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Introduction

Among the unusual amino acids, the α,β-dehydroamino 
acids (or Δaas) represent a noteworthy class for their pres-
ence in naturally occurring toxins and antibiotics, and 
for their important role in the biosynthesis of other non-
proteinogenic amino acids (Stammer 1982; Schmidt et al. 
1988; Humphrey and Chamberlin 1997; Bonauer et  al. 
2006). Δaas display unusual conformational features; when 
inserted into peptides, they induce conformational con-
strains which lead to changes in the secondary structure. 
The double bond rigidifies the conformation of the side 
chain; χ is fixed to 0° (Z) or 180° (E), and favors the forma-
tion of β- or γ-turns when the Δaas are placed at the i + 2 
position of the putative turn sequence (Fig. 1a) (De Marco 
et  al. 2013). Besides, the presence of these unnatural and 
constrained residues confers resistance to enzymatic deg-
radation. The folding properties of Δaas have been utilized 
for the design of foldamers, oligomers which have a ten-
dency to form well-defined secondary structures stabilized 
by non-covalent, non-adjacent interactions. For instance, 
it was reported that the sequential introduction in oligom-
ers of ΔPhe gave repeated β-turns, forming a 310 helix 
(Rajashankar et al. 1992).

Besides, Δaas have demonstrated their utility in organic 
synthesis as versatile intermediates, giving access to a vari-
ety of derivatives (Stammer 1982; Schmidt et  al. 1988; 
Humphrey and Chamberlin 1997; Bonauer et al. 2006). The 
double bond permits to perform several reactions (Fig. 1b), 
which can be utilized for the preparation of interesting bio-
logically active compounds, such as the oligosaccharide-
peptide ligation by the addition of complex oligosaccharide 
thiolates to dehydroalanine (ΔAla)-containing peptides 
(Galonić et  al. 2003), or the synthesis of a lanthionine-
bridged enkephalin mimetics (Polinsky et al. 1992).

Abstract  Chiral dehydroamino acid building blocks 
are versatile starting materials for the preparation of opti-
cally active unusual amino acids and other compounds of 
pharmacological interest. Herein we disclose the expedi-
ent preparation of dehydroalanines (ΔAla) equipped with 
oxazolidin-2-one (Oxd) chiral auxiliaries, Ts-Oxd-ΔAla-
OMe. These compounds have been obtained in high yields 
from dipeptides Ts-Ser/Thr/phenylSer-Ser-OMe by the 
one-pot cyclization–elimination reaction with N,N-disuc-
cinimidyl carbonate and catalytic DIPEA. To test the effi-
cacy of the chiral auxiliaries in controlling asymmetric 
transformations, the Friedel–Crafts alkylations of indoles 
carrying diverse substituents were performed in the pres-
ence of Lewis and Brønsted acids. The reactions proceeded 
with good to excellent diastereomeric ratios giving (S)- or 
(R)-tryptophan derivatives, isolated very conveniently by 
simple flash chromatography. To verify the utility of this 
approach, optically pure (S)-2-methyltryptophan and (S)-
5-fluorotryptophan were obtained and utilized to prepare 
analogues of endogenous opioid peptide endomorphin-1, 
H-Tyr-Pro-Trp-PheNH2.

Keywords  Dehydroamino acids · Oxazolidinone 
chiral auxiliary · Tryptophan · Friedel–Crafts alkylation · 
Endomorphin-1

R. De Marco (*) · L. Cavina · A. Greco · L. Gentilucci 
Department of Chemistry, G. Ciamician University of Bologna, 
via Selmi 2, 40126 Bologna, Italy
e-mail: rossella.demarco2@unibo.it

L. Gentilucci 
e-mail: luca.gentilucci@unibo.it



2824 R. De Marco et al.

1 3

Non-functionalized Δaas are enamines prone to hydrol-
ysis; on the other hand, N-acyl derivatives or Δaas already 
incorporated into peptide sequences, are more stable, there-
fore several protocols for their preparations have been 
reported, including elimination reactions, Horner–Wads-
worth–Emmons and Wittig reactions, Erlenmeyer synthesis 
and ring-opening of oxazolones, Schöllkopf formylamino-
methylenation, etc. (Humphrey and Chamberlin 1997; 
Bonauer et al. 2006). One of the most direct methods is the 
dehydration of β-hydroxy-α-amino acids (e.g., Ser or Thr). 
For instance, Ferreira et al. reported the anti-selective elim-
ination with Boc2O/DMAP that afforded only one of the 
two possible E/Z isomers (Ferreira et al. 1999), the Z iso-
mer being practically more accessible from threo reagents 
than the E.

Chiral ΔAla derivatives constitute suitable starting 
materials for many asymmetric transformations (Bonauer 
et al. 2006). Selected examples from the literature of com-
pounds containing ΔAla recently utilized for diastereose-
lective Michael additions are shown in Fig. 1c. The addi-
tion of the benzophenone glycine-tert-butylester imine to 
2-phenyloxazolidin-5-one gave the Michael adduct with 
control of the two new stereocenters and a diastereoselec-
tivity of 97:3 (Javidan et  al. 1997); the 2-tert-butyloxazo-
lidin-5-one underwent addition of enamine in a preferen-
tially cis manner with a ratio of 83:17 (Pyne et al. 1995); 
the organocuprate addition to dehydrodiketopiperazine 
gave the cis product in high yields and >95  % diastere-
omeric excess (Bull et al. 2001).

In this paper, we report the expedient preparation of 
ΔAla equipped with Oxd chiral auxiliaries (3), by one-
pot cyclization–elimination of dipeptides of sequence Ts-
Ser (or Thr, phenylSer)-Ser-OMe (1). To test the efficacy 
of these chiral building blocks for the preparation of non-
racemic and non-natural amino acids, we performed the 
tandem Friedel–Crafts (F–C) alkylation/asymmetric pro-
tonation of substituted indoles (Bandini et  al. 2005), to 

afford tryptophans functionalized at the indole with alkyl, 
aryl groups, halogens, or their combinations. Modified 
tryptophans are present in peptides of microbial or marine 
origins (e.g., halotryptophans: Yeh et al. 2005; Bittner et al. 
2007), and unnatural Trp analogues have been utilized as 
important building blocks for the total synthesis of biologi-
cally active products (Xu et al. 2011; Artman et al. 2007; 
He et al. 2009; De Marco et al. 2014), as biological probes 
(Royer 2006), and finally as chiral small molecule catalysts 
(Ishihara et  al. 2007). Several authors developed asym-
metric syntheses of optically pure indole-substituted tryp-
tophans (Perry et al. 1977; Li et al. 2004). Halotryptophans 
can be obtained by palladium-mediated heteroannulation 
of a chiral auxiliary (Ma et  al. 2001), by electrochemical 
oxidation of proline followed by Fischer indole synthe-
sis (Irie et  al. 1984), from serine and commercially avail-
able microorganism containing tryptophan synthase (Goss 
and Newil 2006; Smith et al. 2014), by enzymatic resolu-
tions (Porter et al. 1987; Konda-Yamada et al. 2002; Bla-
ser et al. 2008). The F–C alkylation of substituted indoles 
with methyl acetamidoacrylate (Angelini et al. 2008) gave 
Trp derivatives in non-stereoselective fashion. On the other 
hand, non-racemic tryptophan derivatives were prepared 
with moderate stereoselectivities by F–C alkylation when 
ΔAla was incorporated into peptides (Gentilucci et  al. 
2010). Some asymmetric catalytic syntheses have been 
reported to afford with high levels of enantioselectivity (S)- 
or (R)-tryptophans carrying a limited number of distinct 
modifications (Drury et al. 1998; Castle and Srikanth 2003; 
Zheng et  al. 2010). Heck reaction between N-Ts-indoles 
and methyl 2-acetamidoacrylate furnished the dehydrotryp-
tophans, whose asymmetric catalytic hydrogenation with 
[(COD)Rh(R,R)-Et-DuPHOS]+TfO− as catalyst furnished 
enantiomerically pure (R)-5-and 6-substituted tryptophans 
(Prieto et  al. 2009). More recently, the F–C alkylation of 
methyl acetamidoacrylate catalyzed by 3,3-dibromo-
BINOL·SnCl4 complex furnished 2-substituted tryptophans 

Fig. 1   a Δaas are β-turn inducers when placed at the position i + 2 of the putative turn; b Δaas as substrates for different synthetic reactions; c 
selected examples of chiral cyclic Δaas recently utilized for C–C bond formation (Michael additions)
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in good yields and high enantioselectivity (Kieffer et  al. 
2012).

Finally, herein we describe the synthesis of two ana-
logues of the endogenous agonist of the μ-opioid receptor 
endomorphin-1 (EM1), H-Tyr-Pro-Trp-PheNH2 (Zadina 
et al. 1997; Fichna et al. 2007). Among the opioid peptides, 
EM1 shows a unique sequence and extraordinary recep-
tor affinity and selectivity. In the last years, we have been 
interested in the preparation, conformational analysis, and 
pharmacological characterization of EM1 analogues (Gen-
tilucci et  al. 2008, 2011a; De Marco et  al. 2012a, 2014) 
as potential drugs for pain management (Gentilucci 2004; 
Lipkowski et al. 2004). Since none of the other endogenous 
opioid peptides contain a Trp in the sequence, SAR stud-
ies on EM1 analogues containing modified Trp could shed 
light into the role of this pharmacophore in ligand-recep-
tor recognition (Keresztes et al. 2010). Besides, the intro-
duction of substituents at the indole of Trp could improve 
metabolic stability, bioavailability, and CNS exposure (Witt 
et al. 2001; De Marco et al. 2014).

Materials and methods

Standard chemicals were purchased from commercial 
sources and used without further purification. The reactions 
were monitored by thin layer chromatography. Flash chro-
matography was performed on silica gel (230–400 mesh), 
using mixtures of distilled solvents. Analytical RP-HPLC 
was performed on an Agilent 1100 series apparatus, using 
a RP column Phenomenex mod. Gemini 3μ C18 110A 
100 × 3.0 mm (P/No 00D-4439-Y0); column description: 
stationary phase octadecyl carbon chain-bonded silica 
(C18) with TMS endcapping, fully porous organo-silica 
solid support, particle size 3 μm, pore size 110 Å, length 
100  mm, internal diameter 3  mm; DAD 210  nm; mobile 
phase: from a 9:1 H2O-MECN to a 2:8 H2O-MECN in 
20 min at a flow rate of 1.0 mL min−1, followed by 10 min 
at the same composition. Semi-preparative RP-HPLC was 
performed on an Agilent 1100 series apparatus, using an 
RP column ZORBAX mod. Eclipse XDB-C18 PrepHT 
cartridge 21.2  ×  150  mm 7  μ (P/No 977150-102); col-
umn description: stationary phase octadecyl carbon chain-
bonded silica (C18), double endcapped, particle size 7 µm, 
pore size 80 Å, length 150 mm, internal diameter 21.2 mm; 
DAD 210  nm; mobile phase from 8:2 H2O-MeCN with 
0.1 % TFA to 100 % MECN/0.1 % TFA in 10 min at a flow 
rate of 12 mL min−1. Chiral HPLC analysis was performed 
on an Agilent 1200 series apparatus, using a CHIRAL-
PAK IC column (P/No 83325); column description: chiral 
stationary phase cellulose  tris  (3,5-dichlorophenylcar-
bamate) immobilized on silica, particle size 5  µm, length 
250  mm, internal diameter 4.6  mm, DAD 210/254  nm; 

mobile phase: 1:1 n-hexane/2-propanol, at 0.8 mL min−1. 
Direct-phase HPLC analyses were performed on an Agi-
lent 1100 series apparatus, using a Kromasil 60-5Diol col-
umn (P/No E42500); column description: stationary phase 
silica, particle size 5 μm, pore size 60 Å, length 250 mm, 
internal diameter 4.6  mm, DAD 210  nm; mobile phase 
hexane/2-propanol 60:40, at a flow rate of 0.6 mL min−1. 
ESI analysis was performed using an MS single quad-
rupole HP 1100MSD detector, with a drying gas flow of 
12.5  l/min, nebulizer pressure 30 psgi, drying gas temp. 
350  °C, capillary voltage 4,500 (+) and 4,000 (-), scan 
50–2,600  amu. Elemental analyses were performer using 
a Thermo Flash 2000 CHNS/O analyzer. The synthetic 
procedures by MW irradiation were performed using a 
microwave oven (MicroSYNTH Microwave Labstation for 
Synthesis) equipped with a built-in ATC-FO advanced fiber 
optic automatic temperature control. 1H NMR spectra were 
recorded using a Varian Gemini apparatus at 400 MHz in 
5  mm tubes, using 0.01  M peptide at room temperature. 
Solvent suppression was performed by the solvent presatu-
ration procedure implemented in Varian (PRESAT). 13C 
NMR spectra were recorded at 100 MHz. Chemical shifts 
are reported as δ values relative to residual CHCl3 δH (7.26 
p.p.m.), DMSO δH (2.50 p.p.m.) and CDCl3 δC (77.16 
p.p.m.) as internal standards. The unambiguous assignment 
of 1H NMR resonances was performed by 2D gCOSY.

General procedure for the synthesis 
of Ts‑Ser/Thr/phenylSer‑Ser‑OMe (1)

A stirred solution of the N-tosylamino acid (1.0 mmol) in 
4:1 DCM/DMF (5 mL) was treated with HOBt (1.2 mmol) 
and HBTU (1.2 mmol), at r.t. and under inert atmosphere. 
After 5 min, the amino acid esters (1.1 mmol), and DIPEA 
(2.4 mmol) were added and the reaction was stirred under 
MW irradiation (Bacsa et  al. 2008). The microwave-
assisted reaction was performed by setting maximum irra-
diation power at 150 W and monitoring the internal reac-
tion temperature at 80  °C. After 10 min, the mixture was 
concentrated at reduced pressure, and the residue was 
diluted with EtOAc (25 mL). The solution was washed with 
0.1  M HCl (5  mL), and a saturated solution of NaHCO3 
(5 mL). The organic layer was dried over Na2SO4 and the 
solvent was evaporated at reduced pressure. The crude 
peptides (80–90 % yield, 70–80 % pure by analytical RP-
HPLC) were identified by ESI–MS and 1H NMR analysis, 
and were used without further purifications.

Ts-L-Ser-L-Ser-OMe (1a). 1H NMR (CDCl3) δ: 2.31 
(s, 3H, TsMe), 3.49 (m, 1H, SerHα), 3.62 (s, 3H, OMe), 
3.70–3.90 (m, 4H, SerHβ), 4.41 (m, 1H, SerHα), 6.66 
(d, J =  7.2  Hz, 1H, SerNH), 7.18–7.22 (m, 2H, TsArH), 
7.63–7.69 (m, 3H, TsArH +  SerNH); ES–MS m/z: 361.1 
[M + H]+, calcd 361.0.
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Ts-L-Thr-L-Ser-OMe (1b). 1H NMR (CDCl3) δ: 1.00 (d, 
J = 6.4 Hz, 3H, ThrMe), 2.38 (s, 3H, TsMe), 3.72 (s, 3H, 
OMe), 3.74 (t, J = 3.0 Hz, 1H, ThrHα), 3.85–3.89 (m, 2H, 
SerHβ), 4.18–4.24 (m, 2H, ThrHβ), 4.46 (q, J =  3.8  Hz, 
1H, SerHα), 6.31 (d, J = 8.0 Hz, 1H, ThrNH), 7.21–7.25 
(m, 2H, TsArH), 7.60 (d, J = 7.6 Hz, SerNH), 7.69–7.63 
(m, 2H, TsArH); ES–MS m/z: 375.2 [M  +  H]+, calcd 
375.1.

Ts-L/D-phenylSer-L-Ser-OMe (1c). 1H NMR (CDCl3) 
δ (two diastereoisomers): 2.39 + 2.40 (s, 3H, TsMe), 3.80 
(s, 3H, OMe), 3.90–4.06 (m, 3H, PhSerHβ  +  SerHβ), 
4.63–4.65 (m, 1H, SerHα), 5.27 + 5.31 (m, 1H, PhSerHα), 
7.02–7.40 (m, 10H, TsArH  +  PhSerArH  +  PhSerNH), 
7.90  +  7.93 (d, J  =  7.6  Hz, 1H, SerNH); ES–MS m/z: 
437.3 [M + H]+, calcd 437.1.

General procedure for the synthesis  
of Ts‑Oxd‑ΔAla‑OMe (3)

N,N-disuccinimidyl carbonate (0.73  mmol) was added in 
60 min using a temporized syringe to a stirred solution of 
1 (0.33 mmol) in DMF (4 mL) and a catalytic amount of 
DIPEA (0.07  mmol) at 0  °C and under inert atmosphere. 
After 60 min, the solvent was removed under reduced pres-
sure. The residue was diluted with 0.1 M HCl (5 mL), and 
the mixture was extracted three times with DCM (5 mL). 
The combined organic layers were dried over Na2SO4, 
filtered, and concentrated at reduced pressure. The resi-
due was purified by flash chromatography over silica gel 
(eluant cyclohexane/EtOAc 70:30), giving 3 (yields: see 
Table  1; 94–96  % pure by analytical RP-HPLC) as waxy 
solids.

Ts-L-Oxd-ΔAla-OMe (3a). [α]D
20 −26.8 (c 1.0, MeOH); 

1H NMR (CDCl3) δ: 2.42 (s, 3H, Me), 3.88 (s, 3H, 
COOMe), 4.45 (dd, J = 4.6, 9.0 Hz, 1H, OxdH5), 4.52 (t, 
J =  9.1 Hz, 1H, OxdH5), 4.99 (dd, J =  4.4, 9.2 Hz, 1H, 
OxdH4), 6.05 (s, 1H, =CH), 6.65 (s, 1H, =CH), 7.33–7.37 
(m, 2H, TsArH), 7.92–7.96 (m, 2H, TsArH), 8.54 (s, 1H, 

ΔAlaNH); 13C NMR (CDCl3) δ: 21.4, 52.6, 57.9, 66.0, 
111.0, 128.7, 128.9, 129.1, 129.1, 131.0, 133.8, 145.4, 
151.5, 163.6, 166.8; ES–MS m/z: 369.1 [M + H]+, calcd 
369.1. Elem. Anal. for C15H16N2O7S, calcd: C 48.91, H 
4.38, N 7.60, S 8.70; found: C 49.15, H 4.51, N 7.51, S 
8.57.

Ts-L-5-Me-Oxd-ΔAla-OMe (3b). [α]D
20  −18.3 (c 0.5, 

MeOH); 1H NMR (CDCl3) δ: 1.44 (d, J =  12.4  Hz, 3H, 
5-Me), 2.44 (s, 3H, TsMe), 3.86 (s, 3H, COOMe), 4.54 (d, 
J = 10.0 Hz, 1H, OxdH4), 4.71 (m, 1H, OxdH5), 6.03 (s, 
1H, =CH), 6.65 (s, 1H, =CH), 7.33–7.37 (m, 2H, TsArH), 
7.92–7.96 (m, 2H, TsArH), 8.55 (s, 1H, ΔAlaNH); 13C 
NMR (CDCl3) δ: 20.7, 20.8, 53.5, 65.4, 75.1, 111.4, 129.2, 
130.0, 130.1, 130.9, 133.8, 146.5, 151.4, 164.2, 166.2; 
ES–MS m/z: 400.2 [M + 18], calcd 400.4. Elem. Anal. for 
C16H24N2O7S, calcd: C, 50.26; H, 4.74; N, 7.33; S, 8.39; 
found: C, 49.97; H, 4.89; N, 7.45; S, 8.22.

Ts-L/D-5-Ph-Oxd-ΔAla-OMe (3c). 1H NMR (CDCl3) δ: 
2.47 (s, 3H, TsMe), 3.88 (s, 3H, OMe), 4.71 (d, J = 4.6 Hz, 
1H, OxdH4), 5.64 (d, J = 4.6 Hz, 1H, OxdH5), 6.08 (s, 1H, 
=CH), 6.72 (s, 1H, =CH), 7.14–7.21 (m, 2H, TsArH), 
7.32–7.39 (m, 5H, 5-Ph), 7.86–7.90 (m, 2H, TsArH), 8.55 
(s, 1H, ΔAlaNH); 13C NMR (CDCl3) δ: 21.8, 53.2, 66.3, 
78.1, 111.1, 125.0, 128.8, 129.3, 129.6, 129.8, 130.6, 133.4, 
136.5, 151.2, 163.7, 165.6; ES–MS m/z 445.2 [M + H]+, 
calcd 445.1. Elem. Anal. for C21H20N2O7S, calcd: C, 56.75; 
H, 4.54; N, 6.30; S, 7.21; found: C, 56.45; H, 4.58; N, 6.33; 
S, 7.12.

General procedure for the Michael addition 
with substituted indoles

A flame-dried flask containing freshly activated powdered 
4  Å molecular sieves (200 wt%) under inert atmosphere 
was charged with anhydrous DCM (5 mL), then the indole 
(Table 2 1.0 mmol), 3 (1.0 mmol) and, PhOH (0.20 mmol) 
were added under inert atmosphere at r.t. The Lewis acid 
(1  M in DCM, 1.0  mmol) was slowly added under inert 
atmosphere at 0  °C. The reaction was stirred at 0  °C for 
24  h, and then it was quenched with 0.5  M HCl (5  mL). 
The mixture was filtered over Celite®, and concentrated at 
reduced pressure to a final volume of 5 mL. The residual 
aqueous layer was extracted with EtOAc (3  ×  15  mL), 
the combined organic layers were washed with saturated 
NaHCO3 (5 mL), and dried over Na2SO4. The solvent was 
evaporated at reduced pressure, and the crude residue was 
purified by flash chromatography over silica gel (eluant 
cyclohexane/EtOAc 70:20) giving 4 and 5 (Table  2, 94–
97 % pure by analytical HPLC) as waxy solids.

Ts-L-Oxd-L-Trp-OMe (4a). [α]D
20 +44.0 (c 1.0, 

CHCl3); 
1H NMR (CDCl3) δ: 2.40 (s, 3H, TsMe), 3.38 (d, 

J  =  5.0  Hz, 2H, TrpHβ), 3.67 (s, 3H, OMe), 4.10–4.15 
(m, 2H, OxdH5), 4.73 (dd, J =  6.4, 7.6 Hz, 1H, OxdH4), 

Table 1   Reactions of 1a–c with DSC/DIPEA under different condi-
tions

a   Determined after isolation by flash chromatography over silica gel
b   Determined by RP- HPLC of the reaction mixtures
c   Slow addition of DSC to 1

Entry 1 solvent Temp (°C) 2 + 3 (%)a 2:3 (%)b

1 a DCM/DMF 20 93 51.49

2 a DCM 20 88 92:8

3 a DMF 20 86 5:95

4c a DMF 0 94 2:98

5c b DMF 0 92 3:97

6c c DMF 0 90 2:98
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4.94 (dt, J = 5.0, 7.6 Hz, 1H, TrpHα), 6.94 (d, J = 7.6 Hz, 
1H, TrpNH), 7.12 (t, J = 7.6 Hz, 1H, TrpH5), 7.16 (m, 2H, 
TrpH2,6), 7.21–7.23 (m, 2H, TsArH), 7.36 (d, J = 8.0 Hz, 
1H, TrpH7), 7.54 (d, J  =  8.0  Hz, 1H, TrpH4), 7.83–7.85 
(m, 2H, TsArH), 8.47 (s, 1H, TrpH1); 

13C NMR (CDCl3) 
δ: 21.7, 27.5, 52.6, 53.0, 57.8, 65.9, 108.8, 111.5, 118.2, 
119.6, 122.2, 124.0, 127.2, 128.9, 129.6, 136.1, 151.8, 
167.4, 171.9; ESI–MS m/z 486.2 [M + H]+, calcd 486.1. 
Elem. Anal. for C23H23N3O7S, calcd: C, 56.90; H, 4.77; N, 
8.65; S, 6.60; found: C, 57.47; H, 4.80; N, 8.59; S, 6.55.

Ts-L-Oxd-D-Trp-OMe (5a). [α]D
20 −22.0 (c 0.5, CHCl3); 

1H NMR (CDCl3) δ: 2.41 (s, 3H, TsMe), 3.37 (dd, J = 6.4, 

15.5  Hz, 1H, TrpHβ), 3.39 (dd, J  =  6.2, 15.5  Hz, 1H, 
TrpHβ), 3.73 (s, 3H, OMe), 4.05 (dd, J = 5.0, 9.0 Hz, 1H, 
OxdH5), 4.20 (m, 1H, OxdH5), 4.77 (dd, J = 5.0, 9.0 Hz, 
1H, OxdH4), 4.93 (ddd, J = 6.2, 6.4, 7.6 Hz, 1H, TrpHα), 
7.03 (d, J = 7.6 Hz, 1H, TrpNH), 7.10 (t, J = 7.2 Hz, 1H, 
TrpH6), 7.12 (br.s, 1H, TrpH2), 7.18 (t, J  =  7.4  Hz, 1H, 
TrpH5), 7.24–7.26 (m, 2H, TsArH), 7.35 (d, J =  8.0  Hz, 
1H, TrpH7), 7.49 (d, J  =  8.0  Hz, 1H, TrpH4), 7.84–7.86 
(m, 2H, TsArH), 8.54 (br.s, 1H, TrpH1); 

13C NMR (CDCl3) 
δ: 22.1, 27.6, 38.1, 53.5, 58.3, 66.1, 109.6, 111.9, 118.7, 
120.0, 122.7, 123.9, 128.0, 129.3, 130.1, 133.9, 136.6, 
146.5, 167.7, 170.2, 171.3; ESI–MS m/z 486.2 [M + H]+, 

Table 2   Yields and d.r. for the 
F–C reaction of R-indoles with 
3a–c with different Lewis Acids

n.d. Not determined
a   Diastereomeric ratios 
determined by normal-phase 
HPLC of the reaction mixtures, 
using a Kromasil Diol column
b   Yields calculated 
after isolation by flash 
chromatography over silica gel
c   Not isolated
d   The diastereoisomers were 
not separated

Entry 3 L.A. (eq.) R1-Indole (Eq.) 4/5 (%)a 4, 5 4 (%)b 5 (%)b

1 a AlEt2Cl (1.5) H 18:82 a 10 45

2 a AlEtCl2 (1.5) H 25:75 a 17 52

3 a SnCl4 (1.05) H 10:90 a 7 67

4 a AlEt2Cl (1.5) 2-Me 15:85 b 10 59

5 a AlEtCl2 (1.5) 2-Me 23:77 b 20 68

6 a SnCl4 (1.05) 2-Me 8:92 b 7 82

7 a AlEt2Cl (1.5) 5-F 16:85 c 8 47

8 a AlEtCl2 (1.5) 5-F 22:78 c 17 62

9 a SnCl4 (1.05) 5-F 10:90 c 8 74

10 a AlEt2Cl (1.5) 7-Br 11:89 d 6 51

11 a AlEtCl2 (1.5) 7-Br 8:92 d 6 69

12 a SnCl4 (1.05) 7-Br 6:94 d 4.5 71

13 a AlEt2Cl (1.5) 1-Me 5:95 e Tracesc 77

14 a AlEtCl2 (1.5) 1-Me 9:91 e 7c 85

15 a SnCl4 (1.05) 1-Me 3:97 e Tracesc 94

16 a AlEt2Cl (1.5) 7-Br-2-Me 17:83 i 12 61

17 a AlEtCl2 (1.5) 7-Br-2-Me 11:89 i 9 75

18 a SnCl4 (1.05) 7-Br-2-Me 14:86 i 12 71

19 a AlEt2Cl (1.5) 5-Cl-2-Me 9:91 l 6 63

20 a AlEtCl2 (1.5) 5-Cl-2-Me 16:84 l 13 68

21 a SnCl4 (1.05) 5-Cl-2-Me 12:88 l 9 68

22 b AlEt2Cl (1.5) 2-Me 19:81 m 11 46

23 b AlEtCl2 (1.5) 2-Me 27:73 m 16 43

24 b SnCl4 (1.05) 2-Me 15:85 m 9 51

25 b AlEt2Cl (1.5) 7-Br-2-Me 18:82 n 49d

26 b AlEtCl2 (1.5) 7-Br-2-Me 18:82 n 54d

27 b SnCl4 (1.05) 7-Br-2-Me 22:78 n 60d

28 c AlEt2Cl (1.5) 1-Me 23:77 o 55d

29 c AlEtCl2 (1.5) 1-Me 30:70 o 62d

30 c SnCl4 (1.05) 1-Me 20:80 o 64d

31 c AlEt2Cl (1.5) 2-Ph 20:80 p 50d

32 c AlEtCl2 (1.5) 2-Ph 25:75 p 64d

33 c SnCl4 (1.05) 2-Ph 20:80 p 65d

34 c AlEt2Cl (1.5) 5-Cl-2-Me 16:84 q 54d

35 c AlEtCl2 (1.5) 5-Cl-2-Me 28:72 q 60d

36 c SnCl4 (1.05) 5-Cl-2-Me 21:79 q 66d
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calcd 486.1. Elem. Anal. for C23H23N3O7S, calcd: C, 56.90; 
H, 4.77; N, 8.65; S, 6.60; found: C, 56.34; H, 4.84; N, 8.73; 
S, 6.45.

Ts-L-Oxd-L-2-Me-Trp-OMe (4b): [α]D
20  −65.0 (c 0.7, 

CHCl3); 
1H NMR (CDCl3) δ: 2.39 (s, 3H, TrpMe), 2.40 (s, 

3H, TsMe), 3.26 (dd, J = 6.2, 14.8 Hz, 1H, TrpHβ), 3.35 
(dd, J  =  6.0, 14.8  Hz, 1H, TrpHβ), 3.73 (s, 3H, OMe), 
4.12 (m, 1H, OxdH5), 4.29 (t, J  =  9.0  Hz, 1H, OxdH5), 
4.75 (dd, J = 4.4, 9.0 Hz, 1H, OxdH4), 4.91 (ddd, J = 6.0, 
6.2, 8.0 Hz, 1H, TrpHα), 6.69 (d, J = 8.0 Hz, 1H, TrpNH), 
7.10–7.17 (m, 6H, TrpH4–7 + TsArH), 7.76–7.78 (m, 2H, 
TsArH), 8.00 (s, 1H, TrpH1); 

13C NMR (CDCl3) δ: 11.6, 
21.7, 29.7, 52.6, 57.7, 65.8, 105.2, 110.5, 117.6, 119.8, 
121.5, 128.5, 128.9, 129.6, 133.2, 133.6, 135.3, 145.9, 
151.6, 167.2, 171.9; ESI–MS m/z 500.2 [M + H]+, calcd 
500.1. Elem. Anal. for C24H25N3O7S, calcd: C, 57.70; H, 
5.04; N, 8.41; S, 6.42; found: C, 58.68; H, 4.98; N, 8.52; 
S, 6.39.

Ts-L-Oxd-D-2-Me-Trp-OMe (5b): [α]D
20 +13.8 (c 0.13, 

CHCl3); 
1H NMR (CDCl3) δ: 2.40 (s, 3H, TrpMe), 2.41 (s, 

3H, TsMe), 3.24 (dd, J = 6.6, 14.6 Hz, 1H, TrpHβ), 3.36 
(dd, J = 5.8, 14.6 Hz, 1H, TrpHβ), 3.73 (s, 3H, OMe), 3.94 
(dd, J = 4.8 8.8 Hz, 1H, OxdH5), 4.11 (dd, J = 8.8, 9.4 Hz, 
1H, OxdH5), 4.64 (dd, J = 4.8, 9.4 Hz, 1H, OxdH4), 4.88 
(ddd, J = 5.8, 6.6, 7.2 Hz, 1H, TrpHα), 6.73 (d, J = 7.2 Hz, 
1H, TrpNH), 7.08–7.18 (m, 4H, TrpH4-7), 7.20–7.22 (m, 
2H, TsArH), 7.80–7.82 (m, 2H, TsArH), 7.98 (s, 1H, 
TrpH1); 

13C NMR (CDCl3) δ: 12.0, 22.1, 27.3, 53.0, 53.7, 
58.1, 65.7, 105.7, 111.0, 118.0, 120.0, 121.8, 128.8, 129.2, 
129.3, 130.0, 133.7, 135.7, 146.3, 152.0, 172.1, 172.3; 
ESI–MS m/z 500.2 [M +  H]+, calcd: 500.1. Elem. Anal. 
for C24H25N3O7S, calcd: C, 57.70; H, 5.04; N, 8.41; S, 
6.42; found: C, 57.61; H, 5.10; N, 8.46; S, 6.30.

Ts-L-Oxd-L-5-F-Trp-OMe (4c). [α]D
20 +16.2 (c 0.5, 

CHCl3); 
1H NMR (CDCl3) δ: 2.44 (s, 3H, TsMe), 3.37 

(d, J = 4.8 Hz, 2H, TrpHβ), 3.76 (s, 3H, OMe), 4.28 (dd, 
J  =  4.4, 9.8  Hz, 1H, OxdH5), 4.39 (t, J  =  9.6  Hz, 1H, 
OxdH5), 4.76 (dd, J = 4.4, 9.0 Hz, 1H, OxdH4), 4.92 (m, 
1H, TrpHα), 6.88 (br.d, 1H, TrpNH), 6.93 (d, J = 6.8 Hz, 
1H, TrpH6), 7.05 (s, 1H, TrpH2), 7.12 (s, 1H, TrpH4), 7.28–
7.29 (m, 2H, TsArH), 7.53 (d, J  =  6.8  Hz, 1H, TrpH7), 
7.84–7.86 (m, 2H, TsArH), 8.16 (s, 1H, TrpH1); 

13C NMR 
(CDCl3) δ: 22.1, 30.1, 53.3, 53.8, 58.3, 66.1, 103.3, 110.4, 
113.2, 115.0, 123.0, 127.6, 128.1, 129.3, 130.2, 133.7, 
137.6, 151.9, 157.6, 170.2, 171.7; ES–MS m/z 504.0 
[M  +  H]+, calcd 504.1. Elem. Anal. for C23H22FN3O7S, 
calcd: C, 54.87; H, 4.40; N, 8.35; S, 6.37; found: C, 54.58; 
H, 4.68; N, 8.38; S, 6.33.

Ts-L-Oxd-D-5-F-Trp-OMe (5c) [α]D
20 +38.5 (c 0.2, 

CHCl3); 
1H NMR (CDCl3) δ: 2.44 (s, 3H, TsMe), 3.36 

(d, J = 5.2 Hz, 2H, TrpHβ), 3.76 (s, 3H, OMe), 4.27 (dd, 
J =  5.6, 8.2 Hz, 1H, OxdH5), 4.37 (dd, J =  8.2, 9.4 Hz, 
1H, OxdH5), 4.75 (dd, J = 5.6, 9.4 Hz, 1H, OxdH4), 4.91 

(m, 1H, TrpHα), 7.04 (br.d, 1H, TrpNH), 6.96–7.10 (m, 2H, 
TrpH2,6), 7.12 (s, 1H, TrpH4), 7.28–7.30 (m, 2H, TsArH), 
7.54 (d, J  =  8.0  Hz, 1H, TrpH7), 7.84–7.87 (m, 2H, 
TsArH), 8.48 (s, 1H, TrpH1); 

13C NMR (CDCl3) δ: 21.0, 
28.0, 51.1, 52.9, 56.9, 60.8, 101.6, 107.9, 110.6, 113.2, 
121.0, 125.5, 126.1, 127.1, 130.0, 131.5, 135.3, 149.3, 
155.0, 168.6, 168.8; ES–MS m/z 504.0 [M +  H]+, calcd 
504.1. Elem. Anal. for C23H22FN3O7S, calcd: C, 54.87; H, 
4.40; N, 8.35; S, 6.37; found: C, 55.16; H, 4.43; N, 8.29; S, 
6.30.

Ts-L-Oxd-L-7-Br-Trp-OMe (4d). [α]D
20 +51.0 (c 0.1, 

CHCl3); 
1H NMR (CDCl3, 400  MHz) δ: 2.40 (s, 3H, 

TsMe), 3.38 (d, J  =  4.8  Hz, 2H, TrpHβ), 3.73 (s, 3H, 
OMe), 4.34 (dd, J =  4.4, 7.8  Hz, 1H, OxdH5), 4.44 (dd, 
J = 7.8, 10.0 Hz, 1H, OxdH5), 4.83 (dd, J = 4.4, 10.0 Hz, 
1H, OxdH4), 4.98 (m, 1H, TrpHα), 6.71 (br.d, 1H, TrpNH), 
6.90 (t, J  =  8.0  Hz, 1H, TrpH5), 7.16 (br.s, 1H, TrpH2), 
7.22–7.31 (m, 3H, TsArH + TrpH6), 7.51 (d, J = 8.0 Hz, 
1H, TrpH4), 7.81 (d, J = 8.0 Hz, 2H, TsAr), 8.30 (s, 1H, 
TrpH1); 

13C NMR (CDCl3, 400  MHz) δ: 20.8, 28.0, 
50.9, 51.3, 56.6, 60.7, 98.1, 107.5, 115.4, 118.7, 120.5, 
122.0, 125.7, 126.7, 127.0, 131.0, 132.8, 134.8, 149.0, 
168.1, 168.3; ES–MS m/z 563.8/565.8 [M  +  H]+, calcd 
564.0/566.0. Elem. Anal. for C23H22BrN3O7S, calcd: C, 
48.94; H, 3.93; N, 7.45; S, 5.68; found: C, 49.34; H, 3.96; 
N, 7.37; S, 5.61.

Ts-L-Oxd-D-7-Br-Trp-OMe (5d). [α]D
20  −11.0 (c 0.5, 

CHCl3
1H NMR (CDCl3) δ: 2.45 (s, 3H, TsMe), 3.40 (d, 

J  =  4.8  Hz, 2H, TrpHβ), 3.73 (s, 3H, OMe), 4.30 (dd, 
J =  5.0, 8.4 Hz, 1H, OxdH5), 4.38 (dd, J =  8.4, 9.0 Hz, 
1H, OxdH5), 4.75 (dd, J = 5.0, 9.0 Hz, 1H, OxdH4), 4.93 
(dt, J  =  4.8, 7.6  Hz, 1H, TrpHα), 6.83 (d, J  =  7.6  Hz, 
1H, TrpNH), 6.91 (t, J =  7.8  Hz, 1H, TrpH5), 7.16 (br.s, 
1H, TrpH2), 7.22–7.31 (m, 3H, TsArH  +  TrpH6), 7.47 
(d, J  =  8.0  Hz, 1H, TrpH4), 7.85–7.88 (m, 2H, TsArH), 
8.30 (br.s, 1H, TrpH1); 

13C NMR (CDCl3) δ: 21.0, 28.1, 
51.1, 51.6, 57.0, 61.0, 98.5, 108.1, 116.1, 119.3, 121.2, 
122.6, 126.4, 127.4, 127.7, 131.7, 133.5, 135.5, 149.6, 
169.0, 169.2; ES–MS m/z 563.9/565.9 [M  +  H]+, calcd 
564.0/566.0. Elem. Anal. for C23H22BrN3O7S, calcd: C, 
48.94; H, 3.93; N, 7.45; S, 5.68; found: C, 49.55; H, 3.90; 
N, 7.49; S, 5.63.

Ts-L-Oxd-D-1-Me-Trp-OMe (5e). [α]D
20 +20.7 (c 0.3, 

CHCl3); 
1H NMR (CDCl3) δ: 2.43 (s, 6H, TrpMe + TsMe), 

3.41 (d, J = 4.4 Hz, 2H, TrpHβ), 3.73 (s, 3H, OMe), 4.24 
(dd, J  =  4.4, 9.6  Hz, 1H, OxdH5), 4.35 (t, J  =  9.2  Hz, 
1H, OxdH5), 4.74 (dd, J = 4.8, 9.0 1H, OxdH4), 4.90 (dt, 
J = 4.4, 8.0 Hz, 1H, TrpHα), 6.51 (br.s, 1H, TrpH2), 6.78 
(d, J = 8.0 Hz, 1H, TrpNH), 7.02–7.12 (m, 2H, TrpH5,7), 
7.32–7.36 (m, 2H, TsArH), 7.48 (d, J  =  8.0  Hz, 1H, 
TrpH6), 7.59 (d, (d, J = 7.6 Hz, 1H, TrpH4), 7.61–7.66 (m, 
2H, TsArH); 13C NMR (CDCl3) δ: 20.9, 28.2, 33.3, 50.9, 
52.7, 56.6, 60.7, 107.4, 107.5, 116.4, 117.4, 119.3, 122.7, 
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125.1, 125.7, 126.7, 131.0, 134.8, 135.0, 149.0, 168.1, 
168.3; ESI–MS m/z 500.1 [M + H]+, calcd: 500.1, Elem. 
Anal. for C24H25N3O7S, calcd: C, 57.70; H, 5.04; N, 8.41; 
S, 6.42; found: C, 58.54; H, 5.08; N, 8.35; S, 6.39.

Ts-L-Oxd-L-7-Br-2-Me-Trp-OMe (4i). [α]D
20 +7.0 (c 

0.4, CHCl3); 
1H NMR (CDCl3) δ: 2.42 (s, 3H, TrpMe), 2.44 

(s, 3H, TsMe), 3.25 (dd, J = 4.8, 13.2 Hz, 1H, TrpHβ), 3.31 
(dd, J = 3.6, 13.2 Hz, 1H, TrpHβ), 3.74 (s, 3H, OMe), 4.20 
(dd, J = 4.5, 8.8 Hz, 1H, OxdH5), 4.40 (dd, J = 8.8, 9.1 Hz, 
OxdH5), 4.75 (dd, J = 4.5, 9.1 Hz, 1H, OxdH4), 4.94 (ddd, 
J  =  3.6, 4.8, 7.6, 1H, TrpHα), 6.63 (d, J  =  7.6  Hz, 1H, 
TrpNH), 6.98–7.15 (m, 2H, TrpH4,5), 7.22–7.24 (m, 2H, 
TsArH), 7.46 (d, J =  7.6  Hz, 1H, TrpH6), 7.78–7.82 (m, 
2H, TsArH), 8.03 (br.s, 1H, TrpH1); 

13C NMR (CDCl3) δ: 
12.2, 22.4, 28.0, 51.7, 53.8, 59.2, 62.5, 100.9, 108.0, 118.6, 
121.8, 123.1, 128.0, 130.0, 131.5, 136.9, 138.7, 153.2, 
170.7. ES–MS m/z 591.1 [M  +  Na] calcd 591.0, Elem. 
Anal. for C24H24BrN3O7S, calcd: C, 49.83; H, 4.18; N, 
7.26; S, 5.54; found: C, 49.51; H, 4.21; N, 7.35; S, 5.49.

Ts-L-Oxd-D-7-Br-2-Me-Trp-OMe (5i). [α]D
20  −38.0 

(c 0.5, CHCl3); 
1H NMR (CDCl3) δ: 2.47 (s, 3H, TrpMe), 

2.49 (s, 3H, TsMe), 3.24 (dd, J = 5.8, 14.9 Hz, 1H, TrpHβ), 
3.34 (dd, J = 6.4, 14.9 Hz, 1H, TrpHβ), 3.73 (s, 3H, OMe), 
4.19 (dd, J = 4.8, 8.8 Hz, 1H, OxdH5), 4.26 (t, J = 8.9 Hz, 
OxdH5), 4.68 (dd, J = 4.8, 8.9 Hz, 1H, OxdH4), 4.93 (ddd, 
J = 5.8, 6.4, 7.2 Hz, 1H, TrpHα), 6.73 (d, J = 7.2 Hz, 1H, 
TrpNH), 7.00–7.20 (m, 2H, TrpH4,5), 7.44 (m, 2H, TsArH), 
7.46 (d, J = 7.6 Hz, 1H, TrpH6), 7.84 (d, J = 8.0 Hz, 2H, 
TsArH), 8.47 (s, 1H, TrpH1); 

13C NMR (CDCl3) δ: 12.2, 
22.4, 28.0, 51.7, 53.8, 59.2, 62.5, 100.9, 108.0, 118.6, 
121.8, 123.1, 127.9, 128.2, 130.0, 131.5, 136.9, 138.7, 
153.2, 167.7, 170.7. ES–MS m/z 591.1 [M  +  Na] calcd 
591.0, Elem. Anal. for C24H24BrN3O7S, calcd: C, 49.83; H, 
4.18; N, 7.26; S, 5.54; found: C, 49.42; H, 4.22; N, 7.19; S, 
5.54.

Ts-L-Oxd-L-5-Cl-2-Me-Trp-OMe (4  l). [α]D
20  −13.6 

(c 0.6, CHCl3); 
1H NMR (CDCl3) δ: 2.39 (s, 3H, TrpMe), 

2.43 (s, 3H, TsMe), 3.23 (dd, J  =  7.0, 14.6  Hz, 1H, 
TrpHβ), 3.28 (dd, J = 6.0, 14.6 Hz, 1H, TrpHβ), 3.76 (s, 
3H, OMe), 4.26 (dd, J  =  4.5, 9.2  Hz, 1H, OxdH5), 4.37 
(t, J  =  9.1  Hz, OxdH5), 4.75 (dd, J  =  4.5, 9.0  Hz, 1H, 
OxdH4), 4.89 (ddd, J  =  6.0, 7.0, 7.6  Hz, 1H, TrpHα), 
6.64 (d, J  =  7.6  Hz, 1H, TrpNH), 7.10 (d, J  =  8.4  Hz, 
TrpH6), 7.18 (d, J = 8.4 Hz, 1H, TrpH7), 7.19–7.23 (m, 2H, 
TsArH), 7.46 (s, 1H, TrpH4), 7.75–7.79 (m, 2H, TsArH), 
7.97 (s, 1H, TrpH1); 

13C NMR (CDCl3) δ: 11.7, 21.7, 26.9, 
52.7, 53.2, 57.8, 65.7, 105.2, 111.5, 117.2, 121.7, 125.5, 
128.8, 129.6, 129.7, 133.6, 134.9, 151.5, 167.2, 171.7; 
ESI–MS m/z 534.0 [M + H]+, calcd 534.1. Elem. Anal. for 
C24H24ClN3O7S, calcd: C, 53.98; H, 4.53; N, 7.87; S, 6.00; 
found: C, 54.58; H, 4.50; N, 7.79; S, 6.06.

Ts-L-Oxd-D-5-Cl-2-Me-Trp-OMe (5  l). [α]D
20  −12.0 

(c 0.2, CHCl3); 
1H NMR (CDCl3) δ: 2.39 (s, 3H, TrpMe), 

2.42 (s, 3H, TsMe), 3.22 (dd, J = 5.8, 14.6 Hz, 1H, TrpHβ), 
3.33 (dd, J = 6.2, 14.6 Hz, 1H, TrpHβ), 3.78 (s, 3H, OMe), 
4.15 (dd, J = 4.6, 8.8 Hz, 1H, OxdH5), 4.29 (t, J = 9.0 Hz, 
1H, OxdH5), 4.70 (dd, J = 4.6, 9.0 Hz, 1H, OxdH4), 4.87 
(ddd, J = 5.8, 6.2, 7.6 Hz, 1H, TrpHα), 6.76 (d, J = 7.6 Hz, 
1H, TrpNH), 7.08 (d, J  =  8.4  Hz, 1H, TrpH6), 7.19 (d, 
J = 8.4 Hz, 1H, TrpH7), 7.20–7.24 (m, 2H, TsArH), 7.32 
(s, 1H, TrpH4), 7.80–7.83 (m, 2H, TsArH), 8.00 (s, 1H, 
TrpH1); 

13C NMR (CDCl3) δ: 11.5, 21.5, 29.5, 52.2, 53.0, 
57.3, 65.5, 105.2, 111.4, 117.0, 120.5, 124.3, 128.8, 129.2, 
129.9, 133.4, 133.9, 135.0, 145.3, 151.6, 167.3, 171.7; 
ESI–MS m/z 534.0 [M + H]+, calcd 534.1. Elem. Anal. for 
C24H24ClN3O7S, calcd: C, 53.98; H, 4.53; N, 7.87; S, 6.00; 
found: C, 53.67; H, 4.50; N, 7.91; S, 6.05.

Ts-L-5-Me-Oxd-L-2-Me-Trp-OMe (4  m). [α]D
20 +37.9 

(c 0.2, CHCl3); 
1H NMR (CDCl3) δ: 1.11 (d, J = 6.4 Hz, 

3H, OxdMe), 2.36 (s, 3H, TrpMe), 2.41 (s, 3H, TsMe), 
3.29 (dd, J  =  6.4, 14.8  Hz, 1H, TrpHβ), 3.32 (dd, 
J = 6.0, 14.8 Hz, 1H, TrpHβ), 3.70 (s, 3H, OMe), 4.26 (d, 
J = 4.8 Hz, 1H, OxdH4), 4.36 (m, 1H, OxdH5), 4.92 (ddd, 
J = 6.0, 6.4, 7.6 Hz, 1H, TrpHα), 6.71 (d, J = 7.6 Hz, 1H, 
TrpNH), 7.10–7.16 (m, 4H, TrpH4-7), 7.18–7.22 (m, 2H, 
TsArH), 7.79–7.83 (m, 2H, TsArH), 7.95 (s, 1H, TrpH1); 
13C NMR (CDCl3) δ: 11.6, 14.1, 21.6, 27.3, 52.3, 58.8, 
64.0, 75.0, 105.2, 110.7, 118.5, 119.0, 120.7, 127.1, 128.5, 
128.9, 129.4, 129.6, 133.9, 135.6, 137.5, 151.4, 167.3, 
172.3; ESI–MS m/z 534.1 [M + H]+, calcd 534.1. Elem. 
Anal. for C25H27N3O7S, calcd: C, 58.47; H, 5.30; N, 8.18; 
S, 6.24; found: C, 58.05; H, 5.33; N, 8.25; S, 6.18.

Ts-L-5-Me-Oxd-D-2-Me-Trp-OMe (5  m). [α]D
20  −6.5 

(c 0.1, CHCl3); 
1H NMR (CDCl3) δ: 1.18 (d, J = 6.4 Hz, 

3H, OxdMe), 2.41 (s, 3H, TrpMe), 2.41 (s, 3H, TsMe), 
3.27 (dd, J  =  6.0, 14.8  Hz, 1H, TrpHβ), 3.37 (dd, 
J = 6.4, 14.8 Hz, 1H, TrpHβ), 3.74 (s, 3H, OMe), 4.18 (d, 
J = 4.4 Hz, 1H, OxdH4), 4.34 (m, 1H, OxdH5), 4.87 (ddd, 
J = 6.0, 6.4, 7.2 Hz, 1H, TrpHα), 6.67 (d, J = 7.2 Hz, 1H, 
TrpNH), 7.10–7.15 (m, 4H, TrpH4-7), 7.19–7.22 (m, 2H, 
TsArH), 7.80 (m, 2H, TsArH), 7.96 (s, 1H, TrpH1); 

13C 
NMR (CDCl3) δ: 11.7, 14.2, 21.7, 28.8, 53.3, 60.4, 64.4, 
110.6, 117.5, 119.7, 121.4, 128.8, 129.7, 135.2, 164.5, 
167.1, 171.8; ES–MS m/z 514.4 [M +  H]+, calcd 514.2. 
Elem. Anal. for C25H27N3O7S, calcd: C, 58.47; H, 5.30; N, 
8.18; S, 6.24; found: C, 59.00; H, 5.26; N, 8.22; S, 6.19.

Ts-L-5-Me-Oxd-L/D-7-Br-2-Me-Trp-OMe (4n, 5n). 
1H NMR (CDCl3) δ (two diastereoisomers): 1.11 (d, 
J = 6.4 Hz, 3H, OxdMe), 2.40 (s, 3H, TsMe), 2.47 (s, 3H, 
TrpMe), 3.13 + 3.23 (d, J = 6.0 Hz, 2H, TrpHβ), 3.67 (s, 
3H, OMe), 4.27 + 4.33 (d, J = 4.6 Hz, 1H, OxdH4), 4.34 
(m, 1H, OxdH5), 4.71 + 4.79 (m, 1H, TrpHα), 6.94 + 7.00 
(t, J  =  7.8  Hz, 1H, TrpH5), 7.08 (d, J  =  8.0  Hz, 1H, 
TrpH4), 7.06–7.09 (m, 1H, TrpNH), 7.22–7.31 (m, 3H, 
TsArH + TrpH6), 7.65–7.69 (m, 2H, TsArH), 8.11 + 8.20 
(s, 1H, TrpH1). ES–MS m/z 609.2 [M + 18], calcd 609.1.
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Ts-L/D-5-Ph-Oxd-L/D-1-Me-Trp-OMe (4o, 5o). 1H 
NMR (CDCl3) δ (racemic, two diastereoisomers): 2.42 
(s, 6H, TsMe  +  TrpMe), 3.35–3.46 (m, 2H, TrpHβ), 
3.69  +  3.71 (s, 3H, OMe), 4.53  +  4.54 (d, J  =  4.0  Hz, 
1H, OxdH4), 4.91–4.98 (m, 1H, TrpHα), 5.42 +  5.44 (d, 
J = 4.0 Hz, 2H, OxdH5), 6.63 + 6.79 (d, J = 7.0 Hz, 1H, 
TrpNH), 6.81 + 6.82 (br.s, 1H, TrpH2), 6.97 (t, J = 7.2 Hz, 
1H, TrpH5), 7.00–7.05 (m, 2H, TsArH), 7.30–7.61 (m, 8H, 
Ph  +  TrpH4,6,7), 7.68–7.72 (m, 2H, TsArH); ES–MS m/z 
576.3 [M + H]+, calcd 576.2, found 576.3.

Ts-L/D-5-Ph-Oxd-L/D-2-Ph-Trp-OMe (4p, 5p). 
1H NMR (CDCl3) δ (racemic, two diastereoisomers): 
2.43 + 2.47 (s, 3H, TsMe), 3.88 (s, 3H, OMe), 3.42–3.61 
(m, 2H, TrpHβ), 4.83 + 4.87 (m, 1H, TrpHα), 4.90 (br.d, 
1H, OxdH4), 5.34  +  5.43 (br.d, 1H, OxdH5), 6.91 (d, 
J = 7.6 Hz, 1H, TrpNH), 7.10 (t, J = 7.2 Hz, 1H, TrpH6), 
7.13–7.20 (m, 3H, TrpH5  +  TsArH), 7.22–7.40 (m, 
10H, Ph), 7.52 + 7.54 (br.d, 1H, TrpH7), 7.75 + 7.80 (d, 
J = 7.8 Hz, 1H, TrpH4), 7.86–7.88 (m, 2H, TsArH), 8.57 
(s, 1H, TrpH1); ES–MS m/z 638.3 [M + H]+, calcd 638.2.

Ts-L/D-5-Ph-Oxd-L/D-5-Cl-2-Me-Trp-OMe (4q, 5q). 
1H NMR (CDCl3) δ (racemic, two diastereoisomers): 
2.37 + 2.39 (s, 3H, TsMe), 2.43 (s, 3H, TrpMe), 3.22–3.37 
(m, 2H, TrpHβ), 3.77 +  3.78 (s, 3H, OMe), 4.51 +  4.52 
(d, J = 4.0 Hz, 1H, OxdH4), 4.88 + 4.95 (m, 1H, TrpHα), 
5.44 + 5.50 (d, J = 4.0 Hz, 1H, OxdH5), 6.62 + 6.86 (d, 
J = 7.4 Hz, 1H, TrpNH), 6.97 (d, J = 7.2 Hz, 2H, TrpH6), 
7.07–7.50 (m, 8H, Ph + TsArH + TrpH7), 7.69–7.72 (m, 
2H, TsArH), 7.95 + 7.99 (s, 1H, TrpH1); ES–MS m/z 627.1 
[M + Na], found 627.3.

(S)-2-methyltryptophan (6b), (S)-5-fluorotryptophan 
(6c). 10 % HBr (4.0 ml) was added to (R,S)-5b or (R,S)-5c 
(1.0  mmol), and the mixture was heated while stirring for 
45 min by MW irradiation at 150 W, while monitoring the 
internal reaction temperature at 95 °C. The pH of the mix-
ture was adjusted to about 3 with 1 M NaOH, and the aque-
ous mixture was washed three times with EtOAc (5 mL) to 
recover (R)-Ts-Ser-OH (not isolated). The aqueous layer was 
concentrated at reduced pressure and passed through Dowex 
50X2-200 resin H+ form. The resin washed with water 
(100 ml). The amino acids were eluted using 10 % ammonia 
in methanol (200 ml), and the solvent removed in vacuo to 
afford 6b (0.73 mmol, 73 %) or 6c (0.74 mmol, 74 %).

6b (commercially available). Optical rotation 
[α]20

D
  = −9.8 (c 0.26 in H2O) was found to match with the 

literature (Yabe et  al. 1979); NMR characterization was 
found to match with the literature (Mocek et al. 1993); ES–
MS m/z 219.2 [M + H]+, calcd 219.1.

6c. Optical rotation [α]20
D

  = +5.6 (c 1.0 in 0.1 M HCl) 
was found to match with the literature (Ma et  al. 2001); 
NMR characterization was found to match with the litera-
ture (Blaser et al. 2008; Ma et al. 2001); ES–MS m/z 223.2 
[M + H]+, found 223.2.

N-Fmoc-(S)-2-methyltryptophan (7b), N-Fmoc-(S)-
5-fluorotryptophan (7c). NaHCO3 (118  mg, 1.4  mmol) 
and 9-fluorenylmethyloxycarbonyl succinimide (270  mg, 
0.8 mmol) were added to the a suspension of amino acid 
6b or 6c (0.7 mmol) in 1:1 water/dioxane (6 mL) at 0 °C, 
and the mixture was stirred overnight at r.t. Dioxane was 
removed at reduced pressure, and the pH of the aqueous 
mixture was adjusted to 3 with 1 M HCl. The mixture was 
extracted three times with EtOAc (10  mL), and the col-
lected organic layers were dried over Mg2SO4. The solvent 
was evaporated at reduced pressure, affording the crude 
Fmoc-protected amino acid. The residues were purified by 
flash chromatography over silica gel (eluant: EtOAc/MeOH 
97:3), giving 7b or 7c (for both 95 % yield, 92 % pure by 
RP-HPLC).

N-Fmoc-(S)-2-methyltryptophan (7b). 1H NMR 
(DMSO-d6) δ: 1.90 (s, 3H, TrpMe), 2.73 (dd, J  =  7.0, 
14.5  Hz, 1H, TrpHβ), 2.99 (dd, J  =  2.5, 14.5  Hz, 1H, 
TrpHβ), 4.12–4.33 (m, 3H, FmocH), 4.65 (m, 1H, TrpHα), 
6.05 (br.d, 1H, TrpNH), 7.00 (br.t, 1H, TrpH6), 7.19–7.30 
(m, 4H, FmocArH  +  TrpH4,5), 7.36 (t, J  =  7.5  Hz, 2H, 
FmocArH), 7.56 (d, J  =  7.5  Hz, 2H, FmocArH), 7.76 
(d, J = 7.5 Hz, 2H, FmocArH), 8.01 (d, J = 7.0 Hz, 1H, 
TrpH7), 8.55 (s, 1H, TrpH1); ES–MS m/z 441.3 [M + H]+, 
calcd 441.2.

N-Fmoc-(S)-5-fluorotryptophan (7c). 1H NMR charac-
terization was found to match with the literature (Blaser 
et al. 2008); ES–MS m/z 444.2 [M + H]+, calcd 444.2.

[2-Me-Trp3]-EM1 (8), [5-F-Trp3]-EM1 (9). A measure 
of Fmoc-Rink amide resin (0.3 g, 1.1 mmol/g, resin parti-
cle size: 100–200 mesh) was introduced into a reactor for 
solid-phase peptide synthesis (SPPS). Fmoc was removed 
with 4:1 DMF/piperidine (4  mL) under MW irradiation 
(40 W) for 1 min under mechanical shaking, monitoring the 
internal temperature at 45 °C. The suspension was filtered; 
the resin was washed with DCM (5 mL) and treated with 
a second portion of DMF/piperidine as above described. 
Then the suspension was filtered, and the resin was washed 
three times in sequence with DCM (5  mL) and MeOH 
(5 mL).

All coupling steps were performed according to the 
following general procedure. The resin was swollen in 
DCM (5 mL), and a solution of 7b or 7c (0.6 mmol) and 
HOBt (0.1  g, 0.7  mmol) in DMF (4  mL) was added at 
r.t. and under nitrogen atmosphere, followed by HBTU 
(0.26 g, 0.7 mmol) and DIPEA (0.2 mL, 1.2 mmol). The 
mixture was mechanically shaken under MW irradiation 
with an initial irradiation power of 40  W and monitor-
ing the internal reaction temperature at 45  °C, and after 
10 min the resin was filtered and washed three times with 
the sequence DCM (5 mL) and MeOH (5 mL). Coupling 
efficacy was determined by Kaiser or Chloranil test. All 
subsequent Fmoc deprotection steps were performed as 
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above reported. The resin-bound peptide was suspended 
in a solution of TFA (9.0  mL), TIPS (0.40  mL), H2O 
(0.40 mL), and PhOH (0.20 g), and mechanically shaken 
at r.t. After 2  h, the mixture was filtered, the resin was 
washed twice with 10 % TFA in Et2O (10 mL) and twice 
Et2O (10 mL). Filtrate and washes were collected and sol-
vent and volatiles were removed under N2 flow at r.t. The 
resulting residue was suspended in ice-cold Et2O, and the 
crude solid which precipitated was triturated and collected 
by centrifuge. The peptide 8 or 9 was isolated by semi-
preparative RP-HPLC (80  % yield based on the average 
resin loading; >95  % pure by analytical RP-HPLC, see 
general Methods).

[2-Me-Trp3]-EM1 (8). 1H NMR (DMSO-d6) δ (about 
3:1 mixture of two conformers, t  =  major-trans isomer, 
c =  minor-cis isomer): 1.38–1.62 (m, 4Hc +  1Ht), 1.72–
1.84 (m, 2Ht), 1.95 (m, 1Ht), 2.09 (s, 3Hc), 2.10 (s, 3Ht), 
2.62 (dd, J = 6.5, 14.5 Hz, 1Ht), 2.65–2.76 (m, 3Hc), 2.78 
(dd, J =  7.5, 15.0  Hz, 1Ht), 2.82 (dd, J =  8.0, 14.0  Hz, 
1Ht), 2.86 (m, 1Hc), 2.90 (m, 1Ht), 2.93 (m, 1Hc), 2.95–
3.09 (m, 2Ht + 1Hc), 3.09 (dd, J = 7.0, 15.5 Hz, 1Ht), 3.21-
3.32 (m, 2Hc), 3.45–3.61 (m, 1Ht +  2Hc), 4.35–4.47 (m, 
3Ht + 2Hc), 4.55 (m, 1Ht), 6.68 (m, 2Ht + 2Hc), 6.90 (dd, 
J = 4.8, 7.2 Hz, 1Ht), 6.98–7.05 (m, 2Ht + 1Hc), 7.10 (m, 
2Ht + 2Hc), 7.10–7.25 (m, 7Ht + 7Hc), 7.50 (d, J = 7.2 Hz, 
1Ht  +  1Hc), 7.81 (d, J  =  7.8  Hz, 1Ht), 7.87 (br.d, 2Ht), 
7.94–8.05 (m, 3Hc), 8.20 (br.d, 1Hc), 8.21 (d, J = 9.0 Hz, 
1Ht), 9.31 (s, 1Hc), 9.33 (s, 1Ht), 10.60 (s, 1Hc). 10.66 (s, 
1Ht); ES–MS m/z: 625.3 [M + H]+; calcd: 625.3.

[5-F-Trp3]-EM1 (9). 1H NMR (DMSO-d6) δ (about 
3:1 mixture of two conformers, t  =  major-trans isomer, 
c = minor-cis isomer): 1.42–1.55 (m, 4Hc), 1.62–1.73 (m, 
3Ht), 1.91 (m, 1Ht), 2.68–2.83 (m, 3Ht + 2Hc), 2.83–2.95 
(m, 2Ht + 2Hc), 2.95–3.05 (m, 2Ht + 2Hc), 3.20 (m, 1Hc), 
3.30 (m, 1Hc), 3.40–3.67 (m, 1Ht +  2Hc), 4.15 (m, 1Ht), 
4.35 (dd, J = 4.6, 8.2 Hz, 1Ht), 4.37–4.40 (m, 1Ht + 1Hc), 
4.40–4.48 (m, 1Ht + 1Hc), 6.60 (m, 2Ht + 2Hc), 6.87 (m, 
2Hc), 7.07 (m, 2Ht), 7.10–7.35 (m, 9Ht  +  9Hc), 7.90 (d, 
J = 8.4 Hz, 1Ht), 7.95 (d, J = 8.0 Hz, 1Ht), 8.01 (br.s, 2Ht), 
8.11 (d, J = 8.4 Hz, 1Hc), 8.25–8.32 (m, 3Hc), 9.30 (br.s, 
1Ht  +  1Hc), 10.80 (s, 1Hc), 10.88 (s, 1Ht); ES–MS m/z: 
629.2 [M + H]+; calcd: 629.7.

Results and discussion

Very recently (De Marco et al. 2012b), we observed that the 
reaction of the N-tosyl (Ts) dipeptide ester Ts-Ser-Ser-OMe 
(1a) with N,N-disuccinimidyl carbonate (DSC) and a cata-
lytic amount of DIPEA in DCM/DMF, gave a 1:1 mixture 
of the compound containing two oxazolidin-2-one-4-car-
boxylate rings (Oxd), Ts-Oxd-Oxd-OMe (2a), and of the 
compound containing one Oxd and a ΔAla, Ts-Oxd-ΔAla-
OMe (3a) (Fig. 2 and Table 1, entry 1). This compound 3a 
can be regarded as a ΔAla equipped with an oxazolidin-
2-one chiral auxiliary (Zappia et al. 2007), potentially use-
ful for the asymmetric synthesis of optically active unusual 
α-amino acids (Gentilucci et al. 2010; Bonauer et al. 2006). 
This opportunity prompted us to preparare dipeptides Ts-
Oxd-ΔAla-OMe carrying different substituents at the posi-
tion 5 of the Oxd (Fig. 2).

The dipeptides 1a–c, precursors of 3a–c (Fig.  2), were 
easily prepared by coupling in solution Ts-Ser (R = H), Ts-
Thr (R  =  Me), and (S/R)-Ts-phenylSer (R  =  Ph), respec-
tively, with H-Ser-OMe. Amino acid tosylation was per-
formed according to the literature (Ousmer et al. 2001; Deng 
and Mani 2006). The two β-hydroxy-α-amino acid building 
blocks were incorporated without a protection for the OH 
function, according to a protocol previously described by 
us (Greco et al. 2014a, b), using HOBt, HBTU, and DIPEA, 
as activating agents, at 80 °C under MW irradiation (Bacsa 
et al. 2008). Under these expedient conditions, acylation of 
the OH function and thus the formation of a depsipeptide 
side product was not observed, as confirmed by the 1H NMR 
and RP-HPLC MS analyses of the crude reaction mixture.

The reaction of 1a with DSC/DIPEA was performed in 
different solvents (Fig.  2), giving different outcomes: in 
pure DCM the reaction gave a 92:8 mixture of 2a and 3a 
(Table  1, entry 2), while in DMF the situation was com-
pletely reversed, giving a 5:95 ratio in favor of 3a (entry 
3). Finally, the slow addition of DSC to a solution of 1a–c 
and catalytic DIPEA in DMF at 0  °C further reduced the 
amount of 2 (traces), as determined by HPLC–MS analysis 
of the reaction mixture, while the corresponding Ts-Oxd-
ΔAla esters 3a were obtained in almost quantitative yields 
after isolation by flash chromatography (entry 4). In a 

Fig. 2   One-pot synthesis of ΔAla equipped with Oxd chiral auxiliaries 3a–c
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similar way, the reaction of 1b and 1c performed under the 
same conditions gave the corresponding 3b (entry 5) and 
3c (entry 6) in very good yields.

The analysis of the reaction mixtures at successive 
reaction times indicated that the reaction proceeds via the 
cyclization of Ts-Ser moiety promoted by DIPEA, fol-
lowed by the dehydration of Ser-OMe to ΔAla (Fig.  3). 
It was proposed that the cyclization of the Ts-Ser moiety 
can be promoted by the presence of the arylsulfonyl group 
(Gentilucci et al. 2011b; De Marco et al. 2012a), while the 
comparatively higher acidity of the Hα of Ser-ester respect 
to that of the Hα of Ser-amide accounts for the elimination 
of the intermediate Ser-O-succinimidyl carbonate to ΔAla 
(Ferreira et al. 1999).

As anticipated in the introduction, we decided to assess 
the utility of the Oxd-equipped ΔAla as chiral build-
ing blocks for the preparation of non-racemic non-natural 
amino acids. In particular, we tested the efficacy of 3a 
(R = H), 3b (R = Me), or 3c (R = Ph), to furnish optically 
active tryptophan derivatives by the Lewis acid-promoted 
F–C alkylation of substituted indoles (Bandini et al. 2005; 
Angelini et  al. 2008; Gentilucci et  al. 2010) in the pres-
ence of a Lewis acid-assisted Brønsted acid (Kieffer et al. 
2012). In essence, the process consists in a tandem Michael 

addition-enolate protonation, a process which is very dif-
ficult to control under the point of view of the stereochem-
istry (Duhamel et al. 2004; Sibi et al. 2008; Xu et al. 2011; 
Kieffer et al. 2012). Initially, we screened different condi-
tions for the reaction of 3a with un-substituted indole. The 
reactions were carried out in DCM, in the presence of dif-
ferent Lewis acids (Angelini et  al. 2008; Gentilucci et  al. 
2010; Kieffer et al. 2012), of molecular sieves (Sibi et al. 
2008), of phenol as protonating agent (Lewis acid-assisted 
Brønsted acid, Kieffer et al. 2012), and afforded the dipep-
tide Ts-Oxd-Trp-OMe as a mixture of diastereoisomers 
(S,S)-4a and (S,R)-5a (Fig. 4).

Yields and d.r. strongly varied depending on the 
Lewis acid selected. Yb(OTf)3, Sc(OTf)3, ZnCl4, MgBr2, 
SnBu2Cl2, ZnOTf2, FeCl3, InCl3, CeCl3, RuCl3 gave no 
products; other Lewis acids, MgBr2, BBu2OTf, TiCl4, 
Cu(OTf)2, gave 4a and 5a in traces. Finally, the reaction 
gave reasonable-to-good yields with AlEtCl2, AlEt2Cl 
(Angelini et  al. 2008; Gentilucci et  al. 2010), or SnCl4 
(Kieffer et  al. 2012), as reported in Table 2. The reaction 
with 1.5 equiv. of AlEt2Cl gave a 18:82 mixture of the dias-
treoisomers in favor of (S,R)-5a (entry 1), as determined 
by the HPLC analyses of the reaction mixtures; 4a and 5a 
were isolated by flash chromatography over silica gel in 

Fig. 3   Synthesis of peptides Ts-Oxd-ΔAlaOMe (3) from dipeptides Ts-Ser/Thr/PhSer-SerOMe. (1): Proposed two-step mechanism

Fig. 4   Lewis–Brønsted acid-promoted asymmetric F–C alkylation of substituted indoles with dipeptides 3a–c
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10 and 45 % yield, respectively. The use of AlEtCl2 gave 
a higher yield (4a 17 %, 5a 52 %) but a reduced selectivity 
of 25:75 (entry 2). On the other hand, SnCl4 (1.05 equiv.) 
gave 4a and 5a in good yield (7 and 67 %) after flash chro-
matography, with a d.r. of 90:10 in favor of (S,R)-5a (entry 
3).

The configuration of the newly created stereocenter on 
Trp was determined by comparison with authentic sam-
ples of Ts-(S)-Oxd-(S)-Trp-OMe and Ts-(S)-Oxd-(R)-Trp-
OMe, prepared by standard peptide synthesis in solution 
from the commercially available amino acids. The analy-
ses of the crude reaction mixtures revealed no evidence 
of concurrent α-amidoalkylation reaction (Jia et  al. 2007; 
Angelini et al. 2008). Increasing time and temperature did 
not lead to significantly higher yields; on the other hand, 
lower temperatures gave negligible improvements in terms 
of streoselectivity. The reduction of the amounts of Lewis 
acids to <1.0  equiv. gave reduced yields, consistent with 
the observation that stoichiometric Lewis–Brønsted acid 
was required due to its binding to the product, resulting in 
product inhibition (Kieffer et  al. 2012). As for aluminum 
Lewis acids, a moderate excess was recommended for good 
reactivity and high selectivity in the conjugate addition 
reactions (Castellino and Dwight 1993). In the absence of 
molecular sieves, the reactions gave scarce d.r., and variable 
quantities of by-products arising from peptide bond and/or 
ester hydrolysis, as revealed by reversed phase (RP)-HPLC 
and electro-spray (ESI)-MS analyses. Finally, the absence 
of the proton donor phenol gave similar yields but accom-
panied by a significant drop of stereoselectivity, while the 
substitution of phenol with 2-naphthol or 2,2′-biphenol did 
not alter the reaction outcome.

Consequently, the reactions of 3a with substituted 
indoles (Table  2, entries 4–25 were performed with 
AlEt2Cl, or AlEtCl2, or with SnCl4 in the presence of phe-
nol and activated molecular sieves in DCM. In all cases 
(including 4a, 5a), the analyses of the diastereoisomers 4 
and 5 by reversed-phase HPLC under different conditions 
was unfeasible. However, the separation was possible by 
normal-phase HPLC using an analytical Kromasil Diol 
column, so allowing the determination of d.r. (Table  2). 
Gratifying, in most cases the diastereoisomers were easily 
isolated in preparative scale by low-pressure flash chroma-
tography over silica gel using standard solvents.

The reaction of 3a with 2-methylindole (entries 4–6) 
gave the dipeptides Ts-Oxd-(S)-2-Me-Trp-OMe (4b) 
and Ts-Oxd-(R)-2-Me-Trp-OMe (5b) in good to excel-
lent yields and d.r. up to 8:92 with SnCl4 in favor of the 
(S,R)-stereoisomer 5b (entry 6), while AlEt2Cl and AlEtCl2 
gave inferior results (entries 4 and 5). A similar trend was 
observed for the reaction of 3a, 5-fluoroindole, and the 
same Lewis acids, which gave 4c and 5c (entries 7–9). The 
reactions of 3a with 7-bromoindole (entries 10–12) and 

1-methylindole (entries 13–15) gave good yields and out-
standing d.r. In particular, in the presence of SnCl4 7-bro-
moindole gave 4d/5d in 6:94 ratio (entry 12). In a similar 
way, the reaction of 1-methylindole and 3a with SnCl4 
(entry 15) afforded 5e as the largely predominant product, 
being the diastereoisomer 4e present only in traces.

On the contrary, 2-phenylindole or 6-chloroindole 
reacted with 3a in the presence of AlEtCl2 and SnCl4, 
but not AlEt2Cl, giving the corresponding products 4f/5f 
(Kieffer et  al. 2012), or 4 g/5 g in modest yields, albeit 
the diastereoselectivities were comparable to that of the 
previous experiments (not shown). As for 5-nitroindole, 
the reaction with 3a gave only traces of 4 h/5 h with all 
of the Lewis acids utilized. For these low-yielding reac-
tions, the analyses of the reaction mixtures by HPLC, 
ESI–MS, and 1H NMR, excluded the formation of large 
quantities of by-products and confirmed the presence of 
un-reacted 3a.

Finally, we tested the F–C alkylation of indoles carry-
ing two substituents, 7-bromo-2-methylindole (entries 
16–18) and 5-chloro-2-methylindole (entries 19–21). Inter-
estingly, the reaction of 7-bromo-2-methylindole with 3a 
afforded the best yield and d.r. with AlEtCl2 (4i 9 % and 5i 
75 %, 4i/5i 11:89, entry 17), while the reaction of 5-chloro-
2-methylindole gave the best d.r. with AlEt2Cl (4 l/5 l 9:91, 
entry 19), but the best yield with AlEtCl2 (4 l 13 % and 5 l 
68 %, entry 20).

Subsequently, to check any effects of diverse groups at 
the position 5 of the Oxd chiral auxiliary, we repeated the 
F–C alkylation of some selected substituted indoles with 
the dipeptides Ts-5-Me-Oxd-ΔAla-OMe (3b) and (S/R)-
Ts-5-Ph-Oxd-ΔAla-OMe (3c) with AlEt2Cl, AlEtCl2, 
and SnCl4, under the same conditions utilized for 3a. The 
reaction of 3b with 2-methylindole gave in all cases lower 
yields and reduced diastereoselectivities (entries 22–24) 
compared to the corresponding results observed for 3a 
(entries 4–6). The isolation of the diastereomeric dipep-
tides 4 m and 5 m by flash chromatography over silica gel 
was still feasible. Similarly, moderate yields and d.r. were 
obtained also for the reaction of 3b with 7-Br-2-Me-indole 
(entries 25–27). Nevertheless, the separation of the dias-
tereoisomers by flash chromatography was not possible, 
and 4n, 5n were obtained as a mixture. Finally, the F–C 
reactions of 3c and 1-methylindole (entries 28–30), 2-phe-
nylindole (entries 31–33), and 5-Cl-2-Me-indole (entries 
34–36) afforded the products 4o/5o, 4p/5p, and 4q/5q, 
respectively. In all cases, the isolation of the diastereoi-
somers (S,S)-4 and (S,R)-5 by flash chromatography over 
silica gel was not possible. As observed for 3b, yields and 
d.r. for the reactions of 3c with 1-methylindole and 5-Cl-
2-Me-indole were modest compared to the corresponding 
results for 3a. In contrast, the moderate reactivity of 2-phe-
nylindole with 3c to give 4p/5p (entries 31–33) can be 
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regarded as an improvement compared to the reaction with 
3a, since the latter gave inferior yields. Possibly, the mod-
erate yields and d.r. of the reactions of 3b and 3c and all the 
indoles can be correlated to a significant instability of the 

respective 5-Me-Oxd and 5-Ph-Oxd auxiliaries; indeed, the 
analyses of the crude reaction mixtures (entries 26–40) by 
NMR and HPLC–ESI–MS revealed the presence of vari-
able amounts of dipeptides containing Thr or phenylserine, 

Fig. 5   HPLC analyses of the representative compounds 4a, 5a 4b, 
5b, 4l, 5l, 4m, 5m, performed on a chiral stationary phase, using CHI-
RALPAK IC column (cellulose  tris  3,5-dichlorophenylcarbamate, 

particle size 5 µm, length 250 mm, internal diameter 4.6 mm, DAD 
210); mobile phase: 1:1 n-hexane/2-propanol, at 0.8 mL min−1
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possibly resulting from the degradation of the 5-substituted 
Oxd rings.

In summary, from the comparison of the results of the 
tandem F–C alkylation/asymmetric enolate protonation 
reported in Table 2, it appears that in most cases the sub-
strate 3a is the most performing both in terms of yields and 
d.r. Besides, the un-substituted Ts-Oxd chiral auxilixary 
of 3a allowed a very easy separation of the stereoisomers. 
Reaction yields strongly varied depending on the nature 
of the substituents at the indole ring. As expected, activat-
ing groups such as 1-methyl or 2-methyl gave very good 
yields, while weakly deactivating group such as 5-fluoro or 
7-bromo still gave reasonable-to-good yields, in some cases 
superior to indole, albeit 6-chloroindole reacted poorly 
under the same conditions. Not surprisingly, the strongly 
deactivating 5-nitro group prevented the reaction. On the 
other hand, the modest reactivity of 2-phenylindole and 3a 

with all of the Lewis acids tested was unexpected (Kieffer 
et al. 2012). Also unexpected was the comparatively higher 
reactivity of 2-phenylindole and 3c. Possibly, these reac-
tions can be improved by increasing the amounts of Lewis 
acid and/or indoles (Angelini et al. 2008); for the moment, 
the reactions have been not optimized further. As for the 
disubstituted indoles (5-Cl-2-Me-indole and 7-Br-2-Me-
indole), the F–C reactions with 3a proceeded with good 
yields possibly for the activating effect of the 2-methyl 
group.

In general, the stereochemical trend was very similar for 
all of the tested indoles, giving predominantly the (S,R)-5 
stereoisomers. For the monosubstituted indoles, the best 
d.r. were obtained with SnCl4, including 7-bromoindole 
and 1-methylindole which reacted with 3a very nicely giv-
ing an outstanding d.r., so that the minor (S,S)-stereoisomer 
could not be recovered after purification of the reaction 
mixture by flash chromatography. The disubstituted indoles 
behaved differently; for 7-bromo-2-methylindole and 
5-chloro-2-methylindole the best d.r. were obtained with 
AlEtCl2 and AlEt2Cl, respectively.

The absolute configurations of all diastereoisomers 4 
and 5 were determined by comparison of the HPLC analy-
ses on Kromasil Diol column, and of the chiral HPLC anal-
yses on CHIRALPAK IC column, with that of compounds 
4a and 5a; the latter analysis also excluded racemization. 
Some representative examples of chiral HPLC analyses 
are reported in Fig. 5: the analyses of 2′-methyl substituted 
4b and 5b, of 5′-chloro-2′-methyl-4l and -5l, and of com-
pounds 4 m and 5 m equipped with 5-methyl oxazolidin-
2-one, clearly match the analyses of 4a and 5a. The latter 
were confirmed in turn by comparison with authentic sam-
ples of Ts-(S)-Oxd-(S)-Trp-OMe (4a) and Ts-(S)-Oxd-(R)-
Trp-OMe (5a), prepared from the commercially available 
(S)- or (R)-tryptophan. The absolute stereochemistry of 4b 
and 5b, and of 4c and 5c, was also confirmed after removal 
of the chiral auxiliary (see next paragraph and Fig. 7), by 
comparing the specific optical rotations of enantiopure (S)-
2-methyltryptophan and (S)-5-fluorotryptophan with the 
values reported in the literature (Yabe et  al. 1979; Porter 

Fig. 6   Representative low-energy structure of 3a consistent with 
ROESY analysis (see also Fig.  7), calculated by restrained molecu-
lar dynamics. The calculated geometry of the ΔAla residue matches 
the structures reported in the literature (Alemán and Casanovas 1995; 
Rzeszotarska et al. 2002; Padmanabhan et al. 1992)

Fig. 7   Proposed model for the tandem Michael addition-enolate protonation of indoles and ΔAla, and role of the oxazolidin-2-one chiral auxi-
lixary
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et al. 1987; Mocek et  al. 1993; Ma et  al. 2001; Goss and 
Newil 2006; Blaser et al. 2008; Smith et al. 2014).

To rationalize the stereochemical outcome of the reactions, 
we analyzed the in solution conformation of Ts-Oxd-ΔAla-
OMe (3a). Previous analyses including Electronic Circular 
Dichroism, 2D NMR, and molecular dynamics computations 
(De Marco et al. 2012b) showed Ts group of 3a facing the 
double bond of ΔAla at a distance of about 3.7 Å (Fig. 6), 
perfectly compatible with the values reported in the literature 
for π-stacking interactions (Jones and Chapman 1995).

Reasonably, the Lewis acid effectively promotes the 
conjugate addition of the indoles by forming a complex 
with the carbonyl oxygen of ΔAla (Tabatabaeian et  al. 
2007; Sibi et  al. 2008; Angelini et  al. 2008; Blay et  al. 
2012). The Michael addition gives rise to an intermediate 

enolate (Fig.  7). The ability of arylsulfonamide groups to 
form sandwich structures with enolates by π-stacking inter-
actions is well known (Mahrwald 2004). Electron-poor aro-
matic rings have been reported to promote the reactivity of 
delocalized anions such as enolates by means of a donor–
acceptor π-stacking stabilization of the transition states 
(Ojima and Kwon 1988; Marcaccini et  al. 2009; Krenske 
and Houk 2013). As proposed in Fig. 7, the Ts group could 
shield the Si face of the enolate, leaving the Re face more 
accessible to the PhOH-Lewis acid complex that serves as 
a Brønsted acid to protonate the intermediate enolate (Ishi-
hara et al. 2003; Xu et al. 2011; Kieffer et al. 2012).

The F–C reaction between the indoles and Ts-Oxd-ΔAla-
OMe appears as a practical method to give access to peptides 
containing modified Trp. To exploit this opportunity, we 

Fig. 8   Synthesis of Fmoc-
2-Me-Trp-OH, and Fmoc-5-F-
Trp-OH, by F–C reaction of the 
indoles with (R)-3a

Fig. 9   Solid-phase synthesis of the EM1 analogues 8b and 8c containing substituted Trp3
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synthesized in a few steps the analogues of the opioid pep-
tide H-Tyr-Pro-Trp-PheNH2 (EM1) containing 2-methyltryp-
tophan or 5-fluorotryptophan (Yabe et al. 1979; Porter et al. 
1987; Mocek et  al. 1993; Ma et  al. 2001; Goss and Newil 
2006; Blaser et  al. 2008; Smith et  al. 2014) [2-Me-Trp3]-
EM1 (8), and [5-F-Trp3]-EM1 (9), respectively (Figs. 8, 9). 
Since we were interested in (S)-configures amino acids, we 
performed the F–C reactions of the indoles with the (R)-
enantiomer of 3a, in the presence of SnCl4 and PhOH. (R)-
3a was obtained in turn by treatment of (R,R)-1a with DSC 
and DIPEA as described for 3a. The reactions of 2-meth-
ylindole and 5-fluoroindole afforded (R,S)-5b or (R,S)-5c, 
respectively, as the major products, with the same yields and 
d.r. as reported in Table  2, entries 6 and 9. After isolation 
by flash chromatography, (R,S)-5b or (R,S)-5c were treated 
with 10 % HBr at reflux under conventional heating, giving 
2-methyltryptophan (6b) or 5-fluorotryptophan (6c) in mod-
erate yields. Gratifyingly, heating at 95 °C under MW irra-
diation afforded 6b or 6c in more satisfactory yields (Fig. 8). 
The reaction mixture was adjusted to pH 3, and crude Ts-
Ser-OH was easily separated from 6b or 6c and recovered in 
almost quantitative yield by extraction with EtOAc (Fig. 8). 
The tryptophans 6b or 6c were isolated using a Dowex H+ 
form resin (Blaser et al. 2008). Spectroscopic characteriza-
tion and specific optical rotation were found to match with 
the literature above reported, confirming the absolute stereo-
chemistry attributed in the previous paragraph. 

Finally, 6b or 6c were protected at the N-terminus with 
the Fmoc group under standard conditions (Blaser et  al. 
2008), and the resulting 7b or 7c were utilized for the SPPS 
of modified EM1.

The tetrapeptide-amides [2-Me-Trp3]-EM1 (8b), and 
[5-F-Trp3]-EM1 (8c) were rapidly obtained by standard 
SPPS on a Rink amide resin in DCM/DMF, using Fmoc-
protected amino acids, and HBTU/HOBt/DIPEA as cou-
pling agents (Fig.  9). The reaction was performed under 
MW-assisted conditions, keeping temperature at 45  °C 
while mechanically shaking, which allowed to complete 
the reactions in 10 min. Coupling efficiency was monitored 
by the Kaiser or Chloranil tests. After each coupling, Fmoc 
was removed very rapidly (1  min) with DMF/piperidine 
at 45 °C under MW irradiation. Peptide cleavage was per-
formed by treatment with trifluoroacetic acid (TFA) in the 
presence of scavengers. After filtration, the crude peptides 
were precipitated from ice-cold Et2O, and collected by cen-
trifuge. The peptide 8b or 8c were isolated >95 % pure by 
semi-preparative RP-HPLC on a C18 column.

Conclusions

In summary, we proposed a practical route for the prepa-
ration of dehydroalanine equipped with an oxazolidinone 

chiral auxiliary, by one-pot cyclization–elimination of 
the dipeptide Ts-Ser-Ser-OMe, and we demonstrated the 
efficacy of the resulting Ts-Oxd-ΔAla-OMe chiral build-
ing block for the preparation of non-racemic non-natural 
amino acids. The F–C alkylation of substituted indoles with 
ΔAla carrying (S)-configured chiral auxiliary in the pres-
ence of Lewis/Brønsted acids allowed obtaining (R)-tryp-
tophans with diverse substituents at different positions of 
the indole, in good to excellent d.r. over the (S)-isomers. 
The tryptophans were easily isolated in optical pure form 
after simple flash chromatography and cleavage of the chi-
ral auxiliary. As a preliminary demonstration of the utility 
of this protocol, we introduced 2-methyl or 5-fluoro tryp-
tophan into a peptide sequence of pharmacological inter-
est, the opioid peptide EM1. The procedure will be utilized 
to synthesize a mini-library of EM1 analogues, aiming at 
obtaining new opioid peptides with improved in vivo per-
formances, as well as to deduce information about the 
role of Trp in peptide–receptor recognition and activation 
by SAR studies. Further work is in progress to expand the 
scope of the Ts-Oxd-ΔAla-OMe chiral building block by 
exploring different reactions.
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