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Abstract Stereoselective  synthesis of unsaturated
a-amino acids was performed by asymmetric alkylation.
Two methods were investigated and their enantiomeric
excess measured and compared. The first route consisted of
an enantioselective approach induced by the Corey-Lygo
catalyst under chiral phase transfer conditions while the
second one involved the hydroxypinanone chiral auxiliary,
both implicating Schiff bases as substrate. In all cases, the
use of a prochiral Schiff base gave higher enantiomeric
excess and yield in the final desired amino acid.

Keywords Unsaturated amino acid - Schiff base -
(1R,2R,5R)hydroxy-3-pinanone - Corey—Lygo catalyst -
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Introduction

Unnatural amino acids constitute more and more attractive
targets for drug design, and their asymmetric synthesis has
been increasingly developed over the last decades. It is well
known that non-proteinogenic amino acids incorporation in
peptide sequences increases resistance to enzymatic prote-
olysis. Moreover, disposing of a wide variety of unnatural
amino acids allows the modulation of physical and chemi-
cal properties of the resulting peptide depending on the
selected side chains (Gentilucci et al. 2010).
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In this domain, unsaturated amino acids represent very
interesting building blocks. Indeed, alkenyl- or alkynyl-
side chains can be functionalized by many chemical func-
tions and offer a wide range of possible transformations
(Gorges and Ullrich 2013; Marchand and Martinez 2008;
Cavelier et al. 2008; Kazmaier et al. 2000b, 2001). Particu-
larly, unsaturated a-amino acids give access to many syn-
thetic applications in all fields of chemistry (Kaiser et al.
2005). Among them, metal catalysed cross-coupling reac-
tions and cross metathesis are commonly used to gener-
ate peptide modifications (Kazmaier et al. 2013; Kazmaier
et al. 2000a) and cyclization (Brik 2008). They can also be
substrates of biological interest for fluorination for exam-
ple as PET radiotracers (Hofling et al. 2008). They are very
interesting and useful tools for « click » chemistry (Ros-
tovtsev et al. 2002; Demko and Sharpless 2002) in peptid-
omimetic drug design or covalent modification of proteins
(Chalker et al. 2011). They can also be incorporated in com-
pounds as beta-turn inducer to promote secondary struc-
tures (Kaul et al. 2005). Finally they can be used for the
preparation of stapled peptides. Stapled peptides were first
designed by Verdine as a hydrocarbon staple that ‘locked’
a flexible peptide into the shape of an alpha-helix by reac-
tion of two o,a-disubstituted non-natural amino acids bear-
ing an olefin side chain (Schafmeister et al. 2000). In recent
years a great number of papers have appeared on stapled
pepides (Walensky and Bird 2014; De Araujo et al. 2014;
Phillips et al. 2011) and it has been demonstrated that also
monosubstituted alkenyl amino acids are suitable for their
preparation (Aillard et al. 2014; Yeo et al. 2013).

Different synthetic approaches have been developed to
obtain chiral unsaturated a-amino acids. They have been
prepared by chiral induction with auxiliaries as Sulfi-
nyl imino acetate (Kong et al. 2005) or bislactime ether
(Bucuroaia et al. 2009). Kinetic resolution using cinchona
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alkaloids has also been employed (Hang and Deng 2009).
Furthermore they have been synthesized by thioclaisen
rearrangement, which further led to B-substituted-y-8
unsaturated amino acids (Liu et al. 2008). Synthetic routes
starting from boron derivatives through Petasis reaction
(Li and Xu 2012) and phosphor derivatives through Wittig
reactions (Rémond et al. 2012; Kokotos et al. 1998) also
proved their efficiency.

Here, we present two stereoselective approaches to syn-
thesize unsaturated o-amino acids in optically active form.
The first method involved the Corey-Lygo chiral phase
transfer catalyst (PTC), which enabled enantioselective
alkylation of benzophenone Schiff base of glycine with
unsaturated bromides (C-L induction). The second route
implicated the use of (1R,2R,5R) hydroxypinan-3-one as
chiral auxiliary affording a prochiral glycine Schiff base
and dealt with diastereoselective alkylation (HP induction).
We compared yields and stereoselectivity of each method
with the same bromide derivatives.

Materials and methods

All solvents were purchased from Sigma Aldrich in gra-
dient grade or reagent quality. All reactions involving air-
sensitive reagents were performed under nitrogen or argon.
Purifications were performed with column chromatog-
raphy using silica gel (Merck 60, 230-400 mesh) or with
a Biotage instrument Isolera 4 using SNAP KP-SIL flash
cartridges. Proton nuclear magnetic resonance 'H-NMR
and carbon nuclear magnetic resonance *C-NMR spectra
were recorded on a Bruker spectrometer avance 300 at 300
and 75 MHz, respectively. Chemicals shifts (§) are reported
from tetramethylsilane with the solvent resonance as the
internal standard. Data are reported as follows: chemi-
cal shift (6 in ppm), multiplicity (s = singlet, d = dou-
blet, t = triplet, ¢ = quartet, br = broad, m = multiplet),
integration, coupling constants (/ = Hz) and assignment.
Low resolution electrospray ionization (ESI) mass spectra
were recorded on a micromass platform electrospray mass
spectrometer. Spectra were recorded in the positive mode
(EST"). The analytical chiral HPLC experiments were per-
formed on a Beckman System Gold 126 instrument with
variable detector using Chiracel OD (Diacel Chemical
industries) (4.6 x 250 mm, 10 um), with a flow of 1 mL/
min, and hexane/2-propanol: 90/10 as eluent.

Synthesis of zert-butyl 2-(diphenylmethylene amino)
acetate 2

Benzophenone imine (1.81 g, 10 mmol) was added to

a suspension of glycine tert-butylester hydrochloride 1
(1.68 g, 1 eq) in dichloromethane (40 mL). The mixture
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was stirred for 24 h at room temperature. The organic layer
was then washed with water (20 mL), dried over MgSO,
and concentrated. The Schiff base 2 was obtained in quan-
titative yield.

MS-ESI: [M+H]* = 296.4.

'HNMR (CDCl,, 300 MHz): § (ppm) 1.44 (s, 9H, tBu);
4.10 (s, 2H, NCH,CO,tBu); 7.18-7.63 (m, 10H, Hpy).

Alkylation procedure under Corey—Lygo catalysis
conditions (procedure A)

To a solution of tert-butyl 2-(diphenylmethylene amino)
acetate 2 (200 mg, 0.68 mmol) in toluene 7/dichlorometh-
ane 3 (3.4 mL) Corey—Lygo catalyst (41 mg, 0.1 eq) and a
solution of potassium hydroxide 9 M (1.96 mL, 26 eq) were
added. The mixture was cooled to 0 °C and alk(en)yl bro-
mide (0.82 mmol, 1.2 eq) was slowly added. The reaction
mixture was vigorously stirred for 24 h at room tempera-
ture. After concentration, the residue was diluted in water
(30 mL) and ether (30 mL). The aqueous layer was then
extracted with ether (3 x 45 mL), and the organic layer
was washed with water (2 x 45 mL), dried over MgSO,
and concentrated.

Compound 3a

Yield: 92 % colourless oil.

'"HNMR (CDCl;, 300 MHz): § (ppm) 1.42 (s, 9H, tBu),
2.61-2.65 (m, 2H, CHCH,CHCH,), 3.95-4.01 (m, 1H,
NCHCO,tBu), 4.97-5.09 (m, 2H, CHCH,CHCH,), 5.64—
5.77 (m, 1H, CHCH,CHCH,), 7.14-7.80 (m, 10H, Hpy,).

Compound 3d

Yield: 100 % colourless oil.

"HNMR (CDCl;, 300 MHz): § (ppm) 1.42 (s, 9H, tBu),
1.56-1.61 (m, 3H, CHCHCH;), 2.34-2.54 (m, 2H, CHCH-
,CHCHCH,), 3.92-3.97 (m, 1H, NCHCO,tBu), 5.27-5.34
(m, 2H, CH,CHCHCH,), 7.25-7.82 (m, 10H, Hy).

Compound 3e

Yield: 93 % colourless oil.

"HNMR (CDCl;, 300 MHz): § (ppm) 1.38 (s, 9H,
OC(CH;);), 1.45 (s, 3H, CH;), 2.45-2.58 (m, 2H,
CHCH,C=CH,), 3.98-4.03 (m, 1H, CHCH,C=CH,),
4.64-4.67 (m, 2H, CH,=CH), 7.09-7.76 (m, 10H, Hp,).

Compound 3f
Yield: 100 % colourless oil.

'HNMR (CDCl;, 300 MHz): § (ppm) 1.43 (s, 9H,
tBu), 1.71 (s, 3H, CH,C=CCH;), 2.63-2.77 (m, 2H,
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NCHCH,C=CCH;), 4.07-4.12 (m, 1H, NCHCO,iBu),
7.20-7.80 (m, 10H, Hyy).

Synthesis of (+)-(1R,2R,5R)-2-hydroxy-3-pinanone Schiff
base 5.

A suspension of glycine fers-butylester hydrochloride 1
(0.17 g, 1.5 eq) in dry toluene (5 mL) was stirred in the pres-
ence of triethylamine (209 pL, 1.5 eq) for one hour. After
triethylammonium chloride filtration, (1R,2R,5R)-2-hy-
droxy-3-pinanone (0.112 g, 0.67 mmol) was added to the
free amine. The mixture was heated to reflux for 4 hour in
the presence of boron trifluoride diethyl ether (10 pwL). Water,
formed during the reaction, was removed with a Dean—Stark
trap. After cooling, the mixture was concentrated. The crude
product was purified by chromatography separation on silica
flash (cyclohexane 7/ethyl acetate 3; 1 % TEA). The Schiff
base 5 (0.17 g) was obtained in 94 % yield as pale yellow oil.

R; = 0.3 (cyclohexane 7/ethylacetate 3).

MS-ESI [M+H]" = 282.4.

'HNMR (CDCl;, 300 MHz): § (ppm) 0.85 (s, 3H,
CHjpigee)s 1.30 (s, 3H, CHjpigee), 146 (s, 9H, tBu), 1.5
(s, 3H, C(OH)CH;), 2.02-2.06 (m, 3H, CH,CHC(OH)
CH,;), 2.25-2.35 (m, 1H, CHCH,CN), 2.40-2.45 (m, 2H,
CH,CN), 4.07 (s, 2H, CNCH,).

Alkylation procedure
in (+)-(1R,2R,5R)-2-hydroxy-3-pinanone induction
(procedure B)

To a solution of diisopropylamine (0.35 mL, 2.5 eq) in dry THF
(6 mL) was added very slowly a solution of xn-butyllithium 2,
5 M in hexane (0, 96 mL, 2.4 eq) at —10 °C. After 30 min, the
mixture was cooled to —78 °C and the Schiff base 5 (0.28 g,
1 mmol) dissolved in THF (1 mL) was added. After 40 min, the
alk(en)yl bromide (1.8 eq) was added. The mixture was stirred at
—78 °C for 8 h, then it was allowed to cool to —10 °C overnight.
The reaction was quenched with a saturated solution of ammo-
nium chloride (10 mL). THF was concentrated and the aqueous
phase was extracted three times with ethyl acetate (3 x 20 mL).
The organic phase was dried over MgSO,. After concentration,
the crude product was purified on silica flash (cyclohexane/ethyl
acetate; 1 % TEA) affording compounds 6a—f.

Compound 6a

Yield: 54 % pale yellow oil.

'HNMR (CDCl;, 300 MHz): § (ppm) 0.81 (s, 3H,
CHjprigge)s 1.22-1.28 (m, 4H, CH,CHCH, and CHjq,.),
1.41 (s, 9H, tBu), 1.44 (s, 3H, C(OH)CH}), 1.98-2.05 (m,
2H, C(OH)CHCH,), 2.18-2.22 (m, 1H, C(OH)CH), 2.48—
2.63 (m, 4H, NCCH, and CH,=CHCH,), 4.08-4.12 (m,
1H, NCHCO,tBu), 4.98-5.09 (m, 2H, CH,=CH), 5.63-
5.75 (m, 1H, CH,=CH).

Compound 6b

Yield: 14 % pale yellow oil.

'HNMR (CDCl;, 300 MHz): § (ppm) 0.80 (s, 3H,
CHjprigge)s 1.26-1.30 (m, 4H, CH,CHCH and CHjg0),
1.41 (s, 9H, tBu), 1.50 (s, 3H, C(OH)CHj;), 1.90-2.15 (m,
5H, C(OH)CHCH,, CH,=CHCH, and CH,=CHCH,CH,),
2.24-2.39 (m, 1H, C(OH)CH), 2.40-2.55 (m, 2H, NCCH,),
4.01-4.08 (m, 1H, NCHCO,tBu), 4.93-5.01 (m, 2H,
CH,=CH), 5.71-5.83 (m, 1H, CH,=CH).

Compound 6¢

Yield: 41 % pale yellow oil.

'HNMR (CDCl;, 300 MHz): § (ppm) 0.84 (s, 3H,
CHjprigge)s 1.23-1.30 (m, 2H, CH,CHCH,), 1.31 (s, 3H,
CHjprige)s 1.37-1.39 (m, 2H, CH,=CHCH,CH,), 1.41
(s, 9H, tBu), 1.48 (s, 3H, C(OH)CH;), 1.75-1.95 (m,
2H, CH,=CHCH,CH,CH,), 1.95-2.30 (m, 4H, C(OH)
CHCH, and CH,=CHCH,), 2.30-2.33 (m, 1H, C(OH)CH),
2.45-2.60 (m, 2H, NCCH,), 4.01-4.08 (m, 1H, NCH-
CO,tBu), 4.93-5.01 (m, 2H, CH,=CH), 5.71-5.83 (m, 1H,
CH,=CH).

Compound 6d

Yield: 45 % pale yellow oil.

'HNMR (CDCl;, 300 MHz): § (ppm) 0.82 (s, 3H,
CHjprigge)s 1.31 (8, 3H, CHjppigqe)s 1.41 (s, 9H, tBu), 1.47
(s, 3H, C(OH)CH;), 1.78-1.94 (m, 3H, CH,CHCO-tBu and
CH=CHCH;), 1.97-2.11 (m, 2H, HOCCHCH,), 2.26-2.40
(m, 1H, C(OH)CH), 2.50-2.61 (m, 2H, NCCH,), 4.00-4.11
(m, 1H, NCHCO,tBu), 4.88-5.05 (m, 1H, CH=CH), 5.68-
5.87 (m, 1H, CH=CH).

Compound 6e

Yield: 42 % pale yellow oil.

'HNMR (CDCl;, 300 MHz): § (ppm) 0.82 (s, 3H,
CHprigge)s 125 (s, 3H, CHjp40e), 1.37 (s, 9H, OC(CHj)3),
1.42 (s, 3H, C(OH)CH;), 1.67 (s, 3H, CH;), 1.97-2.02 (m.
2H, HOCCHCH,), 2.23-2.27 (m, 1H, C(OH)CH), 2.38-
2.64 (m, 4H, NCCH, and CHCH,), 4.16 (dd, 1H, J = 5.4,
8.2 Hz, CHCH,), 4.65-4.72 (m, 2H, CH,=CH).

Compound 6f

Yield: 85 % pale yellow oil.

'HNMR (CDCl;, 300 MHz): § (ppm) 0.89 (s, 3H,
CHjpyigge)s 1.31 (8, 3H, CHjpy400), 142 (s, 9H, tBu), 1.48 (s, 3H,
C(OH)CHj), 1.68 (s, 3H, C=CCH;), 2.00-2.07 (m, 2H, HOC-
CHCH,), 2.26-2.39 (m, 1H, C(OH)CH), 2.50-2.76 (m, 4H,
NCCH, and CH;C=CCH,), 4.22-4.27 (m, 1H, NCHCO,tBu).
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Compound 6g

Yield: 10 % pale yellow oil

'HNMR (CDCl;, 300 MHz): § (ppm) 0.86 (s, 3H,
CHjprigge)s 1.15-1.22 (m, 3H, CH;C=CH), 1.34 (s, 3H,
CHjpyigee)s 1,39 (s, 9H, tBu), 1.42 (s, 3H, C(OH)CH3), 2.00~
2.07 (m, 2H, HOCCHCH,), 2.29-2.40 (m, 3H, NCCH, and
C(OH)CH); 3.09-3.21 (m, 1H, CH,CHC=CH), 3.84-4.00
(m, 1H, CH,CHC=CH), 4.11-4.25 (m, 1H, NCHCO,tBu),
4.49 (brs, 1H, OH).

Cleavage procedure of alkylated Schiff bases 3 and 6
and amine function protection

To a solution of the alkylated Schiff base 3 (or 6) (1 eq)
in THF (2 mL/mmol) was added a solution of citric acid
15 % (6 mL/mmol). The mixture was stirred at room
temperature for 6 h for compounds 3a—-d—f (for 3 days
for compounds 6a-g). After removing THF in vacuo, the
aqueous layer was extracted with diethylether (10 mL/
mmol) in order to remove the ketone. Then, the pH
was increased to 8-9 with potassium carbonate addi-
tion. The free amine was then extracted with ethyl ace-
tate (3 x 15 mL/mmol). The organic layer was concen-
trated at room temperature due to the amine volatility.
The tert-butylester was then dissolved in ethyl acetate
(5 mL/mmol) and Fmoc-OSu (1.3 eq.) was added. The
pH was adjusted to 8-9 with triethylamine addition and
the mixture was stirred overnight. The organic layer was
washed with a solution of potassium hydrogenosulphate
(3 x 15 mL/mmol) and a saturated solution of sodium
hydrogenocarbonate (3 x 15 mL/mmol). Then, organic
layer was dried over MgSO,, concentrated and the crude
product was purified on silica flash (cyclohexane/ethyl
acetate).

Compound 4a

Our data are coherent with those reported in literature
(Jakopin et al. 2013).

Yield over two steps: 67 % (procedure A); 66 % (proce-
dure B) colourless oil.

'HNMR (CDCl;, 300 MHz): § (ppm) 1.40 (s, 9H,
OC(CHj3);), 2.38-2.50 (m, 2H, CH,=CHCH,), 4.13-4.27
(m, 1H, NHCHCO,tBu), 4.30-4.35 (m, 3H, CHCHg,.0)
5.05-5.09 (m, 2H, CH,=CH), 5.29 (br d, 1H, NH), 5.57-
5.71 (m, 1H, CH,=CH), 7.27-7.76 (m, 8H, Hp,,..)-

BCNMR (CDCl;, 75 MHz): § (ppm) 170.8, 155.6,
143.9, 143.8, 141.3, 132.2, 127.7, 127.0, 125.1, 119.9,
119.0, 82.3, 66.9, 53.6, 47.2, 37.0, 28.0.

ee = 83 % (procedure A).

ee = 90 % (procedure B).
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Compound 4b

Our data are coherent with those reported in literature
(Deboves et al. 2001).

Yield over two steps: 61 % (procedure B) colourless oil.

'HNMR (CDCl;, 300 MHz): § (ppm) 1.46 (s, 9H,
OC(CH;);), 1.80-1.99 (m, 2H, CH,=CHCH,CH,), 2.10-
2.17 (m, 2H, CH,=CHCH,), 4.19-4.31 (m, 1H, NHCH-
CO,tBu), 4.364.44 (m, 3H, CHCHpp,.), 4.98-5.07 (m,
2H, CH,=CH) 5.25-5,36 (br d, 1H, NH), 5.73-5.90 (m,
1H, CH,=CH), 7.27-7.76 (m, 8H, Hg,,.)-

BCNMR (CDCl;, 75 MHz): § (ppm) 172.1, 156.3,
144.5, 144.3, 141.8, 137.7, 128.2, 127.6, 125.6, 120.5,
116.1, 82.7, 67.4,54.4,47.7, 32.7, 30.2, 29.9, 28.6.

ee =96 %.

Compound 4c

Yield over two steps: 63 % (procedure B) colourless oil.

'HNMR (CDCl;, 300 MHz): § (ppm) 1.43 (s, 9H,
OC(CH;);), 1.61-1.92 (m, 2H, CH,=CHCH,CH,CH,),
1.94-2.16 (m, 2H, CH,=CHCH,CH,CH,), 4.25-4.31 (m,
2H, CHCH,g,,,. and NHCHCO,tBu), 4.36-4.48 (m, 2H,
CHCH ppo), 4.96-5.05 (m, 2H, CH,=CH), 5.36-5.39 (br
d, 1H, NH), 5.71-5.84 (m, 1H, CH,=CH), 7.24-7.76 (m,
8H, HFmoc)'

BCNMR (CDCl;, 75 MHz): § (ppm) 171.8, 155.9,
144.1, 1439, 141.4, 138.1, 127.8, 127.2, 125.2, 120.1,
115.2,82.2,67.0, 54.3,47.3,33.3,32.4, 28.1, 24 4.

ee = 94 %.

Compound 4d

Yield over two steps: 65 % (procedure A); 59 % (procedure
B) colourless oil.

'HNMR (CDCl;, 300 MHz): § (ppm) 1.45 (s, 9H,
OC(CH;);), 1.60-1.67 (m, 3H, CH=CHCH;), 2.35-2.52
(m, 2H, CH;CH=CHCH,), 4.20-4.24 (m, 1H, NHCH-
CO,tBu), 4.32-4.42 (m, 3H, CHCH,p,.), 5.20-5.69 (m,
3H, CH,CH=CHCH;), 5.66-5.69 (br d, 1H, NH), 7.24—
7.76 (m, 8H, Hp,,\00)-

BCNMR (CDCl;, 75 MHz): § (ppm) 172.5, 156.7,
144.8, 144.6, 142.1, 138.8, 128.5, 127.9, 125.9, 120.8,
115.9, 82.9, 67.7, 55.0, 48.0, 34.0, 33.1, 28.9, 25.1.

ee = 92 % (procedure A).

ee = 98 % (procedure B).

Compound 4e

Yield: 69 % over two steps (procedure A), 62 % over two
steps (procedure B) colourless oil.

'HNMR (CDCl;, 300 MHz): § (ppm) 1.50 (s, 9H,
OC(CH;);), 1.81 (s, 3H, CH;), 2.39-2.61 (m, 2H,
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CHCH,C=CH,), 4.23-4.28 (m, 1H, CHCH,C=CH,),
4.34-4.47 (m, 3H, CHCH,p0)» 4-81 (s, 1H, CH,=CH),
4.89 (s, 1H CH,=CH), 5.32 (d, J = 8.07 Hz, 1H, NH),
7.30-7.79 (m, 8H, H,,,.)-

BCNMR (CDCl;, 75 MHz): § (ppm) 171.4, 155.7,
144.0, 143.9, 141.3, 140.7, 127.7, 127.0, 125.2, 119.9,
114.5, 82.2,66.9,52.6,47.2,41.1, 28.0, 26.9, 21.9.

ee = 94 % (procedure A).

ee = 94 % (procedure B).

Compound 4f

Yield over two steps: 39 % (procedure A); 50 % (procedure
B) colourless oil.

'HNMR (CDCl;, 300 MHz): § (ppm) 1.43 (s, 9H,
OC(CH;);), 1.78 (s, 3H, CHjyyype), 2.63-2.75 (m, 2H,
CH,;C=CCH,), 4.17-4.26 (m, 1H, NHCHCO,tBu), 4.37-
4.39 (m, 3H, CHCH,p,,,.), 5.66-5.69 (br d, 1H, NH), 7.28-
7.77 (m, 8H, Hg,,o0)-

BCNMR (CDCl;, 75 MHz): § (ppm) 169.6, 155.5,
143.7, 141.1, 127.5, 126.9, 125.0, 119.8, 82.2, 78.8, 73.0,
66.9, 53.0,47.0, 27.8, 23.1 3.29.

ee = 88 % (procedure A).

ee = 94 % (procedure B).

Compound 4g

Yield over two steps: 96 % colourless oil.

'HNMR (CDCl;, 300 MHz): § (ppm) 1.20 (d, 3H,
J = 7.13 Hz, CHCH;), 1.42 (s, 9H, OC(CH;);), 2.08-2.09
(d, 1H, J = 2.42 Hz, C=CH), 3.06-3.15 (m, 1H, CH(CH,)
C=C), 4.164.21 (m, 1H, NHCHCO,tBu), 4.25-4.34 (m, 3H,
CHCH,p,,0), 540 (br d, 1H, NH), 7.22-7.71 (m, 8H, Hg,,..)-

BCNMR (CDCl;, 75 MHz): § (ppm) 170.0, 155.9,
144.1, 141.5, 127.9, 127.3, 125.4, 120.2, 82.6, 79.2, 77.6,
73.4,67.3,53.3,47.4,29.9,28.2,23.5,3.7.

ee = 93 %.

Compound 7

'"HNMR (CDCl;, 300 MHz): § (ppm) 1.37 (s, 9H,
OC(CH;);), 1.39 (s, 9H, CH,p,,), 1.52-1.65 (m, 2H CH,),
1.67-1.75 (m, 2H, CH,CH=CH,), 1.96-2.03 (m, 2H,
CHCH,), 4.07-4.13 (m, 1H, CHCH,), 4.88-4.98 (m, 3H,
NH and CH=CH,), 5.64-5.77 (m, 1H, CH=CH,).
BCNMR (CDCl;, 75 MHz): § (ppm) 172.0, 155.3,
138.1, 114.9, 81.7, 79.5, 53.8, 33.2, 32.3, 28.3, 28.0, 24.3.

Compound 8
Compound 7 (59 mg, 0.19 mmol) was dissolved in dry

dichloromethane (0.6 mL) under argon followed by addi-
tion of the catalyst (Bu,N),PtCl, (8.8 mg, 0.01 mmol) and

HSi(CH;),Ph (48 mg, 0.34 mmol). The stirred mixture was
heated to reflux for 2 h. The solvent was removed and the
product purified by silica gel chromatography to give com-
pound 8 as a colourless oil in 70 % yield.

'"HNMR (CDCl;, 300 MHz): § (ppm) 0.25 (s, 6H,
CH,Si), 0.71-0.75 (m, 2H, CH,Si), 1.28-1.33 (m, 8H,
CH,), 1.45 (s, 9H, OC(CHj3);), 1.46 (s, O9H, CH;g,.), 4.12—
4.18 (m, 1H, CHCH,), 4.99 (br, 1H, NH), 7.34-7.36 (m,
3H, Ar), 7.49-7.52 (m, 2H, Ar).

BCNMR (CDCl;, 75 MHz): § (ppm) 171.8, 155.0,
139.2, 133.0, 128.3, 127.5, 81.2, 79.1, 53.6, 32.6, 32.3,
28.0,27.5,24.3,23.3,15.2, =3 .4.

Compound 9

Iron(Ill) oxalate hexahydrate (275 mg, 0.56 mmol) was
stirred in H,O (11.4 mL) until completely dissolved
(t ~ 2 h). The solution was cooled to 0 °C and degassed
for 10 min. Selectfluor (201 mg, 0.56 mmol) and MeCN
(5.7 mL) were added to the reaction mixture. A solution of
7 (85 mg, 0.28 mmol) in MeCN (5.7 mL) was transferred
to the reaction mixture and NaBH, (32 mg, 0.85 mmol)
was added to the mixture at 0 °C. After 2 min, the reaction
mixture was treated with an additional portion of NaBH,
(32 mg, 0.85 mmol). The resulting mixture was stirred for
30 min before being quenched by addition of 28-30 %
aqueous NH,OH (5.7 mL). The mixture was extracted with
10 % MeOH in CH,Cl, and the organic layer was dried
over MgSO, and concentrated under reduced pressure.
Flash chromatography (SiO,, cyclohexane/ethyl acetate
95:5) provided 9 as colourless oil (70 mg, 77 %).

'HNMR (CDCl;, 300 MHz): § (ppm) 1.19-1.29 (m,
3H, CH;), 1.29-1.57 (m, 2H, CH;CFCH,CH,CH,), 1.37
(s, 9H, OC(CH;)3), 1.40 (s, 9H, CH;p,.), 1.58-1.66 (m,
2H, CH,CFCH,CH,CH,), 1.70-1.77 (m, 2H, CH;CFCH-
,CH,CH,), 4.08-4.14 (m, 1H, CHCH,), 4.46-4.67 (m, 1H,
CHF), 4.96 (d, 1H, J = 7.1 Hz, NH).

BCNMR (CDCls, 75 MHz): § (ppm) 171.9, 155.3, 90.6
(d, J = 166 Hz), 90.4 (d, J = 166 Hz), 81.8, 79.5, 53.7,
36.4 (d, J =21 Hz), 36.3 (d, J = 21 Hz), 32.8, 32.6, 30.1,
28.3, 27.9, 23.6, 21.1, 21.0, 20.9, 20.8, 20.7. ""FNMR
(CDCl;, 376 MHz) § (ppm) —172.9, —173.16.

Results and discussion

To synthesize unnatural amino acids with an unsaturated
side chain, we firstly prepared benzophenone Schiff base
2 starting from glycinate tert-butylester hydrochloride 1
and benzophenone imine in quantitative yield (O’Donnell
and Polt 1982). Different types of reactions applied under
phase transfer conditions and different classes of catalysts
were described a few years ago and gave an overview of
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Table 1 Comparison of

Compound  Yield (%) C-L induction

Compound  Yield (%) HP induction

. . . Entry  Electrophile
alkylation reaction yields
1 a :/_Br 3a
2 Br 3b
b
3 Br 3c
c /_/_/
7/
Br
4 d — 3d
5 :<*Bf 3e
e
6 f = B 3f

7 3g
g = Br

92 6a 54
- 6b 14
_ 6¢ 41
100 6d 74
93 6e 42
100 of 85
_ 6g 40

this chemical process scope (Ooi and Maruoka 2007). We
chose to use a quaternary ammonium ion as a catalyst,
which was a cinchonidine derivative named Corey—Lygo
(Lygo and Andrews 2004; Corey et al. 1997). This catalyst
already proved its efficiency for enantioselective induction
on glycine derivative as substrates (Denmark et al. 2011).
We investigated several alkylation conditions described in
literature (Respondek et al. 2011; Lygo and Andrews 2004;
Corey et al. 1997). The best and mildest method of PTC
alkylation was performed using a 9 M potassium hydroxide
solution as a base, at 0 °C in a mixture of toluene/dichlo-
romethane (7:3) (Benohoud et al. 2009). The result-afford-
ing compounds 3a—g are gathered in Table 1. (S)-Fmoc
amino acids 4a—g were obtained after Schiff base hydrol-
ysis under acidic conditions followed by N-protection
(Table 2). The enantiomeric excess as well as the stereo-
chemistry of the compounds obtained via Corey—Lygo PTC
condition was determined using chiral HPLC and by com-
parison of the retention time with the respective compound
obtained via HP condition. It is well known that depending
on the chirality of the hydroxypinanone moiety it is possi-
ble to control the stereochemistry of the final product. Thus
starting from (1R,2R,5R)hydroxypinan-3-one, S amino
esters are obtained (Tabcheh et al. 1991; El Achqar et al.
1988) (Scheme 1).

In parallel, (IR,2R,5R)hydroxypinan-3-one was used
for the preparation of shiff base 5. The use of this chiral
auxiliary showed its ability to promote excellent diaste-
reoselectivity in a-amino acid synthesis, as we recently
reported (René et al. 2013). We applied this route to our
new targets (Scheme 2), and alkylation yields are reported
in Table 1. Alkylation was then carried out using Lith-
ium diisopropylamide (LDA) affording compounds 6a—g.
The Schiff base was then hydrolysed under acidic condi-
tions and Fmoc N-protected affording S amino acids 4a—g
(Table 2).

@ Springer

When comparing both methods, we were facing two
opposite situations: either alkylation yields of benzophe-
none Schiff base under phase transfer conditions were
higher than the alkylation yields with hydroxypinanone
induction (entries 1, 4, 5 and 6), or the introduction of an
unsaturated chain did not occur at all (entries 2, 3 and 7).
We can observe that if the substitution site is not an acti-
vated position, alkylation is not possible under PTC condi-
tions (entries 2, 3). We can rationally hypothesize that the
high basic aqueous conditions degrade bromide derivatives
by an elimination mechanism. Indeed, hydrogen atoms,
which are situated in a-position of the bromine atom, can
easily be wrested in basic medium. Alkylations with alk-
enyl bromide derivatives can be performed in quantitative
yield (entry 6) but only when the substitution site is not
branched (entry 7). Concerning hydroxypinanone induc-
tion, alkylation yields are low to moderate (entries 1, 2, 3,
5 and 7) excepted for linear alkenyl chains (entries 4 and
6). These results are probably due to the relative ability of
bromide atom to be a good leaving group. A basic medium
can indeed easily promote the elimination of bromide espe-
cially when the elimination product leads to the formation
of a stable conjugated compound such as the case of elec-
trophiles b and g (entries 2 and 7).

After Schiff base hydrolysis to release the free amine
function, Fmoc derivatives were obtained in moderate to
good yields according to side chains polarity (Table 2).

Both routes when they are comparable induced excel-
lent enantiomeric excess higher than 90 %. The best result
concerned the compound 4d, which was obtained in 98 %
ee with hydroxypinanone as chiral auxiliary and in a good
overall yield.

In order to confirm the potential of unsaturated amino
acids as tools for amino acid diversification we prepared,
starting from the Boc protected compound 7, two differ-
ent amino acids derivatives containing a silica atom and
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Table 2 Hydrolysis, N-protection yields and enantiomeric excess for each method

Entry Compound Yield (%) C-L induction Yield (%) HP induction ee (%) C-L induction ee (%) HP induction
1 4a 67 66 83 90
2 4b - 61 - 96
3 4c - 63 - 94
4 4d 65 59 92 98
5 4e 69 62 94 94
6 4f 39 50 88 94
7 4g - 96 - 93
'CI+H3N/1\COOtBu
Ph\[&NH Ph /N _-COOtBu
CH2C|2Y r.t.
Ph Ph
100% 2
KOH 9M, toluene/CHClIj (7:3)
H 1) citric acédh15:/°, THF, 0 °C, R-Br, Corey-Lygo catalyst
_N COOtBu Tt Ph N COOtBu
Fmoc }/ hd }/ -
R 2) Fmoc-OSu, NEts, r.t. Ph R
4ag 3a-g
Scheme 1 Method using Corey—Lygo PTC conditions
W &O
HO'
"CI*H;N” > COOtBuU - SPSvScoos
1) NEts, toluene, r.t. HO
1 2) Et,O'BF3, reflux 5 Lﬂ\ J\
1) N
-78 °C, 30 min.
2) R-Br
H 1) Cltrl(;ad(zds1 5r°t/o, THF, R _78 OC’ 8h then
_N_ _COOtBu = ys. o P ;\ -10 °C, overnight
Fmoc Y 2) Fmoc-OSu, NEts, rt. o N” "COOtBu =
R
4 a-g 6 a-g

Scheme 2 Method using (1R,2R,5R)hydroxypinan-3-one
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BocHN COOtBu
BocHN___COOtBu Fey(0x)3 BocHN___COOtBu ' ~
: NaBH,4 T HSi(CHj3),Ph, H
3 Selectfluor N (BuyN),PtClg
_—
E MeCN/H>0 CH,Cly, reflux
0 °C, 30 min
| Si(CH3),Ph
9 7 8

Scheme 3 Hydrosilylation and Hydrofluorination reaction

a fluorine atom, respectively (Scheme 3). The Boc pro-
tection was chosen in this case in order to differentiate
the protecting group pattern exploitable in our synthetic
pathway. Thus silicon-containing derivative 8 was pre-
pared by hydrosilylation reaction previously optimized
in our research group (Marchand and Martinez 2008) and
provides an alternative synthetic procedure for the prepa-
ration of long side chain silylated compounds. The pres-
ence of a silicon-containing amino acid has been proved
to influence the stability, conformation and bioactivity of
silicon-containing peptides (Martin et al. 2014; Cavelier
et al. 2002). The presence of fluorine in pharmaceuti-
cal products (Miiller et al. 2007) and the use of labelled
8F compounds for positron emission tomography (PET)
molecular imaging (Wu et al. 2014) prompted us to
prepare fluorinated amino acid 9. The application of a
method developed by Boger resulted in exclusive Marko-
vnikov addition and obtainment of fluorinated compound
9 (Barker and Boger 2012). Both methods work with
excellent yields providing an easy access to heteroatom-
containing amino acids.

Conclusion

In summary, we performed stereoselective synthesis of
seven unsaturated a-amino acids via two methods of asym-
metric alkylation. On one hand, when the synthesis was
carried out under chiral phase transfer conditions with the
Corey-Lygo catalyst, the desired amino acid was obtained
in good yields and rather good ee, but failed in a few cases.
On the other hand, exploitation of the hydroxypinanone-
induced asymmetric alkylation afforded all the o-amino
acids desired with slightly lower alkylation yields and with
an excellent final ee. Finally, we prepared an example of
fluorinated a silylated amino acid to prove the extended
versatility of unsaturated amino acids as chiral building
blocks for amino acids diversification.
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