49 mg, 0.51
mmol) were dissolved in dry toluene (1.7 mL, 0.10 M) under nitrogen
atmosphere. Afterward, Hoveyda-Grubbs Il generation catalyst (11
10% mol) was added and the reaction mixture was heated at 6]
Reaction completion was monitored by TLC analysis, R; = 0.25
(hexane/AcOEt 80:20). After 5 hours the solvent was evapgrated in

give 9b as a pale yellow oil (50 mg, 81%). Rf= 0.19 (h
80:20); IR (neat, cm-1): 3031, 2922, 2851, 2246, 1814,
(CDCl3, 400 MHz, mixture of E/Z diastereoisomers). Th

Synthesis of methyl 2-ben
enoate (13)

To a solution of 3
under nitrogen atmo:
tetrabutylammonium a
mg, 10% mmol) were a

in dry MeOH (1.7 mL, 0.10 M)
benzene (38 mg, 0.19 mmol),
te (0.16 g, U- ol) and Pd EnCat 30® (43
. The reaction mixture was heated at 120°C
irradiation. Reaction completion was
monito| i = 0.26 (hexane/AcOEt 80:20). The
a Gooch apparatus to remove Pd
ted in vacuo, and the residue was

EnCat 30°. The solvent was €
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recovered with AcOEt and washed two times with water. The organic
layer was dried with anhydrous Na,SOupfiltered and evaporated in vacuo.
The crude mixture was purified by flas tography to give 10b as a
yellow solid (57 mg, 75%). Ry= 0.20 (hexan 80:20); IR (neat, cm”
'): 3030, 2951, 2854, 1734, 1660, 1512, 13 1H NMR (CDCls,
400 MHz, mixture of E/Z diastereoisomers) the isolated
signal at 6.22 ppm, belongi jor diastereoisomer, was
arbitrarily assigned the value of 2.98 (dd, J = 7.5, 14.1 Hz,
.18 (d, J = 13.5 Hz, 0.5 H),

5 (ddd, J = 6.6, 8.1,
1 H), 6.54-6.61 (m, 1.5 H),
17-7.25 (m, 4.5 H), 7.36—
2(m, 3H),812(d, J=8.8
} NMR (CDCls, 100 MHz,
9.3 (1), 40.8 (t), 41.1 (t), 53.2,

6.97-7.03 (m, 25 H
7.47 (m, 6 H), 7.49—
Hz, 2 H), 8.22 (d, J
mixture of E/Z dj
53.4, 66.5 (s),
128.7, 128.8, 129.
132.1 (2C), 132.6, 1
144.0 (s
C26H24

167.5 (s), 173.5 (s); HRMS (ESI) calcd. for
83; found 467.1586 (A = 0.6 ppm).
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