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Abstract An improved practical and efficient procedure for the syn-
thesis of non-racemic unnatural -amino acids through a stereocon-
trolled rearrangement is reported. Carboxylic acids are converted into
azanyl esters RCO2NHBoc followed by an iron-catalyzed 1,3-nitrogen
migration to provide non-racemic -amino acids in an asymmetric (-
monosubstituted -amino acids) or enantioconvergent fashion (,-
disubstituted -amino acids). Under optimized conditions using a fluo-
rinated chiral iron catalyst and 2,2,6,6-tetramethylpiperidine as the
base in a solvent mixture of 1,2-dichlorobenzene and CHCl3, enantiose-
lectivities of up to 98% ee were obtained. Such high ee values are im-
portant for practical purposes, allowing the direct use of many of the
obtained N-Boc-protected -amino acids for subsequent applications.

Key words -amino acids, asymmetric catalysis, iron, C(sp3)−H ami-
nation, rearrangements

Unnatural side-chain-carrying -amino acids play piv-

otal roles in medicinal chemistry, biotechnology, chemical

biology, and synthetic chemistry.1 These non-native -ami-

no acids are incorporated into proteins and peptides to tai-

lor their chemical, physical, or pharmaceutical properties.

Additionally, they serve as chiral synthetic building blocks

for producing chiral catalysts, chiral auxiliaries, and small-

molecule drugs. Numerous approaches for synthesizing

non-racemic -amino acids have been developed.2,3 Howev-

er, there remains a significant demand for more efficient

and economical methods. For example, catalytic asymmet-

ric methods are generally more desirable than auxiliary-

mediated synthetic procedures but often do not provide the

amino acids with sufficiently high enantiomeric purities,

which prevents widespread implementation for use in aca-

demia and industry.

Recently, we introduced a convenient novel method to

access non-racemic -amino acids by a transition-metal-

catalyzed 1,3-nitrogen rearrangement (Scheme 1).4 While

our initial work disclosed a ruthenium- and iron-catalyzed

synthesis of N-Troc-protected -amino acids, we later re-

vealed suitable reaction conditions for accessing more de-

sirable N-Boc-protected -amino acids through such iron-

catalyzed 1,3-nitrogen shift.5 However, ee values were not

high enough to be of real practical value. Herein, we report

Scheme 1  Catalytic asymmetric synthesis of -amino acids by stereo-
controlled 1,3-nitrogen migration: previous work and this study
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(b) Fe catalysis
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TCE, K2CO3 (3 eq), 0 °C
95% yield, 91% ee

•  1st Improvement: Boc-protection (ref. 5)

(R,R)-FeBIP (2 mol%), DCB, TMP (0.5 eq), 0 °C
91% yield, 90% ee

•  2nd Improvement: Boc-protection with high ee (this work)

(R,R)-FeBIPF2 (2 mol%), DCB/CHCl3 (1:1), 
TMP (0.5–2.0 eq), –50 °C

98% yield, 98% ee

model reaction: R = Ph
© 2024. The Author(s). Synthesis 2024, 56, A–K
Georg Thieme Verlag KG, Rüdigerstraße 14, 70469 Stuttgart, Germany



B

K. Yin, E. Meggers PaperSynthesis
our progress in developing a highly practical and efficient

catalytic asymmetric synthesis of -amino acids with high

enantiomeric excess.

We commenced our study with the screening of modified

iron catalysts. Previously, we reported that (R,R)-[FeCl2(BIP)],

featuring a tetradentate bis-benzimidazole ligand with a

chiral 2,2′-bipyrrolidine backbone (BIP) and two labile

chloride ligands, hereafter denoted as (R,R)-FeBIP, emerged

as a highly effective catalyst for stereocontrolled 1,3-nitro-

gen migration (see Table 1).4–6 We targeted the 5-position

of the benzimidazole moiety for modification due to its

proximity to the catalytic site without compromising the

coordination ability of the tetradentate ligand. Utilizing the

N-Boc-protected azanyl ester of phenylacetic acid (1) as the

model substrate, (R,R)-FeBIP (2 mol%) in conjunction with

the base 2,2,6,6-tetramethylpiperidine (TMP, 0.5 equiv) in

1,2-dichlorobenzene (DCB) converted 1 into N-Boc-phenyl-

glycine (2) with 98% NMR yield and 90% ee, serving as our

reference (entry 1). The introduction of a tert-butyl group

at the 5-position of the benzimidazole moieties decreased

the yield to 62% with 75% ee (entry 2). Similarly, the incor-

poration of electron-donating methoxy groups yielded no

significant improvement (59% yield, 83% ee) (entry 3).

However, an iron catalyst with nitro groups yielded 2 with

89% ee, albeit with a low NMR yield of just 37% (entry 4).

Motivated by this high enantioselectivity, we explored oth-

er electron-withdrawing substituents at the 5-position of

the benzimidazoles. Cyano groups provided 2 with an 66%

NMR yield and 91% ee (entry 5), while chloride substituents

afforded the same ee but a significantly improved yield (en-

try 6). The most favorable outcome was achieved with fluo-

rine at the 5-position of the benzimidazoles (denoted as

(R,R)-FeBIPF2), catalyzing the 1,3-nitrogen migration with

85% NMR yield and 92% ee (entry 7). CF3 groups were found

to be less effective, providing 2 with only 71% NMR yield

and 77% ee. We deduce from this catalyst screening that in-

creased steric hindrance at the 5-position is unfavorable,

whereas electron-withdrawing substituents enhance the

enantiomeric excess of the rearrangement, with the small

electron-withdrawing fluorine substituent seemingly offer-

ing optimal enantioselectivity.

With an improved iron catalyst in hand, our subsequent

focus was on optimizing the reaction conditions. Notably,

we found that the reaction temperature influenced the en-

antioselectivity significantly. For instance, employing the

rearrangement of 1 → 2 as the model reaction, we observed

an enantiomeric excess (ee) of just 89% at room tempera-

ture (Table 2, entry 1), which is significantly lower than the

92% ee observed at 0 °C (entry 2, also refer to Table 1, entry

7). Further lowering the reaction temperature to –10 °C en-

hanced the enantioselectivity to 94% ee (entry 3). However,

due to the high melting point of DCB (–17 °C), additional re-

duction of the reaction temperature in this solvent was im-

practical. Consequently, we explored CHCl3 as an alterna-

tive, but this yielded inferior results compared to those

with DCB (entry 4). However, a mixture of DCB and CHCl3

(1:1) emerged as a viable option, yielding the same enanti-

oselectivity of 94% ee as pure DCB at –15 °C (entry 5). Fur-

ther reducing the temperature to –30 °C improved the en-

antioselectivity to 95% ee. However, at these lower tem-

peratures, yields were unsatisfactory due to low

conversions (compare entries 1 and 2 with entries 3–6).

This challenge was addressed by accelerating the reaction

with an increased amount of base. Doubling the amount of

TMP from 0.5 to 1.0 equivalent led to an enhanced NMR

yield of 93% and a slight improvement of the enantiomeric

excess to 96% ee at –30 °C (entry 7). Ultimately, optimal re-

sults were achieved in DCB/CHCl3 (1:1) at –50 °C using 2.0

equivalents of TMP, yielding the rearranged amino acid in

98% NMR yield and 98% ee (entry 8).

Next, we applied the new catalyst and optimized condi-

tions to various substrates (Scheme 2). Azanyl ester sub-

strates were easily obtained in a single step by DCC-mediat-

ed coupling of abundant carboxylic acids with N-Boc-pro-

tected hydroxylamine (BocNHOH). These azanyl esters,

RCO2NHBoc, were then subjected to the stereocontrolled

(R,R)-FeBIPF2-catalyzed 1,3-nitrogen migration. Initially,

reactions were conducted at –30 °C.

Table 1  Catalyst Screeninga

Entry Fe catalyst Yield (%)b ee (%)c

14 X = H [(R,R)-FeBIP] 98 90

2 X = tBu 62 75

3 X = OMe 59 83

4 X = NO2 37 89

5 X = CN 66 91

6 X = Cl 86 91

7 X = F [(R,R)-FeBIPF2] 85 92

8 X = CF3 71 77

a Reaction conditions: Substrate (0.2 mmol), Fe catalyst (2.0 mol%), TMP 
(0.1 mmol) in DCB (2.0 mL) were stirred for 16 h at 0 °C under an atmo-
sphere of nitrogen. TMP = 2,2,6,6-tetramethylpiperidine, DCB = 1,2-dichlo-
robenzene.
b Determined by 1H NMR analysis using 1,1,2,2-tetrachloroethane as an in-
ternal standard.
c Determined by HPLC analysis on a chiral stationary phase.
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Azanyl esters with diverse substituents in the phenyl

ring yielded rearranged N-Boc-phenylglycine derivatives 3–

11 in 81–97% isolated yield and with 88–96% ee. The high-

est enantioselectivities (at –30 °C) were observed for N-

Boc-phenylglycine bearing a cyano group in the para-posi-

tion (3, 96% ee) or two CF3 groups in the meta-positions (10,

96% ee), while the lowest enantioselectivity was obtained

for N-Boc-phenylglycine with a chlorine substituent in the

ortho-position of the phenyl moiety (7, 88% ee).

Subsequently, we applied the new reaction conditions

to the catalytic enantioconvergent7 synthesis of non-race-

mic ,-disubstituted -amino acids from racemic -

branched azanyl esters, yielding amino acids 12–24 in 81–

93% yield and with 78–97% ee. Particularly high enantiose-

lectivities were achieved in the rearrangements to ,-

disubstituted -phenylglycines bearing a cyclopentyl (22,

96% ee) or cyclohexyl (23, 97% ee) substituent in the -posi-

tion.

Lastly, it is noteworthy that enantioselectivities could

be slightly enhanced by reducing the reaction temperature

from –30 to –50 °C, as already demonstrated for the model

reaction 1→2 (Table 2, entries 7 and 8), and this trend held

true for the formation of 12 (96% ee at –50 °C vs. 95% ee at

–30 °C) and 23 (98% ee at –50 °C vs. 97% ee at –30 °C).

In conclusion, we here provided an update on our re-

cently introduced method to synthesize non-racemic un-

natural -amino acids by iron-catalyzed stereocontrolled

rearrangement of azanayl esters RCO2NHBoc into Boc-pro-

tected -amino acids. Through the optimization of the iron

catalyst by fluorination of the benzimidazole moieties,

along with adjustments to the solvent and reaction tem-

Table 2  Optimization of Reaction Conditionsa,b,c

Entry Solvent T (°C) TMP (equiv) Yield (%) ee (%)

1 DCB r.t. 0.5 95 89

2 DCB 0 0.5 85 92

3 DCB –10 0.5 64 94

4 CHCl3 –15 0.5 51 92

5 DCB/CHCl3 (1:1) –15 0.5 63 94

6 DCB/CHCl3 (1:1) –30 0.5 65 95

7 DCB/CHCl3 (1:1) –30 1.0 93 96

8 DCB/CHCl3 (1:1) –50 2.0 98 98

a Reaction conditions: Substrate (0.2 mmol), (R,R)-FeBIPF2 (2.0 mol%), TMP 
(0.1 or 0.2 mmol) in DCB or DCB/CHCl3 (1:1) (2.0 mL) were stirred for 16 h 
at the indicated temperature under an atmosphere of nitrogen. TMP = 
2,2,6,6-tetramethylpiperidine, DCB = 1,2-dichlorobenzene.
b Determined by 1H NMR analysis using 1,1,2,2-tetrachloroethane as an in-
ternal standard.
c Determined by HPLC analysis on a chiral stationary phase.
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perature, we have achieved significantly enhanced enanti-

oselectivities, reaching up to 98% ee for the synthesis of -

monosubstituted and ,-disubstituted N-Boc-protected -

amino acids. These high enantiomeric excess values are

crucial for practical applications, as they enable the direct

utilization of many of the obtained N-Boc-protected -ami-

no acids in subsequent processes.

Catalytic reactions were performed in Schlenk tubes (10 mL) under a

nitrogen atmosphere with magnetic stirring. Chemicals were used as

received from commercial suppliers unless stated otherwise. Anhy-

drous CHCl3, CH3CN, and CH2Cl2 were distilled under nitrogen from

calcium hydride. Anhydrous THF was distilled under nitrogen from

sodium/benzophenone. Anhydrous 1,2-dichlorobenzene was used as

received from commercial suppliers. Flash column chromatography

was performed with silica gel 60 M from Macherey–Nagel (230−400

mesh). 1H, 13C, and 19F NMR spectra were recorded with a Bruker

Avance 300 MHz spectrometer at ambient temperature. Chemical

shifts are expressed in parts per million () referenced to chloroform

(7.26 ppm or 77.23 ppm) or MeOH (3.31 ppm or 49.15 ppm). High-

resolution mass spectra (HRMS) were recorded with a Bruker En Apex

Ultra 7.0 T FT-MS mass spectrometer. Optical rotations were mea-

sured with a Perkin–Elmer 241 polarimeter with []D
25 values report-

ed in degrees and concentrations reported in g/100 mL. Enantiomeric

excess values were determined by HPLC analysis on chiral stationary

phases with an Agilent HPLC 1260.

Synthesis of Azanyl Ester Substrates; General Procedure4

To a solution of carboxylic acid (1.0 equiv) and N-protected hydroxyl-

amine (1.0 equiv) in dichloromethane (0.2 M) at 0 °C was added drop-

wise a solution of N,N′-dicyclohexylcarbodiimide (DCC, 1.0 equiv) in

CH2Cl2 (1.0 mol/L). The reaction mixture was warmed to room tem-

perature and stirred for 2 hours. After completion, the reaction mix-

ture was filtered and washed with a small amount of CH2Cl2. After

concentration under reduced pressure, the residue was purified by

chromatography on silica gel.

tert-Butyl (2-(4-Cyanophenyl)acetoxy)carbamate

From 2-(4-cyanophenyl)acetic acid (242 mg, 1.5 mmol) and tert-butyl

hydroxycarbamate (200 mg, 1.5 mmol) coupled with DCC (309 mg,

1.5 mmol) and obtained as a colorless oil (chromatography on silica

gel, eluent: EtOAc/hexane = 1:5).

Yield: 383 mg (92%).

1H NMR (300 MHz, CDCl3):  = 7.87 (s, 1 H), 7.65 (d, J = 8.4 Hz, 2 H),

7.44 (d, J = 8.0 Hz, 2 H), 3.84 (s, 2 H), 1.47 (s, 9 H).

13C NMR (75 MHz, CDCl3):  = 169.90, 155.39, 137.71, 132.74, 130.44,

118.68, 112.01, 83.89, 38.83, 28.21.

HRMS (ESI): m/z [M + Na]+ calcd for C14H16N2O4Na: 299.1002; found:

299.1000.

tert-Butyl (2-(4-(Methylthio)phenyl)acetoxy)carbamate

From 2-(4-(methylthio)phenyl)acetic acid (364 mg, 2.0 mmol) and

tert-butyl hydroxycarbamate (266 mg, 2.0 mmol) coupled with DCC

(413 mg, 2.0 mmol) and obtained as a colorless oil (chromatography

on silica gel, eluent: EtOAc/hexane = 1:5).

Yield: 555 mg (93%).

1H NMR (300 MHz, CDCl3):  = 7.93 (d, J = 7.4 Hz, 1 H), 7.22 (s, 4 H),

3.72 (s, 2 H), 2.46 (s, 3 H), 1.46 (s, 9 H).

13C NMR (75 MHz, CDCl3):  = 170.92, 155.59, 138.14, 129.96, 129.18,

127.13, 83.55, 38.29, 28.18, 16.02.

HRMS (ESI): m/z [M + Na]+ calcd for C14H19NO4Na: 320.0927; found:

320.0923.

tert-Butyl (2-(4-(tert-Butoxy)phenyl)acetoxy)carbamate

From 2-(4-(tert-butoxy)phenyl)acetic acid (625 mg, 3.0 mmol) and

tert-butyl hydroxycarbamate (399 mg, 3.0 mmol) coupled with DCC

(619 mg, 3.0 mmol) and obtained as a colorless oil (chromatography

on silica gel, eluent: EtOAc/hexane = 1:5).

Yield: 856 mg (88%).

1H NMR (300 MHz, CDCl3):  = 7.91 (s, 1 H), 7.19 (d, J = 7.2 Hz, 2 H),

6.94 (d, J = 6.8 Hz, 2 H), 3.71 (s, 2 H), 1.45 (s, 9 H), 1.33 (s, 9 H).

13C NMR (75 MHz, CDCl3):  = 171.16, 155.63, 155.06, 130.01, 127.19,

124.49, 83.48, 78.77, 38.16, 29.01, 28.19.

HRMS (ESI): m/z [M + Na]+ calcd for C17H25NO5Na: 346.1625; found:

346.1621.

tert-Butyl (2-(2-Fluorophenyl)acetoxy)carbamate

From 2-(2-fluorophenyl)acetic acid (308 mg, 2.0 mmol) and tert-bu-

tyl hydroxycarbamate (266 mg, 2.0 mmol) coupled with DCC (413

mg, 2.0 mmol) to obtain a colorless oil (chromatography on silica gel,

eluent: EtOAc/hexane = 1:5).

Yield: 474 mg (88%).

1H NMR (300 MHz, CDCl3):  = 7.91 (d, J = 9.4 Hz, 1 H), 7.30 (q, J = 6.5,

5.6 Hz, 2 H), 7.18 – 7.02 (m, 2 H), 3.82 (s, 2 H), 1.47 (s, 9 H).

13C NMR (75 MHz, CDCl3):  = 170.26, 161.19 (d, J = 245.25 Hz),

155.56, 131.66 (d, J = 3.75 Hz), 129.82 (d, J = 8.25 Hz), 124.54 (d, J =

3.75 Hz), 119.91 (d, J = 15.75 Hz), 115.73 (d, J = 21.75 Hz), 83.60, 32.18

(d, J = 3.75 Hz), 28.19.

19F NMR (282 MHz, CDCl3):  = –116.83.

HRMS (ESI): m/z [M + Na]+ calcd C13H16FNO4Na: 292.0956; found:

292.0951.

tert-Butyl (2-(2-Chlorophenyl)acetoxy)carbamate

From 2-(2-chlorophenyl)acetic acid (341 mg, 2.0 mmol) and tert-bu-

tyl hydroxycarbamate (266 mg, 2.0 mmol) coupled with DCC (413

mg, 2.0 mmol) and obtained as a colorless oil (chromatography on sil-

ica gel, eluent: EtOAc/hexane = 1:5).

Yield: 445 mg (78%).

1H NMR (300 MHz, CDCl3):  = 7.90 (s, 1 H), 7.46–7.33 (m, 2 H), 7.28

(t, J = 3.1 Hz, 2 H), 3.95 (s, 2 H), 1.50 (s, 9 H).

13C NMR (75 MHz, CDCl3):  = 170.19, 155.56, 134.75, 131.73, 130.93,

129.85, 129.43, 127.34, 83.61, 36.79, 28.23.

HRMS (ESI): m/z [M + Na]+ calcd C13H16ClNO4Na: 308.0660; found:

308.0656.

tert-Butyl (2-(2,4-Difluorophenyl)acetoxy)carbamate

From 2-(2,4-difluorophenyl)acetic acid (344 mg, 2.0 mmol) and tert-

butyl hydroxycarbamate (266 mg, 2.0 mmol) coupled with DCC (413

mg, 2.0 mmol) and obtained as a colorless oil (chromatography on sil-

ica gel, eluent: EtOAc/hexane = 1:5).

Yield: 512 mg (89%).
Synthesis 2024, 56, A–K
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1H NMR (300 MHz, CDCl3):  = 7.89 (s, 1 H), 7.30 (t, J = 7.8 Hz, 1 H),

6.84 (t, J = 8.7 Hz, 2 H), 3.78 (s, 2 H), 1.47 (s, 9 H).

13C NMR (75 MHz, CDCl3):  = 170.00, 162.73 (dd, J = 247.5, 11.25 Hz),

161.16 (dd, J = 248.25, 11.25 Hz), 155.59, 132.33 (dd, J = 9.75, 5.25

Hz), 115.90 (dd, J = 15.75, 3.75 Hz), 111.66 (dd, J = 21.00 Hz, 3.75 Hz),

104.13 (t, J = 25.50 Hz), 83.51, 31.50 (d, J = 3.00 Hz), 28.10.

19F NMR (282 MHz, CDCl3):  = –110.30 (d, J = 7.6 Hz), –112.35 (d, J =

7.5 Hz).

HRMS (ESI): m/z [M + Na]+ calcd for C13H15F2NO4Na: 310.0861; found:

310.0856.

tert-Butyl (2-(2,6-Dichlorophenyl)acetoxy)carbamate

From 2-(2,6-dichlorophenyl)acetic acid (410 mg, 2.0 mmol) and tert-

butyl hydroxycarbamate (266 mg, 2.0 mmol) coupled with DCC (413

mg, 2.0 mmol) and obtained as a colorless oil (chromatography on sil-

ica gel, eluent: EtOAc/hexane = 1:5).

Yield: 587 mg (92%).

1H NMR (300 MHz, CDCl3):  = 7.86 (s, 1 H), 7.35 (d, J = 8.1 Hz, 2 H),

7.20 (t, J = 8.0 Hz, 1 H), 4.17 (s, 2 H), 1.48 (s, 9 H).

13C NMR (75 MHz, CDCl3):  = 169.19, 155.46, 136.43, 129.81, 129.69,

128.41, 83.62, 34.63, 28.23.

HRMS (ESI): m/z [M + Na]+ calcd for C13H15Cl2NO4Na: 342.0270;

found: 342.0266.

tert-Butyl (2-(3,5-Bis(trifluoromethyl)phenyl)acetoxy)carbamate

From 2-(3,5-bis(trifluoromethyl)phenyl)acetic acid (341 mg, 1.5

mmol) and tert-butyl hydroxycarbamate (200 mg, 1.5 mmol) coupled

with DCC (309 mg, 1.5 mmol) and obtained as a colorless oil (chroma-

tography on silica gel, eluent: EtOAc/hexane = 1:3).

Yield: 487 mg (84%).

1H NMR (300 MHz, CDCl3):  = 7.89 (s, 1 H), 7.81 (d, J = 10.0 Hz, 3 H),

3.91 (s, 2 H), 1.47 (s, 9 H).

13C NMR (75 MHz, CDCl3):  = 169.71, 155.47, 134.89, 132.31 (q, J =

33.75 Hz), 129.94, 123.32 (q, J = 270.00 Hz), 121.97 (m), 83.96, 38.23,

28.13.

19F NMR (282 MHz, CDCl3):  = –62.94.

HRMS (ESI): m/z [M + Na]+ calcd for C15H15F6NO4Na: 410.0797; found:

410.0795.

tert-Butyl (2-(3,5-Dimethoxyphenyl)acetoxy)carbamate

From 2-(3,5-dimethoxyphenyl)acetic acid (392 mg, 2.0 mmol) and

tert-butyl hydroxycarbamate (266 mg, 2.0 mmol) coupled with DCC

(413 mg, 2.0 mmol) and obtained as a colorless oil (chromatography

on silica gel, eluent: EtOAc/hexane = 1:6).

Yield: 592 mg (95%).

1H NMR (300 MHz, CDCl3):  = 7.91 (s, 1 H), 6.46 (d, J = 2.2 Hz, 2 H),

6.38 (t, J = 2.3 Hz, 1 H), 3.78 (s, 6 H), 3.69 (s, 2 H), 1.46 (s, 9 H).

13C NMR (75 MHz, CDCl3):  = 170.80, 161.18, 155.59, 134.47, 107.56,

99.96, 83.54, 55.55, 39.08, 28.19.

HRMS (ESI): m/z [M + Na]+ calcd for C15H21NO6Na: 334.1261; found:

334.1255.

tert-Butyl ((2-([1,1′-Biphenyl]-4-yl)propanoyl)oxy)carbamate

From 2-([1,1′-biphenyl]-4-yl)propanoic acid (341 mg, 1.0 mmol) and

tert-butyl hydroxycarbamate (133 mg, 1.0 mmol) coupled with DCC

(206 mg, 1.0 mmol) and obtained as a colorless oil (chromatography

on silica gel, eluent: EtOAc/hexane = 1:10).

Yield: 303 mg (89%).

1H NMR (300 MHz, CDCl3):  = 7.79 (s, 1 H), 7.57 (d, J = 7.4 Hz, 4 H),

7.48–7.39 (m, 4 H), 7.38–7.31 (m, 1 H), 3.94 (q, J = 7.2 Hz, 1 H), 1.63 (d,

J = 7.2 Hz, 3 H), 1.45 (s, 9 H).

13C NMR (75 MHz, CDCl3):  = 174.30, 155.65, 140.73, 140.67, 138.01,

128.90, 128.16, 127.61, 127.48, 127.16, 83.22, 43.16, 27.61, 18.60.

HRMS (ESI): m/z [M + Na]+ calcd for C20H23NO4Na: 364.1519; found:

364.1512.

tert-Butyl ((2-(3-Benzoylphenyl)propanoyl)oxy)carbamate

From 2-(3-benzoylphenyl)propanoic acid (509 mg, 2.0 mmol) and

tert-butyl hydroxycarbamate (266 mg, 2.0 mmol) coupled with DCC

(413 mg, 2.0 mmol) and obtained as a colorless oil (chromatography

on silica gel, eluent: EtOAc/hexane = 1:5).

Yield: 704 mg (95%).

1H NMR (300 MHz, CDCl3):  = 7.91 (s, 1 H), 7.79 (d, J = 7.3 Hz, 3 H),

7.69 (d, J = 7.6 Hz, 1 H), 7.58 (d, J = 6.9 Hz, 2 H), 7.46 (q, J = 7.3 Hz, 3 H),

3.95 (q, J = 7.2 Hz, 1 H), 1.61 (d, J = 7.2 Hz, 3 H), 1.43 (s, 9 H).

13C NMR (75 MHz, CDCl3):  = 196.42, 173.52, 155.54, 139.35, 138.20,

137.50, 132.71, 131.77, 130.22, 129.54, 129.40, 128.89, 128.48, 83.36,

43.41, 27.68, 18.64.

HRMS (ESI): m/z [M + Na]+ calcd for C21H23NO5Na: 392.1468; found:

392.1465.

tert-Butyl ((2-(Benzo[d][1,3]dioxol-5-yl)propanoyl)oxy)carbamate

From 2-(benzo[d][1,3]dioxol-5-yl)propanoic acid (213 mg, 1.1 mmol)

and tert-butyl hydroxycarbamate (146 mg, 1.1 mmol) coupled with

DCC (227 mg, 1.1 mmol) and obtained as a colorless oil (chromatogra-

phy on silica gel, eluent: EtOAc/hexane = 1:10).

Yield: 248 mg (73%).

1H NMR (300 MHz, CDCl3):  = 7.78 (s, 1 H), 6.84 (s, 1 H), 6.81–6.73

(m, 2 H), 5.94 (s, 2 H), 3.80 (q, J = 7.2 Hz, 1 H), 1.54 (d, J = 7.2 Hz, 3 H),

1.45 (s, 9 H).

13C NMR (75 MHz, CDCl3):  = 174.06, 155.63, 148.16, 147.27, 132.75,

121.19, 108.63, 108.21, 101.35, 83.49, 43.24, 28.20, 18.83.

HRMS (ESI): m/z [M + Na]+ calcd for C15H19NO6Na: 332.1105; found:

332.1096.

tert-Butyl ((2-(Naphthalen-2-yl)propanoyl)oxy)carbamate

From 2-(naphthalen-2-yl)propanoic acid (200 mg, 1.0 mmol) and

tert-butyl hydroxycarbamate (133 mg, 1.0 mmol) coupled with DCC

(206 mg, 1.0 mmol) and obtained as a colorless oil (chromatography

on silica gel, eluent: EtOAc/hexane = 1:9).

Yield: 271 mg (86%).

1H NMR (300 MHz, CDCl3):  = 7.90–7.71 (m, 5 H), 7.56–7.38 (m, 3 H),

4.06 (q, J = 7.2 Hz, 1 H), 1.69 (d, J = 7.1 Hz, 3 H), 1.43 (s, 9 H).

13C NMR (75 MHz, CDCl3):  = 174.05, 155.63, 136.42, 133.64, 132.99,

128.78, 128.06, 127.84, 126.69, 126.51, 126.28, 125.75, 83.46, 43.75,

28.17, 18.70.

HRMS (ESI): m/z [M + Na]+ calcd for C18H21NO4Na: 338.1363; found:

338.1358.
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tert-Butyl ((2-(Naphthalen-1-yl)propanoyl)oxy)carbamate

From 2-(naphthalen-1-yl)propanoic acid (200 mg, 1.0 mmol) and

tert-butyl hydroxycarbamate (133 mg, 1.0 mmol) coupled with DCC

(206 mg, 1.0 mmol) and obtained as a colorless oil (chromatography

on silica gel, eluent: EtOAc/hexane = 1:9).

Yield: 288 mg (91%).

1H NMR (300 MHz, CDCl3):  = 8.08 (d, J = 8.4 Hz, 1 H), 7.93–7.73 (m, 3

H), 7.59–7.42 (m, 4 H), 4.70 (q, J = 7.0 Hz, 1 H), 1.75 (d, J = 7.1 Hz, 3 H),

1.42 (s, 9 H).

13C NMR (75 MHz, CDCl3):  = 174.45, 155.65, 135.15, 134.21, 131.35,

129.27, 128.47, 126.81, 125.99, 125.76, 125.00, 123.02, 83.43, 39.42,

28.17, 18.32.

HRMS (ESI): m/z [M + Na]+ calcd for C18H21NO4Na: 338.1363; found:

338.1356.

tert-Butyl ((2-(Thiophen-3-yl)propanoyl)oxy)carbamate

From 2-(thiophen-3-yl)propanoic acid (156 mg, 1.0 mmol) and tert-

butyl hydroxycarbamate (133 mg, 1.0 mmol) coupled with DCC (206

mg, 1.0 mmol) and obtained as a colorless oil (chromatography on sil-

ica gel, eluent: EtOAc/hexane = 1:10).

Yield: 236 mg (87%).

1H NMR (300 MHz, CDCl3):  = 7.88 (s, 1 H), 7.29 (dd, J = 5.0, 2.9 Hz, 1

H), 7.21 (s, 1 H), 7.09 (d, J = 4.8 Hz, 1 H), 4.00 (q, J = 7.2 Hz, 1 H), 1.59

(d, J = 7.2 Hz, 3 H), 1.45 (s, 9 H).

13C NMR (75 MHz, CDCl3):  = 173.63, 155.63, 139.01, 127.16, 126.22,

122.11, 83.44, 39.07, 28.17, 18.38.

HRMS (ESI): m/z [M + Na]+ for C12H17NO4SNa: 294.0770; found:

294.0764.

tert-Butyl (2-Cyclopentyl-2-phenylacetoxy)carbamate

From 2-cyclopentyl-2-phenylacetic acid (408 mg, 2.0 mmol) and tert-

butyl hydroxycarbamate (266 mg, 2.0 mmol) coupled with DCC (413

mg, 2.0 mmol) and obtained as a colorless oil (chromatography on sil-

ica gel, eluent: EtOAc/hexane = 1:10).

Yield: 558 mg (87%).

1H NMR (300 MHz, CDCl3):  = 7.75 (s, 1 H), 7.44–7.26 (m, 5 H), 3.44

(d, J = 11.1 Hz, 1 H), 2.61 (dq, J = 15.8, 8.2 Hz, 1 H), 1.96 (ddd, J = 15.1,

7.4, 3.8 Hz, 1 H), 1.75–1.58 (m, 3 H), 1.55–1.45 (m, 2 H), 1.42 (s, 9 H),

1.38–1.30 (m, 1 H), 1.12–0.97 (m, 1 H).

13C NMR (75 MHz, CDCl3):  = 173.54, 155.64, 137.69, 128.87, 128.56,

127.84, 83.35, 55.57, 43.73, 31.62, 30.98, 28.16, 25.36, 24.97.

HRMS (ESI): m/z [M + Na]+ calcd for C18H25NO4Na: 342.1676; found:

342.1667.

tert-Butyl (2-Cyclohexyl-2-phenylacetoxy)carbamate

From 2-cyclohexyl-2-phenylacetic acid (436 mg, 2.0 mmol) and tert-

butyl hydroxycarbamate (266 mg, 2.0 mmol) coupled with DCC (413

mg, 2.0 mmol) and obtained as a colorless oil (chromatography on sil-

ica gel, eluent: EtOAc/hexane = 1:10).

Yield: 521 mg (78%).

1H NMR (300 MHz, CDCl3):  = 7.74 (s, 1 H), 7.41–7.25 (m, 5 H), 3.38

(d, J = 10.5 Hz, 1 H), 2.20–1.97 (m, 1 H), 1.90 (d, J = 12.2 Hz, 1 H), 1.76

(d, J = 14.2 Hz, 1 H), 1.68–1.59 (m, 2 H), 1.41 (s, 9 H), 1.29 (d, J = 20.9

Hz, 2 H), 1.20–1.06 (m, 3 H), 0.88–0.64 (m, 1 H).

13C NMR (75 MHz, CDCl3):  = 173.44, 155.62, 136.57, 128.84, 128.80,

127.80, 83.26, 56.50, 41.38, 31.95, 30.54, 28.11, 26.37, 26.31, 26.05.

HRMS (ESI): m/z [M + Na]+ calcd for C19H27NO4Na: 356.1832; found:

356.1825.

tert-Butyl ((1,2,3,4-Tetrahydronaphthalene-1-carbonyl)oxy)carba-

mate

From 1,2,3,4-tetrahydronaphthalene-1-carboxylic acid (352 mg, 2.0

mmol) and tert-butyl hydroxycarbamate (266 mg, 2.0 mmol) coupled

with DCC (413 mg, 2.0 mmol) and obtained as a colorless oil (chroma-

tography on silica gel, eluent: EtOAc/hexane = 1:10).

Yield: 480 mg (82%).

1H NMR (300 MHz, CDCl3):  = 7.86 (s, 1 H), 7.25–7.03 (m, 4 H), 4.01

(t, J = 5.9 Hz, 1 H), 2.94–2.67 (m, 2 H), 2.29–1.93 (m, 3 H), 1.92–1.74

(m, 1 H), 1.49 (s, 9 H).

13C NMR (75 MHz, CDCl3):  = 174.56, 155.73, 137.56, 131.91, 129.78,

129.65, 127.52, 126.23, 83.47, 42.95, 29.15, 28.25, 26.84, 20.63.

HRMS (ESI): m/z [M + Na]+ calcd for C16H21NO4Na: 314.1363; found:

314.1353.

Amino Acid Synthesis; General Procedure

To a Schlenk tube (10 mL) was added the substrate (0.2 mmol) and

(R,R)-FeBIPF2 (2–5 mol%). The tube was evacuated and backfilled

with N2 three times. A mixture of 1,2-dichlorobenzene (DCB, 1.0 mL)

and CHCl3 (1.0 mL) was added, and the mixture was degassed five

times via freeze-pump-thaw. 2,2,6,6-Tetramethylpiperidine (TMP,

0.1–0.4 mmol) was added under N2 atmosphere and the Schlenk tube

was sealed. The reaction mixture was stirred at the indicated tem-

perature for 16–40 hours. To quench the reaction, aqueous NaHSO4

solution (2 M, 10 mL) was added, and the mixture was extracted with

CH2Cl2 (3 × 15 mL). The combined organic layer was dried over anhy-

drous sodium sulfate. After filtration, the solvent was evaporated un-

der reduced pressure, and the residue was purified by column chro-

matography on silica gel using the indicated solvent as the eluent. En-

antiomeric ratios were determined by HPLC analysis on a chiral

stationary phase.

(S)-2-((tert-Butoxycarbonyl)amino)-2-phenylacetic Acid (2)

From tert-butyl (2-phenylacetoxy)carbamate5 (50.2 mg, 0.2 mmol)

using (R,R)-FeBIPF2 (2 mol%) and TMP (0.4 mmol, 68 L) at –50 °C for

16 h. Flash column chromatography on silica gel with n-hexane/EtOAc

(6:1, plus 0.2% HOAc) as the eluent provided 2 as a colorless gum (49.1

mg, 98% yield, 98%ee).

HPLC analysis for determining the ee value: Daicel Chiralpak IG col-

umn, 250 × 4.6 mm, mobile phase n-hexane/iPrOH = 9:1 (v/v) with

0.1% TFA, flow rate 1.0 mL/min, UV detection at 210 nm, 25 °C; t1 =

14.5 min, t2 = 21.1 min.

[]D
25 +100.4 (c 1.0, MeOH).

Analytical data are consistent with a recent report.5

(S)-2-((tert-Butoxycarbonyl)amino)-2-(4-cyanophenyl)acetic Acid 

(3)

From tert-butyl (2-(4-cyanophenyl)acetoxy)carbamate (55.3 mg, 0.2

mmol) using (R,R)-FeBIPF2 (2 mol%) and TMP (0.2 mmol, 34 L) at

–30 °C for 16 h. Flash column chromatography on silica gel with n-

hexane/EtOAc (5:1, plus 0.2% HOAc) as the eluent provided 3 as a col-

orless gum (49.2 mg, 89% yield, 96% ee).

HPLC analysis for determining the ee value: Daicel Chiralpak IG col-

umn, 250 × 4.6 mm, mobile phase n-hexane/iPrOH = 4:1 (v/v) with

0.1% TFA, flow rate 1.0 mL/min, UV detection at 210 nm, 25 °C; t1 = 8.3

min, t2 = 12.5 min.
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[]D
25 +99.9 (c 1.0, MeOH).

1H NMR (300 MHz, CD3OD):  = 7.42 (q, J = 4.0 Hz, 2 H), 7.35–7.20 (m,

2 H), 5.68 (s, 1 H), 1.44 (s, 9 H).

13C NMR (75 MHz, CD3OD):  = 172.95, 157.44, 144.80, 133.64,

129.69, 119.60, 113.04, 81.19, 59.03, 28.78.

HRMS (ESI): m/z [M + Na]+ calcd for C14H16N2O4Na: 299.1002; found:

299.0992.

(S)-2-((tert-Butoxycarbonyl)amino)-2-(4-(methylthio)phenyl)ace-

tic Acid (4)

From tert-butyl (2-(4-(methylthio)phenyl)acetoxy)carbamate (59.5

mg, 0.2 mmol) using (R,R)-FeBIPF2 (2 mol%) and TMP (0.2 mmol, 34

L) at –30 °C for 16 h. Flash column chromatography on silica gel with

n-hexane/EtOAc (5:1, plus 0.2% HOAc) as the eluent provided 4 as a

colorless gum (56.2 mg, 94% yield, 95% ee).

HPLC analysis for determining the ee value: Daicel Chiralpak IG col-

umn, 250 × 4.6 mm, mobile phase n-hexane/iPrOH = 4:1 (v/v) with

0.1% TFA, flow rate 1.0 mL/min, UV detection at 210 nm, 25 °C; t1 =

10.5 min, t2 = 13.2 min.

[]D
25 +133.7 (c 1.0, MeOH).

1H NMR (300 MHz, CD3OD):  = 7.32 (d, J = 6.0 Hz, 2 H), 7.24 (d, J = 6.1

Hz, 2 H), 5.18 (s, 1 H), 2.43 (s, 3 H), 1.38 (s, 9 H).

13C NMR (75 MHz, CD3OD):  = 174.27, 157.58, 140.43, 135.46,

129.18, 127.74, 80.97, 58.90, 28.83, 15.74.

HRMS (ESI): m/z [M + Na]+ calcd for C14H19NO4SNa: 320.0927; found:

320.0921.

(S)-2-(4-(tert-Butoxy)phenyl)-2-((tert-butoxycarbonyl)amino)ace-

tic Acid (5)

From tert-butyl (2-(4-(tert-butoxy)phenyl)acetoxy)carbamate (64.7

mg, 0.2 mmol) using (R,R)-FeBIPF2 (2 mol%) and TMP (0.2 mmol, 34

L) at –30 °C for 16 h. Flash column chromatography on silica gel with

n-hexane/EtOAc (5:1, plus 0.2% HOAc) as the eluent provided 5 as a

colorless gum (62.7 mg, 97% yield, 92% ee).

HPLC analysis for determining the ee value: Daicel Chiralpak IG col-

umn, 250 × 4.6 mm, mobile phase n-hexane/iPrOH = 9:1 (v/v) with

0.1% TFA, flow rate 1.0 mL/min, UV detection at 210 nm, 25 °C; t1 =

12.4 min, t2 = 18.9 min.

[]D
25 +122.3 (c 1.0, MeOH).

1H NMR (300 MHz, CD3OD):  = 7.38–7.30 (m, 2 H), 7.01 (d, J = 8.6 Hz,

2 H), 5.19 (s, 1 H), 1.47 (s, 9 H), 1.36 (s, 9 H).

13C NMR (75 MHz, CD3OD):  = 174.50, 157.57, 156.77, 133.64,

129.36, 125.30, 80.92, 79.89, 58.80, 29.33, 28.84.

HRMS (ESI): m/z [M + Na]+ calcd for C17H25NO5Na: 346.1625; found:

346.1618.

(S)-2-((tert-Butoxycarbonyl)amino)-2-(2-fluorophenyl)acetic Acid 

(6)8

From tert-butyl (2-(2-fluorophenyl)acetoxy)carbamate (53.8 mg, 0.2

mmol) using (R,R)-FeBIPF2 (2 mol%) and TMP (0.2 mmol, 34 L) at

–30 °C for 16 h. Flash column chromatography on silica gel with n-

hexane/EtOAc (5:1, plus 0.2% HOAc) as the eluent provided 6 as a col-

orless gum (50.9 mg, 95% yield, 90% ee).

HPLC analysis for determining the ee value: Daicel Chiralpak IG col-

umn, 250 × 4.6 mm, mobile phase n-hexane/iPrOH = 9:1 (v/v) with

0.1% TFA, flow rate 1.0 mL/min, UV detection at 210 nm, 25 °C; t1 =

14.5 min, t2 = 24.0 min.

[]D
25 +109.4 (c 1.0, MeOH).

1H NMR (300 MHz, CD3OD):  = 7.36 (dt, J = 18.9, 7.6 Hz, 2 H), 7.13 (dt,

J = 18.2, 8.4 Hz, 2 H), 5.50 (s, 1 H), 1.43 (s, 9 H).

13C NMR (75 MHz, CD3OD):  = 173.59, 163.00 (d, J = 245.25 Hz),

157.56, 131.31 (d, J = 8.25 Hz), 130.45, 126.50 (d, J = 15.00 Hz), 125.65

(d, J = 3.75 Hz), 116.66 (d, J = 21.75 Hz), 81.05, 53.03, 28.80.

19F NMR (282 MHz, CD3OD):  = –119.58.

HRMS (ESI): m/z [M + Na]+ calcd for C13H16FNO4Na: 292.0956; found:

292.0946.

(S)-2-((tert-Butoxycarbonyl)amino)-2-(2-chlorophenyl)acetic Acid 

(7)9

From tert-butyl (2-(2-chlorophenyl)acetoxy)carbamate (57.1 mg, 0.2

mmol) using (R,R)-FeBIPF2 (2 mol%) and TMP (0.2 mmol, 34 L) at –

30 °C for 16 h. Flash column chromatography on silica gel with n-hex-

ane/EtOAc (5:1, plus 0.2% HOAc) as the eluent provided 7 as a color-

less gum (48.8 mg, 85% yield, 88% ee).

HPLC analysis for determining the ee value: Daicel Chiralpak IG col-

umn, 250 × 4.6 mm, mobile phase n-hexane/iPrOH = 9:1 (v/v) with

0.1% TFA, flow rate 1.0 mL/min, UV detection at 210 nm, 25 °C; t1 =

15.1 min, t2 = 24.5 min.

[]D
25 +94.4 (c 1.0, MeOH).

1H NMR (300 MHz, CD3OD):  = 7.41 (q, J = 4.0 Hz, 2 H), 7.35–7.20 (m,

2 H), 5.67 (s, 1 H), 1.43 (s, 9 H).

13C NMR (75 MHz, CD3OD):  = 173.71, 157.56, 136.93, 135.18,

130.94, 130.78, 130.39, 128.47, 81.02, 56.39, 28.81.

HRMS (ESI): m/z [M + Na]+ calcd for C13H16ClNO4Na: 308.0660; found:

308.0650.

(S)-2-((tert-Butoxycarbonyl)amino)-2-(2,4-difluorophenyl)acetic 

Acid (8)

From tert-butyl (2-(2,4-difluorophenyl)acetoxy)carbamate (57.5 mg,

0.2 mmol) using (R,R)-FeBIPF2 (2 mol%) and TMP (0.2 mmol, 34 L) at

–30 °C for 16 h. Flash column chromatography on silica gel with n-

hexane/EtOAc (5:1, plus 0.2% HOAc) as the eluent provided 8 as a col-

orless gum (52.6 mg, 91% yield, 90% ee).

HPLC analysis for determining the ee value: Daicel Chiralpak IG col-

umn, 250 × 4.6 mm, mobile phase n-hexane/iPrOH = 9:1 (v/v) with

0.1% TFA, flow rate 1.0 mL/min, UV detection at 210 nm, 25 °C; t1 =

10.1 min, t2 = 16.6 min.

[]D
25 +116.2 (c 1.0, MeOH).

1H NMR (300 MHz, CD3OD):  = 7.42 (td, J = 8.7, 6.3 Hz, 1 H), 7.07–

6.84 (m, 2 H), 5.47 (s, 1 H), 1.43 (s, 9 H).

13C NMR (75 MHz, CD3OD):  = 173.33, 164.35 (dd, J = 246.75, 12.00

Hz), 162.19 (dd, J = 247.50, 12.00 Hz), 157.52, 131.63, 123.09, 112.62

(dd, J = 21.00, 3.75 Hz), 104.92 (t, J = 26.25 Hz), 81.11, 52.64, 28.79.

19F NMR (282 MHz, CD3OD):  = –112.07 (d, J = 7.7 Hz), –114.99 (d, J =

7.7 Hz).

HRMS (ESI): m/z [M + Na]+ calcd for C13H15F2NO4Na: 310.0861; found:

310.0853.
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(S)-2-((tert-Butoxycarbonyl)amino)-2-(2,6-dichlorophenyl)acetic 

Acid (9)

From tert-butyl (2-(2,6-dichlorophenyl)acetoxy)carbamate (64.0 mg,

0.2 mmol) using (R,R)-FeBIPF2 (2 mol%) and TMP (0.2 mmol, 34 L) at

–30 °C for 16 h. Flash column chromatography on silica gel with n-

hexane/EtOAc (5:1, plus 0.2% HOAc) as the eluent provided 9 as a col-

orless gum (53.6 mg, 84% yield, 91% ee).

HPLC analysis for determining the ee value: Daicel Chiralpak IG col-

umn, 250 × 4.6 mm, mobile phase n-hexane/iPrOH = 9:1 (v/v) with

0.1% TFA, flow rate 1.0 mL/min, UV detection at 210 nm, 25 °C; t1 =

11.8 min, t2 = 21.1 min.

[]D
25 +104.7 (c 1.0, MeOH).

1H NMR (300 MHz, CD3OD):  = 7.39 (d, J = 7.4 Hz, 2 H), 7.28 (dd, J =

8.9, 7.1 Hz, 1 H), 6.16 (d, J = 41.5 Hz, 1 H), 1.44 (s, 9 H).

13C NMR (75 MHz, CD3OD):  = 172.66, 157.36, 136.89, 135.74,

131.24, 130.08, 81.32, 55.18, 28.76.

HRMS (ESI): m/z [M + Na]+ calcd for C13H15Cl2NO4Na: 342.0270;

found: 342.0264.

(S)-2-(3,5-Bis(trifluoromethyl)phenyl)-2-((tert-butoxycarbonyl)-

amino)acetic Acid (10)

From tert-butyl (2-(3,5-bis(trifluoromethyl)phenyl)acetoxy)carba-

mate (77.5 mg, 0.2 mmol) using (R,R)-FeBIPF2 (2 mol%) and TMP (0.2

mmol, 34 L) at –30 °C for 16 h. Flash column chromatography on sil-

ica gel with n-hexane/EtOAc (5:1, plus 0.2% HOAc) as the eluent pro-

vided 10 as a colorless gum (62.4 mg, 81% yield, 96% ee).

HPLC analysis for determining the ee value: Daicel Chiralpak IG col-

umn, 250 × 4.6 mm, mobile phase n-hexane/iPrOH = 19:1 (v/v) with

0.1% TFA, flow rate 1.0 mL/min, UV detection at 210 nm, 25 °C; t1 = 4.7

min, t2 = 5.3 min.

[]D
25 +105.8 (c 1.0, MeOH).

1H NMR (300 MHz, CD3OD):  = 8.03 (d, J = 1.7 Hz, 2 H), 7.92 (s, 1 H),

5.45 (s, 1 H), 1.44 (s, 9 H).

13C NMR (75 MHz, CD3OD):  = 172.44, 157.53, 142.95, 133.05 (q, J =

33.00 Hz), 129.32, 124.89 (q, J = 270.00 Hz), 122.91 (q, J = 3.75 Hz),

81.38, 58.49, 28.74.

19F NMR (282 MHz, CD3OD):  = –64.37.

HRMS (ESI): m/z [M + Na]+ calcd for C15H15F6NO4Na: 410.0797; found:

410.0788.

(S)-2-((tert-Butoxycarbonyl)amino)-2-(3,5-dimethoxyphenyl)ace-

tic Acid (11)10

From tert-butyl (2-(3,5-dimethoxyphenyl)acetoxy)carbamate (62.3

mg, 0.2 mmol) using (R,R)-FeBIPF2 (2 mol%) and TMP (0.2 mmol, 34

L) at –30 °C for 16 h. Flash column chromatography on silica gel with

n-hexane/EtOAc (6:1, plus 0.2% HOAc) as the eluent provided 11 as a

colorless gum (58.3 mg, 94% yield, 94% ee).

HPLC analysis for determining the ee value: Daicel Chiralpak IG col-

umn, 250 × 4.6 mm, mobile phase n-hexane/iPrOH = 9:1 (v/v) with

0.1% TFA, flow rate 1.0 mL/min, UV detection at 210 nm, 25 °C; t1 =

21.5 min, t2 = 29.4 min.

[]D
25 +126.9 (c 1.0, MeOH).

1H NMR (300 MHz, CD3OD):  = 6.61–6.36 (m, 3 H), 5.11 (s, 1 H), 3.73

(s, 6 H), 1.44 (s, 9 H).

13C NMR (75 MHz, CD3OD):  = 174.19, 162.60, 157.57, 140.83,

106.69, 101.28, 80.98, 59.35, 55.95, 28.83.

HRMS (ESI): m/z [M + Na]+ cacld. for C15H21NO6Na: 334.1261; found:

334.1251.

(S)-2-((tert-Butoxycarbonyl)amino)-2-phenylpropanoic Acid (12)

From tert-butyl ((2-phenylpropanoyl)oxy)carbamate5 (53.1 mg, 0.2

mmol) using (R,R)-FeBIPF2 (5 mol%) and TMP (0.4 mmol, 68 L) at

–50 °C for 40 h. Flash column chromatography on silica gel with n-

hexane/EtOAc (6:1, plus 0.2% HOAc) as the eluent provided 12 as a

colorless gum (48.2 mg, 91% yield, 96% ee).

HPLC analysis for determining the ee value: Daicel Chiralpak IG col-

umn, 250 × 4.6 mm, mobile phase n-hexane/iPrOH = 9:1 (v/v) with

0.1% TFA, flow rate 1.0 mL/min, UV detection at 210 nm, 25 °C; t1 = 8.0

min, t2 = 13.0 min.

[]D
25 +61.5 (c 1.0, MeOH).

Analytical data are consistent with a recent report.5

(S)-2-((tert-Butoxycarbonyl)amino)-2-(p-tolyl)propanoic Acid (13)

From tert-butyl ((2-(p-tolyl)propanoyl)oxy)carbamate5 (55.9 mg, 0.2

mmol) using (R,R)-FeBIPF2 (5 mol%) and TMP (0.2 mmol, 34 L) at

–30 °C for 40 h. Flash column chromatography on silica gel with n-

hexane/EtOAc (6:1, plus 0.2% HOAc) as the eluent provided 13 as a

colorless gum (48.8 mg, 87% yield, 90% ee).

HPLC analysis for determining the ee value: Daicel Chiralpak IG col-

umn, 250 × 4.6 mm, mobile phase n-hexane/iPrOH = 9:1 (v/v) with

0.1% TFA, flow rate 1.0 mL/min, UV detection at 210 nm, 25 °C; t1 = 7.9

min, t2 = 11.7 min.

[]D
25 +52.0 (c 1.0, MeOH).

Analytical data are consistent with a recent report.5

(S)-2-((tert-Butoxycarbonyl)amino)-2-(4-(tert-butyl)phenyl)pro-

panoic Acid (14)

From tert-butyl ((2-(4-(tert-butyl)phenyl)propanoyl)oxy)carbamate5

(64.3 mg, 0.2 mmol) using (R,R)-FeBIPF2 (5 mol%) and TMP (0.2

mmol, 34 L). Flash column chromatography on silica gel with n-hex-

ane/EtOAc (6:1, plus 0.2% HOAc) as the eluent provided 14 as a color-

less gum (57.9 mg, 90% yield, 93% ee).

HPLC analysis for determining the ee value: Daicel Chiralpak IG col-

umn, 250 × 4.6 mm, mobile phase n-hexane/iPrOH = 9:1 (v/v) with

0.1% TFA, flow rate 1.0 mL/min, UV detection at 210 nm, 25 °C; t1 = 5.8

min, t2 = 8.1 min.

[]D
25 +48.3 (c 1.0, MeOH).

Analytical data are consistent with a recent report.5

(S)-2-([1,1′-Biphenyl]-4-yl)-2-((tert-butoxycarbonyl)amino)propa-

noic Acid (15)

From tert-butyl ((2-([1,1′-biphenyl]-4-yl)propanoyl)oxy)carbamate

(68.3 mg, 0.2 mmol) using (R,R)-FeBIPF2 (5 mol%) and TMP (0.2

mmol, 34 L). Flash column chromatography on silica gel with n-hex-

ane/EtOAc (6:1, plus 0.2% HOAc) as the eluent provided 15 as a color-

less gum (57.9 mg, 85% yield, 94% ee).

HPLC analysis for determining the ee value: Daicel Chiralpak IG col-

umn, 250 × 4.6 mm, mobile phase n-hexane/iPrOH = 9:1 (v/v) with

0.1% TFA, flow rate 1.0 mL/min, UV detection at 210 nm, 25 °C; t1 =

10.7 min, t2 = 17.7 min.

[]D
25 +52.6 (c 1.0, MeOH).

1H NMR (300 MHz, CD3OD):  = 7.60 (d, J = 8.8 Hz, 6 H), 7.41 (q, J = 6.0,

4.7 Hz, 2 H), 7.36–7.26 (m, 1 H), 1.94 (s, 3 H), 1.39 (s, 9 H).
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13C NMR (75 MHz, CD3OD):  = 176.13, 156.62, 141.81, 141.68,

129.84, 128.42, 127.93, 127.80, 127.69, 62.70, 28.66, 24.18.

HRMS (ESI): m/z [M + Na]+ calcd for C20H23NO4Na: 364.1519; found:

364.1512.

(S)-2-((tert-Butoxycarbonyl)amino)-2-(4-chlorophenyl)propanoic 

Acid (16)

From tert-butyl ((2-(4-chlorophenyl)propanoyl)oxy)carbamate5 (60.0

mg, 0.2 mmol) using (R,R)-FeBIPF2 (5 mol%) and TMP (0.2 mmol, 34

L). Flash column chromatography on silica gel with n-hexane/EtOAc

(6:1, plus 0.2% HOAc) as the eluent provided 16 as a colorless gum

(54.3 mg, 91% yield, 93% ee).

HPLC analysis for determining the ee value: Daicel Chiralpak IG col-

umn, 250 × 4.6 mm, mobile phase n-hexane/iPrOH = 9:1 (v/v) with

0.1% TFA, flow rate 1.0 mL/min, UV detection at 210 nm, 25 °C; t1 = 6.5

min, t2 = 7.7 min.

[]D
25 +51.0 (c 1.0, MeOH).

Analytical data are consistent with a recent report.5

(S)-2-(3-Benzoylphenyl)-2-((tert-butoxycarbonyl)amino)propano-

ic Acid (17)

From tert-butyl ((2-(3-benzoylphenyl)propanoyl)oxy)carbamate

(73.9 mg, 0.2 mmol) using (R,R)-FeBIPF2 (5 mol%) and TMP (0.2

mmol, 34 L ). Flash column chromatography on silica gel with n-hex-

ane/EtOAc (6/1, plus 0.2% HOAc) as the eluent provided 17 as a color-

less gum (67.7 mg, 91% yield, 96%ee).

HPLC analysis for determining the ee value: Daicel Chiralpak IG col-

umn, 250 × 4.6 mm, mobile phase n-hexane/iPrOH = 9/1 (v/v) with

0.1% TFA, flow rate 1.0 mL/min, UV detection at 210 nm, 25°C; t1 =

27.0 min, t2 = 34.2 min. []D
25 = +31.0° (c 1.0, MeOH). Analytical data

are consistent with a recent report.6

(S)-2-(Benzo[d][1,3]dioxol-5-yl)-2-((tert-butoxycarbonyl)amino)-

propanoic Acid (18)

From tert-butyl ((2-(benzo[d][1,3]dioxol-5-yl)propanoyl)oxy)carba-

mate (61.9 mg, 0.2 mmol) using (R,R)-FeBIPF2 (5 mol%) and TMP (0.2

mmol, 34 L). Flash column chromatography on silica gel with n-hex-

ane/EtOAc (6:1, plus 0.2% HOAc) as the eluent provided 18 as a color-

less gum (55.7 mg, 90% yield, 80% ee).

HPLC analysis for determining the ee value: Daicel Chiralpak IG col-

umn, 250 × 4.6 mm, mobile phase n-hexane/iPrOH = 9:1 (v/v) with

0.1% TFA, flow rate 1.0 mL/min, UV detection at 210 nm, 25 °C; t1 =

12.6 min, t2 = 16.5 min.

[]D
25 +59.2 (c 1.0, MeOH).

1H NMR (300 MHz, CD3OD):  = 6.97 (d, J = 7.5 Hz, 2 H), 6.77 (d, J = 8.1

Hz, 1 H), 5.93 (s, 2 H), 1.88 (s, 3 H), 1.40 (s, 9 H).

13C NMR (75 MHz, CD3OD):  = 176.17, 156.53, 149.15, 148.44,

136.62, 120.60, 108.67, 107.91, 102.51, 82.50, 62.54, 28.65, 24.06.

HRMS (ESI): m/z [M + Na]+ calcd for C15H19NO6Na: 332.1105; found:

332.1100.

(S)-2-((tert-Butoxycarbonyl)amino)-2-(naphthalen-2-yl)propanoic 

Acid (19)

From tert-butyl ((2-(naphthalen-2-yl)propanoyl)oxy)carbamate (63.1

mg, 0.2 mmol) using (R,R)-FeBIPF2 (5 mol%) and TMP (0.2 mmol, 34

L) at –30 °C for 40 h. Flash column chromatography on silica gel with

n-hexane/EtOAc (6:1, plus 0.2% HOAc) as the eluent provided 19 as a

colorless gum (57.2 mg, 91% yield, 91% ee).

HPLC analysis for determining the ee value: Daicel Chiralpak IG col-

umn, 250 × 4.6 mm, mobile phase n-hexane/iPrOH = 9:1 (v/v) with

0.1% TFA, flow rate 1.0 mL/min, UV detection at 210 nm, 25 °C; t1 =

10.5 min, t2 = 12.8 min.

[]D
25 +53.1 (c 1.0, MeOH).

Analytical data are consistent with a recent report.6

(S)-2-((tert-Butoxycarbonyl)amino)-2-(naphthalen-1-yl)propano-

ic Acid (20)

From tert-butyl ((2-(naphthalen-1-yl)propanoyl)oxy)carbamate (63.1

mg, 0.2 mmol) using (R,R)-FeBIPF2 (5 mol%) and TMP (0.2 mmol, 34

L) at –30 °C for 40 h. Flash column chromatography on silica gel with

n-hexane/EtOAc (6:1, plus 0.2% HOAc) as the eluent provided 20 as a

colorless gum (53.2 mg, 84% yield, 93% ee).

HPLC analysis for determining the ee value: Daicel Chiralpak IG col-

umn, 250 × 4.6 mm, mobile phase n-hexane/iPrOH = 9:1 (v/v) with

0.1% TFA, flow rate 1.0 mL/min, UV detection at 210 nm, 25 °C; t1 =

14.8 min, t2 = 19.2 min.

[]D
25 +52.6 (c 1.0, MeOH).

1H NMR (300 MHz, CD3OD):  = 8.20 (dd, J = 6.6, 3.4 Hz, 1 H), 7.94–

7.80 (m, 2 H), 7.74 (d, J = 7.4 Hz, 1 H), 7.54–7.35 (m, 3 H), 2.17 (s, 3 H),

1.07 (d, J = 103.7 Hz, 9 H).

13C NMR (75 MHz, CD3OD):  = 177.29, 153.79, 137.54, 135.82,

132.15, 130.12, 129.81, 127.10, 126.84, 126.22, 125.88, 125.47, 81.14,

62.53, 28.36, 25.74.

HRMS (ESI): m/z [M + Na]+ calcd for C18H21NO4Na: 338.1363; found:

338.1360.

(S)-2-((tert-Butoxycarbonyl)amino)-2-(thiophen-3-yl)propanoic 

Acid (21)

From tert-butyl ((2-(thiophen-3-yl)propanoyl)oxy)carbamate (54.3

mg, 0.2 mmol) using (R,R)-FeBIPF2 (5 mol%) and TMP (0.2 mmol, 34

L ) at –30 °C for 40 h. Flash column chromatography on silica gel

with n-hexane/EtOAc (6:1, plus 0.2% HOAc) as the eluent provided 21

as a colorless gum (46.3 mg, 85% yield, 88% ee).

HPLC analysis for determining the ee value: Daicel Chiralpak IG col-

umn, 250 × 4.6 mm, mobile phase n-hexane/iPrOH = 9:1 (v/v) with

0.1% TFA, flow rate 1.0 mL/min, UV detection at 210 nm, 25 °C; t1 = 9.3

min, t2 = 15.0 min.

[]D
25 +31.6 (c 1.0, MeOH).

Analytical data are consistent with a recent report.6

(S)-2-((tert-Butoxycarbonyl)amino)-2-cyclopentyl-2-phenylacetic 

Acid (22)

From tert-butyl (2-cyclopentyl-2-phenylacetoxy)carbamate (63.9 mg,

0.2 mmol) using (R,R)-FeBIPF2 (5 mol%) and TMP (0.2 mmol, 34 L) at

–30 °C for 40 h. Flash column chromatography on silica gel with n-

hexane/EtOAc (9:1, plus 0.2% HOAc) as the eluent provided 22 as a

colorless gum (51.9 mg, 81% yield, 96% ee).

HPLC analysis for determining the ee value: Daicel Chiralpak IG col-

umn, 250 × 4.6 mm, mobile phase n-hexane/iPrOH = 4:1 (v/v) with

0.1% TFA, flow rate 1.0 mL/min, UV detection at 210 nm, 25 °C; t1 = 5.3

min, t2 = 27.1 min.

[]D
25 +29.4 (c 1.0, MeOH).

1H NMR (300 MHz, CD3OD):  = 7.58 (d, J = 7.6 Hz, 2 H), 7.30 (dt, J =

14.6, 7.1 Hz, 3 H), 2.90 (s, 1 H), 1.67 (s, 2 H), 1.61–1.30 (m, 12 H), 1.17

(s, 2 H).
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13C NMR (75 MHz, CD3OD):  = 175.71, 157.11, 141.45, 128.82,

128.32, 128.08, 80.75, 68.52, 29.00, 28.76, 26.24, 26.11.

HRMS (ESI): m/z [M + Na]+ calcd for C18H25NO4Na: 342.1676; found:

342.1670.

(S)-2-((tert-Butoxycarbonyl)amino)-2-cyclohexyl-2-phenylacetic 

Acid (23)

From tert-butyl (2-cyclohexyl-2-phenylacetoxy)carbamate (66.7 mg,

0.2 mmol) using (R,R)-FeBIPF2 (5 mol%) and TMP (0.4 mmol, 68 L) at

–50 °C for 40 h. Flash column chromatography on silica gel with n-

hexane/EtOAc (9:1, plus 0.2% HOAc) as the eluent provided 23 as a

colorless gum (62.1 mg, 93% yield, 98% ee).

HPLC analysis for determining the ee value: Daicel Chiralpak IG col-

umn, 250 × 4.6 mm, mobile phase n-hexane/iPrOH = 4:1 (v/v) with

0.1% TFA, flow rate 1.0 mL/min, UV detection at 210 nm, 25 °C; t1 = 6.0

min, t2 = 26.0 min.

[]D
25 +29.0 (c 1.0, MeOH).

Analytical data are consistent with a recent report.6

(S)-1-((tert-Butoxycarbonyl)amino)-1,2,3,4-tetrahydronaphtha-

lene-1-carboxylic Acid (24)

From tert-butyl ((1,2,3,4-tetrahydronaphthalene-1-carbonyl)oxy)car-

bamate (58.3 mg, 0.2 mmol) using (R,R)-FeBIPF2 (5 mol%) and TMP

(0.2 mmol, 34 L) at –30 °C for 40 h. Flash column chromatography on

silica gel with n-hexane/EtOAc (8:1, plus 0.2% HOAc) as the eluent

provided 24 as a colorless gum (50.3 mg, 86% yield, 78% ee).

HPLC analysis for determining the ee value: Daicel Chiralpak IG col-

umn, 250 × 4.6 mm, mobile phase n-hexane/iPrOH = 9:1 (v/v) with

0.1% TFA, flow rate 1.0 mL/min, UV detection at 210 nm, 25 °C; t1 = 8.9

min, t2 = 11.3 min.

[]D
25 +88.2 (c 1.0, MeOH).

1H NMR (300 MHz, CD3OD):  = 7.45 (d, J = 7.4 Hz, 1 H), 7.15 (tdd, J =

12.0, 7.0, 2.0 Hz, 3 H), 2.92–2.71 (m, 2 H), 2.51 (s, 1 H), 2.43–2.28 (m,

1 H), 2.05 (s, 1 H), 1.87 (p, J = 6.2 Hz, 1 H), 1.41 (s, 9 H).

13C NMR (75 MHz, CD3OD):  = 176.55, 139.63, 130.38, 128.82,

128.16, 128.14, 127.29, 80.31, 61.79, 32.62, 30.47, 28.70, 20.68.

HRMS (ESI): m/z [M + Na]+ calcd for C16H21NO4Na: 314.1363; found:

314.1357.
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