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Enantioselective Copper(II)/Box-catalyzed Synthesis of Chiral 
β3-tryptophan derivatives 
Elena A. Tarasenko, Ivan V. Shestakov, Victor B. Rybakov, and Irina P. Beletskaya*[a] 

 

β-Amino acids and their derivatives are important building blocks for 
the preparation of various bioactive compounds and materials. We 
developed a highly efficient method for the synthesis of β3-
tryptophan derivatives based on enantioselective Friedel-Crafts 
alkylation of indoles with phthaloyl-protected 
aminomethylenemalonate in the presence of chiral Cu(OTf)2/iPrBox 
complex as a catalyst. A wide range of indoles with electron-
donating and electron-withdrawing substituents gave the desired 
products in high yields (up to 99%) and excellent enantioselectivities 
(up to 99% ee). In the case of pyrrole the Friedel-Crafts product was 
obtained in up to 90% yield and up to 82% ee. 

Introduction 

β-Amino acid moiety is an important structural unit of many 
bioactive natural compounds[1] used as effective drugs, e.g., 
paclitaxel[2] (antitumor), ubenimex[3] (immunosuppressant, 
antitumor), bleomycin[4] (antibiotic, antitumor), penicillins[5a-d] and 
cephalosporins[5b-f] (antibiotics). In recent years enantiopure β-
amino acids and their derivatives have attracted attention due to 
their application in the synthesis of new biologically active 
compounds[6] and materials[7] on the base of α,β- and β-peptides. 
The incorporation of β-amino acid residues into peptides and 
proteins renders new important properties such as improved 
bioactivity, enhanced resistance to enzymatic degradations, 
propensity to fold and form well-defined secondary structures 
(helices, sheets, turns). In this aspect β-peptide oligomers 
(foldamers[8]) are considered as promising protease-resistant 
peptidomimetics.[9] Moreover, β-peptide secondary structural 
units are capable of self-assembly that leads to forming 
nanostructured materials with varied morphologies: fibrils, 
vesicles, liquid crystals, hydrogels, microtubes, etc.[7] 

There are many ways to synthesize different types of β-amino 
acids (Figure 1). Particularly important is the asymmetric 
synthesis leading to enantiopure β-amino acids.[10] Among the 
latter, special place is occupied by β-amino acids bearing indole 
moiety as a privileged group for organic synthesis of bioactive 

compounds. The asymmetric Friedel-Crafts reaction of indoles 
with various electrophiles is one of the most straightforward 
methods to afford chiral indole derivatives.[11] Using this method 
β2- and β2,2-tryptophan derivatives were obtained by the reaction 
of indoles and Michael acceptors such as β-nitroacrylates and α-
substituted β-nitroacrylates. For asymmetric induction chiral β-
nitroacrylate was used in the case of β2-derivatives,[12] whereas 
either Ni (II) chiral complex[13] or chiral phosphoric acid[14] were 
employed as a catalyst to prepare optically active β2,2-derivatives.  
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Figure 1. The most common types of β-amino acids and β3-tryptophan. 
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Scheme 1. Literature examples of the synthesis of β3-tryptophan (a) and its 
derivative (b). 

According to our knowledge, the general method of the 
preparation of β3-tryptophans (Figure 1) has not been reported. 
Until now there are only two examples of the synthesis of 
unsubstituted β3-tryptophan[15] (Scheme 1a) and its derivative[16] 
(Scheme 1b). It is known that indoles can be alkylated with the 
benzylidene malonates.[17] To our surprise, we could not find any 
mention of such Friedel-Crafts alkylation for the synthesis of β3-
tryptophan derivatives. One may assume that the application of 
N-protected aminomethylenemalonates as the alkylating agents 
could hamper the reaction. However, we have shown that the 
reaction proceeds successfully to give good yields and excellent 
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enantioselectivity under mild conditions with properly chosen 
protective group, Lewis acid, ligand and solvent. 
Herein, we present the first enantioselective Friedel–Crafts 
reaction of indoles with protected aminomethylenemalonates as 
a highly efficient method for the preparation of the β3-tryptophan 
derivatives. 

Results and Discussion 

Initially, aminomethylenemalonate with phthlaloyl protective 
group was chosen as Michael acceptor. Phthalimide group has 
planar structure, and, according to our assumption, 
phthalimidomethylenemalonate could react with indole similar to 
benzylidenemalonates.[17] In addition, the phthalimide group 
itself can impart a certain biological activity to the amino acid 
derivatives. For example, phthaloyl-protected L-tryptophan 
(RG108) is an inhibitor of DNA-methyltransferase of the DNMT1 
family.[18] 

At first we investigated the non-asymmetric reaction of indole 
(1a) with phthalimidomethylenemalonate 2 using Yb(III), Sc(III), 
Cu(II), Mg(II), Zn(II), Ni(II), In(III) salts as catalysts in СH2Cl2 at 
room temperature (See Supporting Information, Table S1). This 
screening revealed that Yb(OTf)3, Sc(OTf)3, Cu(OTf)2 are by far 
the best Lewis acids for this reaction. Then the enantioselective 
reaction with chiral complexes of Yb(OTf)3 and Sc(OTf)3 with 
(S,S)-iPrPyBox (L1) ligand (Table 1, entries 1 and 2) and 
Cu(OTf)2 with (S,S)-iPrBox ligand (L2) (Table 1, entries 3–13) 
was studied in different solvents. Surprisingly, Yb(OTf)3/L1 or 
Sc(OTf)3/L1 complexes did not promote this reaction in either 
CH2Cl2 or Et2O (entries 1 and 2). To our delight, the reaction in 
the presence of 10 mol% of Cu(OTf)2/L2 proceeded smoothly at 
room temperature, and the best result was achieved in 1,4-
dioxane (entry 10). The product 3a was obtained in high isolated 
yield (95%) and high enantioselectivity (95%) after 24 h. The 
addition of molecular sieves 4Å resulted in an increase of yield 
up to 99%, but the enantiomeric excess (93%) slightly 
decreased (entry 11). The reactions in CH2Cl2 (entry 3) and 
CHCl3 (entry 4) gave the product also in high yields (89% and 
92%), but enantiomeric excesses were even lower (88% and 
75% ee). In the cases of trifluoromethylbenzene (entry 5) and 
toluene (entry 6) both lower yields (73% and 86%) and lower 
enantioselectivity (57% and 67% ee) were observed. The use of 
oxygen-containing aprotic solvents (entries 8–12) except diethyl 
ether (entry 7) led to the product in good to excellent yields (82–
95%) and high enantioselectivity (90–96% ee). Ethanol and 
propan-2-ol are not useful as solvents, because the Michael 
addition of these alcohols to the alkene 2 is observed. The non-
nucleophilic tert-butanol did not react with 2, but in this solvent 
the yield of Friedel-Crafts product 3a (74%) and enantiomeric 
excess (83% ee) were not as high (entry 13). 
The effect of counter-ion type and structure of Box ligand on the 
reaction outcome was investigated in the next series of 
experiments. The use of Cu(SbF6)2/L2 complex with weakly 
coordinating counter-ion led to decrease in the yield (85%) and 
ee (92%) (entry 14). Ligands L3–L5 were less effective than L2. 
With tBuBox (L3) the product was obtained in lower yield (39%)  

Table 1. Optimization of the reaction conditions. 

N
H

PhthN

CO2Et

CO2Et
+

Lewis acid (10 mol%) 
L1-L6

 
(10 mol%)

N
H

PhthN

CO2Et

CO2Et

solvent, RT
1a 2 3a

∗

O

N N

O

R RL1

N
N

OO

N

R′ R′ R=iPr; R′=Me 
 L2

R=tBu; R′=Me L3
R=Ph; R′=Me 

  L4
R=Ph; R′=H 

    L5
R=Bn; R′=Me 

  L6L2-L6  
Entry[a] Lewis 

acid 
Ligand Solvent t 

[h] 
Yield 
[%][b] 

ee [%][c] 

1 Yb(OTf)3 L1 CH2Cl2 or Et2O 24 0 − 

2 Sc(OTf)3 L1 CH2Cl2 or Et2O 24 0 − 

3 Cu(OTf)2 L2 CH2Cl2 24 89 88 

4 Cu(OTf)2 L2 CHCl3 24 92 75 

5 Cu(OTf)2 L2 PhCF3 24 73 57 

6 Cu(OTf)2 L2 PhCH3 24 86 67 

7 Cu(OTf)2 L2 Et2O 24 88 70 

8 Cu(OTf)2 L2 THF 24 82 96 

9 Cu(OTf)2 L2 DME 24 85 93 

10 Cu(OTf)2 L2 1,4-dioxane 24 95 95 

11 Cu(OTf)2 L2 1,4-dioxane + 
4Å MS 

24 99 93 

12 Cu(OTf)2 L2 MTBE 24 91 90 

13 Cu(OTf)2 L2 tBuOH 24 74 83 

14 Сu(SbF6)2 L2 1,4-dioxane 24 85 92 

15 Cu(OTf)2 L3 1,4-dioxane 24 39 90 

16 Cu(OTf)2 L4 1,4-dioxane 24 90 34 

17 Cu(OTf)2 L5 1,4-dioxane 24 84 51 

18 Cu(OTf)2 L6 1,4-dioxane 24 97 94 

19[d] Cu(OTf)2 L2 1,4-dioxane/DME 
(10:1) 

48 94 98 

20[d] Cu(OTf)2 L6 1,4-dioxane/DME 
(10:1) 

48 94 97 

[a] Reaction conditions: indole (1a) (0.275 mmol), phthalimidomethylenemalonate 2 
(0.25 mmol), Lewis acid (10 mol%), ligand L1–L6 (10 mol%), solvent (1.5 ml), room 
temperature. [b] Yield of isolated product. [c] Determined by chiral HPLC analysis. 
[d] The reaction was carried out at +5°C. 

but good enantioselectivity (90%) (entry 15), while with two 
types of PhBox (L4 and L5) the product was obtained with lower 
enantioselectivity (34% and 51% ee) but in good yields (90% 
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and 84%) (entries 16 and 17). BnBox ligand (L6) showed the 
same efficiency as iPrBox (L2), giving the product in high yield 
(97%) and high enantiomeric excess (94% ee) (entry 18). 
Further, these two ligands (L2 and L6) were used in the reaction 
at +5 °C to further enhance the enantioselectivity (entries 19 and 
20). Although the reaction time then had to be increased to 48 h, 
excellent enantiomeric excesses (98% ee for L2 and 97% for 
L6) and high yield in both cases (94%) were achieved. It should 
be noted that in all of the experiments (Table 1) the same 
enantiomer was predominantly formed according to the HPLC 
data. 
Since the removal of phthaloyl group from product 3a happened 
to be difficult,[19] we tried in the reaction with indole several 
aminomethylenemalonates with other protective groups but 
without success. The reaction did not proceed with BocNH- and 
CbzNH-substituted methylenemalonates 4 and 5 in the presence 
of 10 mol% Cu(OTf)2/L2 even at room temperature. For AcNH-
substituted methylenemalonate 6 low conversion was observed 
and we obtained complex mixture of products. Low reactivity of 
the compounds 4–6 can be explained by the formation of an 
intramolecular hydrogen bond between NH-hydrogen and the 
carbonyl oxygen of the ester group (Figure 2a), which would 
prevent the complexation of Lewis acid with the substrate. This 
problem does not arise in the case of phthalimidomethylene-
malonate 2 (Figure 2b). The formation of an intramolecular 
hydrogen bond in compounds 4–6 is confirmed by 1H NMR- and 
IR-spectroscopy. The signals of NH-protons appear in the low 
field region at 10.13, 10.35 and 10.85 ppm for 4, 5 and 6 
respectively. In the IR-spectra of these compounds, the 
absorption bands at 3270, 3298 and 3293 cm-1 for 4, 5 and 6 
respectively, can be assigned to vibration modes of the 
hydrogen-bonded NH-groups.[20] 
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Figure 2. Intramolecular hydrogen bond formation in compounds 4–6 (a); 
Lewis acid activation of compound 2 (b). 

To avoid the formation of an intramolecular hydrogen bond in 
the substrate, Boc2N-substituted alkene 7 was tested in the 
reaction with indole. However, in the place of expected product, 
Boc2N group was cleaved to give only 2-((1H-indol-3-
yl)methylene)malonate (8) and Boc2NH (9) (Scheme 2) instead 
with isolated yields of 79% and 88%, respectively. The proposed 
reaction mechanism is presented in Scheme 3. Apparently, 
Boc2N makes a good leaving group in β-elimination from 
intermediate A, and such pathway, quite common in indole 
chemistry, is favored here by steric congestion in the 
intermediate, and the formation of the energetically favorable 
conjugated system 8. 
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Scheme 2. Reaction of the indole (1a) and alkene 7. 
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Scheme 3. A plausible mechanism of the formation of compounds 8 and 9. 

Since the use of other protective groups did not lead to the 
desired result, the studies were continued with 
phthalimidomethylenemalonate 2. Under the optimized 
conditions established for indole (1a) (Table 2, entry 1), the 
scope of reaction was extended by using indoles with electron-
donating and electron-withdrawing substituents in 1,2,4,5 and 6 
positions. N-methyl substituted indole (1b) gave 83% and only 
74% ee (Table 2, entry 2). This fact can indicate that the NH-
proton of indole plays an essential role in providing high 
enantioselectivity. A decrease in the enantiomeric excess was 
also observed previously in the asymmetric reactions of N-
methylindole with benzylidenemalonates.[17a, 21] Reaction with 2-
phenylindole (1c) did not proceed even at room temperature 
probably due to steric effect (entry 3), but indole 1d with smaller 
methyl group in position 2 reacted smoothly in high yield (99%) 
and good enantioselectivity (79% ee) (entry 3). All 4- and 5-
substituted indoles independently of substituent (entries 5–8, 
10–12) gave high yields (89–97%) and excellent 
enantioselectivity (96–99% ee). Only 5- and 6-chloroindoles (1i) 
and (1m) gave products in 78% and 83% yields but excellent ee 
(98%) (entries 9 and 13). The reaction with indoles 1n and 1o 
bearing strong withdrawing CO2Me group in position 5 and 6 
proceeded slowly and the yields of products were only 54% and 
37% after 72 h, but enantioselectivity was again excellent (98 
and >99%, respectively) (entries 14 and 15). 
To determine the absolute configuration of products 3, prepared 
by reaction of indoles 1 with phthalimidomethylenemalonate 2, a 
single crystal of compound 3k with bromine as the heavy atom 
was obtained by recrystallization from hexane/dichloromethane. 
The absolute configuration of the chiral center in the product 3k 
has been determined to be (R) by X-ray analysis (Figure 3).[22] 
The configurations of other products 3 were tentatively assigned 
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to be the same by the assumption of a uniform mechanistic 
pathway. 
To determine the absolute configuration of products 3, prepared 
by reaction of indoles 1 with phthalimidomethylenemalonate 2, a 
single crystal of compound 3k with bromine as the heavy atom 
was obtained by recrystallization from hexane/dichloromethane. 
The absolute configuration of the chiral center in the product 3k 
has been determined to be (R) by X-ray analysis (Figure 3).[22] 
The configurations of other products 3 were tentatively assigned 
to be the same by the assumption of a uniform mechanistic 
pathway. 
 
Table 2. Enantioselective Friedel-Crafts reaction of indoles 1a–o with 
phthalimidomethylenemalonate 2. 

N
H

PhthN

CO2Et

CO2Et
+

Cu(OTf)2
 
(10 mol%) 

L2 (10 mol%)

N
H

PhthN

CO2Et

CO2Et

1,4-dioxane/DME (10:1)
1a-o 2

R
R

3a-o+5 °C, 48 h

 
Entry[a] Indole R Product Yield [%][b] ee [%][c] 

1 1a Н 3a 94 98 

2 1b 1-Me 3b 83 74 

3[d] 1c 2-Ph 3c 0 − 

4 1d 2-Me 3d 99 79 

5 1e 4-OMe 3e 93 96 

6 1f 5-OMe 3f 93 98 

7 1g 5-Me 3g 93 97 

8 1h 5-F 3h 94 98 

9 1i 5-Cl 3i 78 98 

10 1j 4-Br 3j 89 99 

11 1k 5-Br 3k 97 99 

12 1l 5-I 3l 90 99 

13 1m 6-Cl 3m 83 98 

14[e] 1n 5-CO2Me 3n 54 98 

15[e] 1o 6-CO2Me 3o 37 ˃99 

[a] Reaction conditions: indole 1 (0.275 mmol), 
phthalimidomethylenemalonate 2 (0.25 mmol), Cu(OTf)2 (10 mol%), L2 (10 
mol%), 1,4-dioxane/DME 10:1 (1.5 ml). [b] Yield of isolated product. 
[c] Determined by chiral HPLC analysis. [d] The reaction was carried out at 
room temperature. [e] The reaction was carried out for 72 h. 

Based on the absolute configuration of the chiral centre in 3k 
and on crystallographic data obtained by Evans and co-
workers,[23] the Si-face attack of the indole on the intermediate 
complex of phthalimidomethylenemalonate 2 with Cu(OTf)2/L2 
(Figure 4) can be assumed to take place from the side of the 

phthalimide fragment. When using the same catalytic system 
and oxygen-containing solvents in the reaction with 
dialkylbenzylidenemalonate, indole is likely to attack in a similar 
manner since an (S)-isomer[24] is formed. Perhaps π-π stacking 
the indole aromatic system with the benzene ring of the 
substrate takes place, and therefore this attack direction (Si-
face) becomes preferable to the Re-face attack from the 
hydrogen side. The Si-face attack from the hydrogen side and 
Re-face attack from the side of the aromatic substituent are 
blocked by isopropyl groups of the bis(oxazoline) ligand. 

 

Figure 3. X-ray crystal structure of 3k with displacement ellipsoids drawn at 
the 30% probability level. H atoms are presented as small spheres of arbitrary 
radius. 
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Figure 4. Proposed stereochemical models for the approach of indole to the 
a) phthalimidomethylenemalonate 2 and b) diethyl benzylidenemalonate, 
coordinated to Cu(OTf)2/L2 complex. 

Encouraged by the results described above, we attempted to 
extend the method to the Friedel-Crafts alkylation of pyrroles 
with phthalimidomethylenemalonate 2 to obtain pyrrole 
analogues of β3-tryptophan. The unsubstituted pyrrole 10a and 
N-methylpyrrole 10b were tested under the optimized conditions 
(Scheme 4). To avoid the formation of disubstituted pyrrole as a 
side-product, 10 equiv of 10a and 10b were used. The addition 
of pyrrole 10a to substrate 2 led to product 11a in high yield 
(90%) and moderate enantioselectivity (55% ee) within 24 h. 
The reaction of N-methylpyrrole with 2 did not run to completion 
even after 48 h. In this instance, product 11b was obtained in 
good yield (83%), but with poor enantiomeric excess (12% ee). It 
is known that the enantioselectivity of Friedel-Crafts asymmetric 
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reactions of pyrroles is usually lower than indoles, for example, 
in the reaction with benzylidenemalonates[17a,i] and 
ethenetricarboxylates,[25] probably because of the smaller size of 
pyrrole molecules. However, the use of more sterically hindered 
ligand tBuBox (L3) instead of L2 allowed us to increase the 
enantioselectivity of the reaction with pyrrole 10a to 82%, albeit 
in slightly lower yield (80%). 

Cu(OTf)2
 
(10 mol%) 

L2 or L3
 
(10 mol%)

1,4-dioxane/DME (10:1)                 +5°C
N

PhthN

CO2Et

CO2Et
+

N

PhthN

CO2Et

CO2Et

R
R

10a,
 
R=H 2 24h

10b, R=Me 48h
                    

11b
83% yield, 12% ee (with L2)

                    
11a

90% yield, 55% ee 
(with L2)

80% yield, 82% ee 
(with L3)

∗

 

Scheme 4. Enantioselective Friedel-Crafts reaction of pyrroles 10a,b with 
phthalimidomethylenemalonate 2. 

Conclusions 

In conclusion, we have demonstrated the enantioselective 
Friedel-Crafts alkylation of indoles and pyrroles with protected 
aminomethylenmalonate to afford β3-amino acid derivatives. 
Different amino-protective groups have been investigated. 
However, only the use of phthaloyl-protected 
aminomethylenmalonate allowed the desired products to be 
obtained. The reactions were performed in the presence of 
commercially available copper (II) triflate and iPrBox ligand 
under mild conditions. Friedel-Crafts alkylation products of 
various indoles were obtained in high yields with excellent 
enantioselectivity. Pyrroles reacted with 
phthalimidomethylenemalonate 2 under the same conditions 
also in high yields, but with low to moderate enantiomeric 
excess. The good enantioselectivity in the reaction with pyrrole 
was achieved using Cu(OTf)2/tBuBox complex as a catalyst. The 
amino group deprotection step demands additional studies and 
is in progress in our laboratory. 

Experimental Section 

General Procedure for the enantioselective Friedel-Crafts alkylation 
of indoles 1a–o with phthalimidomethylenmalonate 2. 

A screw-top glass vial with a magnetic stir bar was charged with Cu(OTf)2 
(9.0 mg, 0.025 mmol, 10 mol%) and the solution of iPrBox ligand L2 (6.7 
mg, 0.025 mmol, 10 mol%) in a 1,4-dioxane/DME 10:1 mixture (1.5 ml) 
was added. The reaction mixture was stirred for 15 min followed by the 
addition of phthalimidomethylenmalonate 2 (79.3 mg, 0.25 mmol). The 
stirring was continued for 15 min, after that the resulting mixture was 
cooled to +5 °C and appropriate indole 1a–o (0.275 mmol) was added. 
Then the reaction mixture was stirred at +5 °C for 48 or 72 h (for indoles 
1n and 1o only), filtered through a plug of silica gel with EtOAc/CH2Cl2 
(1:1) flushing, and the solvent was evaporated under reduced pressure. 

The crude residue was purified by column chromatography to afford the 
desired product. 
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