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Abstract Here, we report the most inexpensive proce-
dure for chemical synthesis of enantiomerically pure
phenylalanine. As a source of chirality, we use the ulti-
mately inexpensive chiral auxiliary, 1-(phenyl)ethylamine,
incorporated into the specially designed ligands which
form the corresponding intermediate Ni(II) complexes with
racemic phenylalanine. Diastereomerically pure Ni(II)
complexes, containing either (S)- or (R)-phenylalanine,
were disassembled to produce enantiomerically pure target
amino acid, along with recycling the chiral ligand. All
reactions were conducted under operationally convenient
conditions, featuring high yields and thus underscoring
attractive cost structure of this method.
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Introduction

Asymmetric synthesis of tailor-made a-amino acids (Sol-
oshonok et al. 1999a) has always been in focus of organic
chemistry. Besides being in the league of very special
“molecules of life”, amino acids play an important role in
food and health care industries. In particular, production of
many sophisticated pharmaceuticals is based on amino
acids as source of chirality and essential functionalities
(Wang et al. 2001, 2004; Breuer et al. 2004; Gallos et al.
2005). Truly immense amount of research data on synthesis
of amino acids has been reported, featuring virtually all
imaginable methodological approaches (O’Donnell and
Eckrich 1978; Schollkopf et al. 1981; Williams et al. 1988;
Fitzi and Seebach 1988; Duthaler 1994; Soloshonok et al.
1994, 1997a, 2009a; Lygo and Wainwright 1997; Corey
et al. 1997; Ooi et al. 1999; Chinchilla et al. 2000; Solos-
honok 2002; Park et al. 2002, 2007; Shibuguchi et al. 2002;
Solladié-Cavallo et al. 2002; Maruoka and Ooi 2003; Ma
2003; Najera and Sansano 2007; Kukhar et al. 2009;
Sorochinsky and Soloshonok 2010; Soloshonok and Soro-
chinsky 2010; Acena et al. 2012, 2013; Sorochinsky et al.
2013a, b). However, high cost of preparation of amino acids
via asymmetric synthesis renders the purely chemical
methods prohibitively expensive for large-scale production
(Fogassy et al. 2005). Therefore, the current industrial
preparation of enantiomerically pure amino acids is based
on chemical synthesis of racemates followed by enzymatic
resolutions (Breuer et al. 2004; Soloshonok and Izawa
2009). The major advantage of biocatalytic processes is that
they can be conducted under operationally convenient
conditions (Ellis et al. 2003a; Soloshonok et al. 2006) and
therefore have attractive cost structure. Consequently, to
devise a sound synthetic methodology that can rival enzy-
matic reactions, one should pay due attention to the reaction
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conditions and cost of the reagents. In context of practi-
cality, the Ni(Il) complex of glycine Schiff base 1 (Fig. 1)
(Belokon et al. 1983, 1985a, 1998; Ueki et al. 2003a) has
some attractive features. In particular, its homologation via
alkyl halide alkylation (Tang et al. 2000, Qiu et al. 2000;
Soloshonok et al. 2001), aldol (Soloshonok et al. 1993,
1995, 1996), Mannich (Soloshonok et al. 1997b; Wang et al.
2008) and Michael (Soloshonok et al. 1999b, 2000a, 2005a)
addition reactions can be conducted at ambient temperature
in commercial grade solvents. Achiral analogs of 1, com-
plexes 2a,b (Ueki et al. 2003b) are also useful glycine
equivalents for homologation under asymmetric PTC
(Belokon et al. 2001, 2003) and Michael addition reactions
(Soloshonok et al. 2000b, 2004; Yamada et al. 2006).
Recently, we introduced a modular design (Soloshonok
et al. 2005b, c; Ellis et al. 2006) of a new generation of
nucleophilic glycine equivalents of general formula 3
(Fig. 2). This approach offers remarkable structural flexi-
bility allowing to control physicochemical properties and
reactivity of the corresponding Ni(I) complexes (Ellis
et al. 2003b, Yamada et al. 2008; Soloshonok et al. 2009b).
Apparent success has been achieved in application of this
design for preparation of ligand 4, useful for deracemiza-
tion of racemic amino acids (Soloshonok et al. 2009a) and
(S)- to (R)-enantiomers interconversion (Sorochinsky et al.
2013a, b). Here, we report application of this new type of
ligands/Ni(II) complexes for development of the most
inexpensive chemical preparation of enantiomerically pure
amino acids, demonstrated on example of phenylalanine.
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Fig. 1 Chiral 1 and achiral 2a,b equivalents of nucleophilic glycine
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Fig. 2 New generation of Ni(II)-complexes of amino acids 3 and 4
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Materials and methods
General procedure for preparation of ligands 10a,b

Secondary amine 9 (Soloshonok and Ueki 2010) (0.500 g,
1 equiv), N,N-diisopropylethylamine (1.5 equiv), alkyl
halide (1.1 equiv in the case of BnBr and 3.5 equiv in the
case of Mel) and 10 mL of MeCN were placed in a round-
bottom flask and stirred at room temperature under nitro-
gen. After completion of the reaction (monitored by TLC),
the reaction mixture was evaporated to dryness under
vacuum. The residue was dissolved in 5 mL of CH,Cl, and
washed with 5 mL of water. The aqueous layer was washed
with 3 x 5 mL fractions of CH,Cl,. The collected organic
fractions were dried over MgSO, and the solvent was
removed under vacuum to yield the crude product. Ana-
lytically pure samples of 10a,b were obtained by column
chromatography (Hex/EtOAc).

10a: Mp 80-82 °C; [a]f +23.7 (¢ 1.55, CHCly). 'H-
NMR § 1.54 (d, J = 6.9 Hz, 3H), 2.44 (s, 3H), 3.12 (d,
J =168 Hz, 1H), 3.25 (d, J = 16.8 Hz, 1H), 3.82 (q,
J = 6.6 Hz, 1H), 6.87-6.92 (m, 1H), 7.15-7.22 (m, 1H),
7.25-7.28 (m, 2H), 7.50-7.72 (m, 7TH), 7.73-7.92 (m, 2H),
8.69 (d, J = 8.7 Hz, 1H), 11.67 (bs, 1H).

10b: Oil; [0]3 +28.1 (¢ 3.81, CHCl3). 'H-NMR 3 1.43
(d, J = 6.9 Hz, 3H), 1.47 (s, 1H), 3.02 (d, J = 16.8 Hz,
1H), 3.22 (d,J = 16.8 Hz, 1H), 3.36 (d, / = 12.9 Hz, 1H),
3.72 (d, J=13.2 Hz, 1H), 3.84 (q, / = 7.2 Hz, 1H),
6.96-7.01 (m, 4H), 7.13-7.20 (m, 3H), 7.37-7.48 (m, 8H),
7.55-7.57 (m, 1H), 7.78-7.81 (m, 2H), 8.44 (dd, J = 7.5,
1.2 Hz, 1H), 11.22 (bs, 1H).

General procedure for preparation of Ni(Il)-complexes
11a,b—14a,b by the reaction of ligands 10a,b with rac-
phenylalanine

To a flask containing methanol solution of ligand (S)-
10a,b (1 equiv), NiCl, (2 equiv) and racemic phenylalanine
(2.0 equiv), were added K,COj (6 equiv), and the reaction
mixture was stirred at 50 °C. The progress of the reaction
was monitored by TLC and upon completion (consumption
of ligand 10a,b), the reaction mixture was poured into ice
water containing 5 % acetic acid. The target product was
extracted three times with CH,Cl,. The combined organic
layer was dried over anhydrous MgSO, and evaporated
under vacuum. After evaporation of the solvents and silica
gel column chromatography, the target complexes 11a,b—
14a,b were obtained in diastereomerically pure form.
(Sc.Rn,Sc)-11a: Mp 164-170 °C; [a]3 +1711.6 (¢ 0.01,
CHCls). '"H-NMR § 1.46 (3H, s), 2.25 (d, J = 7.2 Hz, 3H),
2.64 (dd, J = 13.5, 5.1 Hz, 1H), 2.86 (d, J = 16.2 Hz,
1H), 3.03 (dd, J=13.5, 33 Hz, 1H), 3.07 (d,
J =162 Hz, 1H), 394 (q, J = 6.9 Hz, 1H), 429 (t,
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J = 1.8 Hz, 1H), 6.76-6.80 (m, 2H), 7.06-7.08 (m, 1H),
7.16-7.19 (m, 2H), 7.26-7.36 (m, 5H), 7.46-7.60 (m, 7H),
8.44 (d, J = 8.4 Hz, 1H). >*C-NMR & 18.7, 38.9, 39.6,
62.4, 65.6, 71.3, 121.1, 123.6, 127.0, 127.2, 127.6, 127.7,
128.4, 128.8, 129.0, 129.1, 129.2, 130.0, 130.1, 131.5,
132.7, 133.4, 133.6, 133.7, 136.2, 142.7, 170.7, 174.7,
178.1.

(Sc,Rn.Sc)-11b: Mp  228-229 °C; [a]y +1417.4
(¢ 0.01, CHCl5). '"H-NMR § 2.22 (d, J = 6.9 Hz, 3H), 2.76
(d, J=17.1Hz, 1H), 278 (d, J=12.0Hz, 1H),
3.10-3.30 (m, 2H), 3.95 (q, J = 6.6 Hz, 1H), 4.11 (d,
J =120 Hz, 1H), 4.12 (d, J = 17.1 Hz, 1H), 4.20 (t,
J = 6.3 Hz, 1H), 6.57-6.61 (m, 3H), 6.94-7.18 (m, 4H),
7.21-7.38 (m, 13H), 7.49-7.53 (m, 2H), 8.07 (d,
J =78 Hz, 1H), 8.31 (d, J = 7.2 Hz, 2H). '>*C-NMR &
20.1, 40.7, 56.3, 65.1, 65.9, 71.5, 120.4, 123.2, 125.6,
127.1, 127.4, 127.8, 128.5, 128.6, 128.7, 128.8, 128.9,
129.0, 129.6, 129.8, 130.4, 131.5, 132.2, 133.3, 134.0,
135.0, 135.1, 135.6, 142.3, 171.3, 178.1, 178.4.

(Sc.Sn,Sc)-12a: Mp 216-218 °C; [a]d +1550.8 (¢ 0.01,
CHCl;). '"H-NMR & 1.67 (d, J = 6.9 Hz, 3H), 2.42 (d,
J = 15.9 Hz, 1H), 2.63 (s, 3H), 3.08 (dd, J = 12.0, 5.1 Hz,
1H), 3.19 (dd, J = 14.2, 4.5 Hz, 1H), 3.49 (q, J = 6.9 Hz,
1H), 3.99 (d, J = 15.9 Hz, 1H), 4.25 (t, J = 6.0 Hz, 1H),
6.77-6.88 (m, 3H), 7.08-7.11 (m, 2H), 7.21-7.35 (m, 8H),

7.40-7.43 (m, 4H), 7.51-7.54 (m, 3H), 8.65 (d,
J = 8.7 Hz, 1H).

(Sc,Rn.Rc)-13a: Mp  104-105 °C;  [a]f —1634.1
(c 0.01, CHCL;). 'H-NMR & 1.74 (s, 3H), 1.97 (d,

J = 6.9 Hz, 3H), 2.66 (dd, J = 13.2, 5.4 Hz, 1H), 2.91 (d,
J = 16.8 Hz, 1H), 2.99 (dd, J = 13.2, 3.0 Hz, 1H), 3.20
(d, J = 16.8 Hz, 1H), 3.43 (g, J = 6.9 Hz, 1H), 4.24 (t,
J=21Hz, 1H), 6.76 (d, J =42 Hz, 2H), 7.06 (d,
J = 6.6 Hz, 1H), 7.22-7.31 (m, 6H), 7.42-7.63 (m, 10H),
8.14 (d, J = 8.4 Hz, 1H).

(Sc,Rn.Rc)-13b: Mp  261-264 °C; [a]h —1756.4
(c 0.01, CHCly). '"H-NMR § 2.14 (d, J = 6.6 Hz, 3H),
271 (d, J =162 Hz, 1H), 3.00-3.15 (m, 2H), 3.23
(d, J = 14.4 Hz, 1H), 3.58 (d, J = 16.2 Hz, 1H), 3.69
(d, J=142Hz, 1H), 6.67-6.72 (m, 2H), 7.00-7.24
(m, 5H), 7.26-7.75 (m, 17H). 3C-NMR & 20.1, 39.0,
60.1, 62.5, 64.6,71.1, 120.7, 124.8, 127.0, 127.2, 127.6,
128.2, 1284, 128.6, 128.9, 129.0, 129.9, 130.9, 131.5,

131.8, 132.0, 133.0, 133.8, 136.5, 137.0, 142.3, 170.6,
175.7, 177.8.
(Sc.Sn.Rc)-14b: Mp  245-247 °C; [aly —1880.8

(c 0.01, CHCly). '"H-NMR & 1.54 (d, J = 6.9 Hz, 3H),
2.60-2.75 (m, 2H), 3.32 (d, J = 17.7 Hz, 1H), 3.58 (d,
J = 11.7 Hz, 1H), 3.83 (t, J = 7.2 Hz, 1H), 4.32-4.38 (m,
1H), 4.33 (d, J = 16.5 Hz, 1H), 4.41 (d, J = 11.7 Hz, 1H),
5.81 (d, J = 7.5 Hz, 1H), 6.39-6.56 (m, 4H), 6.98-7.72
(m, 8H), 7.28-7.64 (m, 8H), 8.13 (d, J = 7.8 Hz, 1H), 8.20
(d, J = 8.7 Hz, 1H), 8.55 (d, J = 6.9 Hz, 2H).
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Scheme 1 Synthesis of ligands 10a,b

General procedure for disassembly of the Ni(Il)
complexes, isolation of phenylalanines (S)-15, (R)-16
and recycling of chiral ligands 10a,b

To a solution of MeOH and 3 N HCI at 70 °C was added
complex 11a,b, 13a,b (14.5 mL MeOH/11 mL of 3 N HCl/
1 g of complex 11a,b, 13a,b). The solution was stirred for
30 min (disappearance of red color) and then evaporated
under vacuum. The residue was treated with 50 mL of DI
water and 15 mL CH,Cl, and then organic and aqueous layers
were separated and evaporated under vacuum. Ligands 10a,b
were recovered with 95-98 % yields by the evaporation of the
organic layer. Following the evaporation of aqueous layer, the
crystalline residue was dissolved in the minimum amount of
DI water and placed on an ion-exchange column using Dowex
50 X 2-100 resin. The column was first washed with DI water
until neutral, followed by 8 % aqueous ammonium hydroxide
(200 mL) to elute acids 15, 16. This solution was evaporated
to afford target (S)- and (R)-phenylalanines in 93-95 % yield.
The Ni(II) was eluted with concentrated HCI after the column
was returned to neutral pH with DI water.

Results and discussion

To develop the most inexpensive chemical method for
preparation of enantiomerically pure amino acids, we deci-
ded to use ultimately inexpensive chiral auxiliary,
I-(phenyl)ethylamine S5 (Juaristi et al. 1998, 1999)
(Scheme 1), readily available in both enantiomeric forms. In
contrast to the design of ligand 4, bearing 2-amino-2-meth-
ylpropanoic acid, we chose the simplest case of glycine
moiety, expecting high yield and uncomplicated synthesis of
the target ligand.

First, o-aminobenzophenone 6 (Scheme 1) was acylated
with 2-bromoacetyl bromide 7 (Soloshonok et al. 2007) to
give product 8 in 98 % yield. Without additional
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Scheme 2 Synthesis of
diastereomeric complexes

11a,b-14a,b NiCl, (2 equiv)

KoCOg3 (6 equiv)
reflux in MeOH

rac-Phe (2 equiv)

©

R\ R,

10a,b

purification, compound 8 was reacted with (S)-amine 5
using previously reported procedure with application of
Hiinig’s base (Moore et al. 2005), giving rise to product 9
in quantitative yield. Under the same conditions, NH
functionality in 9 was alkylated to afford ligands 10a,b in
excellent yields.

Again, without additional purification, ligands
10a,b were heated in MeOH at 50 °C, in the presence of
racemic Phe, NiCl, and K,COs5;. The formation of the
corresponding Ni(II) complexes took place at relatively
high rate and upon completion, the reaction mixtures were
poured into icy water containing 5 % acetic acid. Analysis
of the stereochemical outcome of the reactions (NMR,
TLC) revealed that in the case of ligand 10a, three dia-
stereomeric complexes had been formed in a ratio of 9/61/
30. The reaction of ligand 10b was more stereoselective as
only two major complexes were isolated in a ratio of ~ 63/
37 with only trace amounts of the third diastereomer.
Scheme 2 shows all four possible diastereomeric com-
plexes 11-14 expected in the reactions under study. Ste-
reochemical assignments of the products obtained have
been made based on their crystallographic, 'H-NMR data
and chiroptical properties.

Thus, the major product obtained in the reaction of N-
benzyl ligand 10b was subjected to single crystal X-ray
analysis which revealed its (Sc,Rn,Sc) absolute configura-
tion (compound 11b) (Figs. 3, 4). As one can see in Fig. 4,
the methyl group of the (phenyl)ethylamine moiety is
located in close proximity to the Ni atom, which can
explain (Soloshonok et al. 1999c¢) its unusual down-fielded
(2.22 ppm) chemical shift in its 'H-NMR spectrum, as
compared to uninfluenced, “normal” chemical shift of

@ Springer

13a,b (Sc,RN,Rc) 14ab (SC:SN1RC)

<3

Fig. 3 Crystallographic structure of (Sc,Rn,Sc)-11b

about 1.5 ppm observed in the case of ligands 10a,b. The
case of down-fielded chemical shifts of methyl groups
located above or under Ni atoms is well documented in
chemistry of the compounds of this kind (Belokon et al.
1985b, 1986, 1988), and therefore can serve as a reference
for the (R) absolute configuration of the stereogenic
nitrogen in this study. Furthermore, compound (Sc,Rn,Sc)-
11b has optical rotation +1,417.4 ([0]5) which is the result
of non-planar, twisted structure of the chelate rings around
Ni atom. In particular, the phenylalanine-containing five-
membered ring and the adjacent six-membered ring are
down and up, respectively, relatively to the Ni coordination
plane. This twisted arrangement of the chelate rings in
(Sc,Rn,Sc)-11b  gives rise to the axial chirality of
(S) absolute configuration, which is responsible for positive
optical rotation and its remarkable magnitude. By contrast,
if the phenylalanine moiety is of (R) configuration, the
twist of the chelate rings will result in (R) configured axial
chirality and the corresponding Ni(II) complex will have
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COOH
11a,b (S¢.Rn, Sc) PR + (S)-10ab
NH»
3N HCI
MeOH (5)-15
reflux
COOH
13a,b (Sg, Aw, Ac) PR Y + (S)-10ap
NH,
| 7
e (R)-16

Fig. 4 Crystallographic structure of (Sc,Rn,Sc)-11b showing the
exposure of a-(phenyl)ethylamine’s methyl to the Ni(Il) atom

Table 1 'H-NMR and chiroptical data for diastereomeric complexes
11a,b-14a,b

Compound Yield (%) [o]Z d (Me)
R=Me  (SoRn.S.)-11a 61 +1711.6 222
(Sc,Sn,S0)-12a 9 +1550.8 1.64
(SoRR) 132 30 ~1634.1 1.99
(Sc.Sn.R.)-14a 0
R=Bn (Se,Rn.S.)-11b 63 +14174 222
(ScsSnsSc)-12b 0
(Sc,Rn-R)-13b 37 —1756.4 2.19
(Sc,Sn,R.)-14b Trace —1880.8 1.55

negative optical rotation of a similar magnitude (Wang
et al. 2011). Consequently, the sign of optical rotation can
be reliably used as a reference to assign the o-absolute
configuration of the amino acid residue.

Chemical shifts of the (phenyl)ethylamine methyl group
and optical rotations of the products obtained are collected in
Table 1. Based on these data, we can assign the absolute
configurations of all compounds obtained. Thus, in the reac-
tion of ligand 10a the products are (61 %) 11a (Sc,Rn,Sc),
(9 %) 12a (Sc,Sn.Sc) and (30 %) 13a (Sc,Rn.Rc). In the
reaction of ligand 10b, the products are (63 %) 11b
(Sc.Rn.Sc), (37 %) 13b (Sc,Rn,Rc) and trace amount of 14b
(Sc,Sn»Rc). Obviously, for the purpose of preparation of
enantiomerically pure (S)-phenylalanine, the complexes
(Sc,Rn»Sc)-11a and (Sc,Sn,Sc)-12a can be combined, as they
contain amino acid of the same (S) configuration.

Diastereomerically pure complexes (Sc,Rn,Sc)-11a,
(Sc,RN,Rc)-13a, (Sc,RN,Sc)-llb and (Sc,RN,Rc)-lsb were
obtained by column chromatography. Each of these pro-
ducts was disassembled using standard conditions shown in
Scheme 3. Chiral ligands 10a,b were easily recycled
(~95 %) and the target (S)- and (R)-phenylalanines were
isolated using ion-exchange column in 85-90 % yields.

Scheme 3 Disassembly of Ni(II) complexes and isolation of target
(S)- and (R)-phenylalanines

Regardless the incomplete diastereoselectivity in the pro-
ducts formation and chromatographic purification, the cost of
thus prepared (S)- and (R)-phenylalanines, including silica
gel, all reagents and solvents, is very attractive and well below
of any other chemical approach reported thus far in the liter-
ature (Yue et al. 2007; Khamduang et al. 2009; Cardenas-
Fernandez et al. 2012; Yasukawa and Asano 2012). These
preliminary results clearly suggest that the approach described
here has certain practical potential, which is currently being
explored using various derivatives of 1-(phenyl)ethylamine
and other chiral amines to improve the stereochemical out-
come of the Ni(Il) complexes formation and overall effi-
ciency, generality and scalability of the method.

Conclusions

In conclusion, this work has demonstrated that simple
structural design of new generation modular ligands bear-
ing 1-(phenyl)ethylamine moiety as a source of stereo-
chemical information, can be effectively used for quite
inexpensive preparation of enantiomerically pure (S)- and
(R)-phenylalanines. While the present results have some
shortcomings, such as incomplete stereoselectivity and
chromatographic separation, they provide an inspirational
prospect for the development of improved and truly prac-
tical methodology.
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