
Citation: Lőrinczi, B.; Simon, P.;

Szatmári, I. Synthesis of

Indole-Coupled KYNA Derivatives

via C–N Bond Cleavage of Mannich

Bases. Int. J. Mol. Sci. 2022, 23, 7152.

https://doi.org/10.3390/

ijms23137152

Academic Editor: Andrea Pace

Received: 27 May 2022

Accepted: 22 June 2022

Published: 28 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

Synthesis of Indole-Coupled KYNA Derivatives via C–N Bond
Cleavage of Mannich Bases
Bálint Lőrinczi 1,2 , Péter Simon 1,2 and István Szatmári 1,2,3,*

1 Institute of Pharmaceutical Chemistry, University of Szeged, Eötvös u. 6, H-6720 Szeged, Hungary;
lorinczi.balint@szte.hu (B.L.); petersimon020@gmail.com (P.S.)

2 Institute of Pharmaceutical Chemistry, Interdisciplinary Excellence Center, University of Szeged,
H-6720 Szeged, Hungary

3 MTA-SZTE Stereochemistry Research Group, Hungarian Academy of Sciences, Eötvös u. 6,
H-6720 Szeged, Hungary

* Correspondence: szatmari.istvan@szte.hu

Abstract: KYNAs, a compound with endogenous neuroprotective functions and an indole that is
a building block of many biologically active compounds, such as a variety of neurotransmitters,
are reacted in a transformation building upon Mannich bases. The reaction yields triarylmethane
derivatives containing two biologically potent skeletons, and it may contribute to the synthesis of
new, specialised neuroprotective compounds. The synthesis has been investigated via two procedures
and the results were compared to those of previous studies. A possible alternative reaction route
through acid catalysis has been established.

Keywords: kynurenic acid; indole; Mannich base; Mannich reaction; triarylmethanes; bioconjugates

1. Introduction

Indole derivatives are widely distributed in nature and many of them display im-
portant biological activities; moreover, a vast number of natural and synthetic indoles
have found applications as pharmaceuticals [1–3]. Therefore, the synthesis [4,5] and
functionalization [6,7] of indoles have become hot topics of organic synthesis in recent
decades [8,9] with a novel emphasis on bisindole derivatives. These compounds, be
it symmetrical [10–13] or unsymmetrical compounds [14–17], have highly promising bi-
ological activities such as antitumor, arylhydrocarbon receptor modifying, and AChE
inhibitor activity.

Because of their biological potential, DIMs have received much attention in organic
synthesis, and several highly efficient methods have been developed for their produc-
tion [18–22].

Another compound with biological relevance is kynurenic acid (KYNA). Among
the important features of KYNA, it is known to be one of the few known endogenous
excitatory amino acid receptor blockers with a broad spectrum of antagonistic properties
in supraphysiological concentrations. It is well established that KYNA has high affinity
toward N-methyl-D-aspartate (NMDA) receptors. Moreover, it has recently been disclosed
that KYNA shows an even higher affinity towards the positive modulatory binding site at
the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor [23].

Since KYNA is a neuroprotective agent that is able to prevent neuronal loss following
excitotoxic, ischemia-induced, and infectious neuronal injuries [24,25], there has recently
been increasing interest in the synthesis and pharmacological studies of KYNA deriva-
tives. The substitutions of KYNA at positions 5–8 were achieved by starting from the
corresponding aniline via the modified Conrad–Limpach method [26–28]. The hydroxy
group at position 4 was transformed to ether [28–30] or amine functions [31–33], while the
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carboxylic function at position 2 was mostly modified into the corresponding esters [28–30]
or amides [34–39].

Taking in consideration of previous works based on the Mannich bases of naphthol
derivatives and the ortho-quinone methides (oQm) derived from them [40], an extension of
the synthetic procedures applying a possible special oQm—derived from KYNA through
its naphthol analogy and its Mannich bases [41]—was planned. As a base for these trans-
formations, the syntheses of indole- and 2-naphthol-containing triarylmethane (TRAM)
derivatives [42–44] were chosen. These TRAM derivatives could be synthesized through
two similar pathways: (i) through the reaction of 2-naphthol and the Mannich base of indole
or (ii) using the reaction of indole and the Mannich base of 2-naphthol. We hypothesized
that similar reactions can be carried out in the case of KYNA as well, possibly yielding
special bioconjugates.

2. Materials and Methods
1H and 13C-NMR spectra were recorded in DMSO-d6 and CDCl3 solutions in 5 mm

tubes at room temperature (RT), on a Bruker DRX-500 spectrometer (Bruker Biospin,
Karlsruhe, Baden Württemberg, Germany) at 500 (1H) and 125 (13C) MHz, with the
deuterium signal of the solvent as the lock and TMS as internal standard (1H, 13C).

Melting points were determined on a Hinotek X-4 melting point apparatus. Merck
Kieselgel 60F254 plates were used for TLC.

HRMS flow injection analysis was performed with Thermo Scientific Q Exactive
Plus hybrid quadrupole-Orbitrap (Thermo Fisher Scientific, Waltham, MA, USA) mass
spectrometer coupled to a Waters Acquity I-Class UPLC™ (Waters, Manchester, UK).

The synthesis of compounds 16a was carried out according to literature method [45].

2.1. General Procedure for the Synthesis of 7, 20a–h

(A) 4-Oxo-1,4-dihydroquinoline-2-carboxylic acid ethyl ester (6) or its derivatives (19a–h,
0.1 mmol) and 4 (0.15 mmol) were placed in a pressure-resistant 10 mL vessel with
toluene (5 mL). The mixture was kept at 160 ◦C for 3 h in a CEM Discover SP mi-
crowave reactor (300 W). Work-up is similar to method B) but lower conversions and
yields have been achieved with method A).

(B) 4-Oxo-1,4-dihydroquinoline-2-carboxylic acid ethyl ester (6) or its derivatives (19a–h,
0.5 mmol) and 4 (0.75 mmol) were placed in a 50 mL round-bottom flask. The
mixture was heated at reflux temperature in toluene (25 mL) for 1.5–18 h. Work-up is
described separately.

2.1.1. Ethyl 3-((1H-indol-3-yl)(phenyl)methyl)-4-oxo-1,4-dihydroquinoline-2-
carboxylate (7)

Preparation according to general procedure, using 6; reflux time: 1.5 h. Work-up:
crystals formed after cooling the reaction, filtered, and washed with 10 mL toluene.
Yield: 131 mg (62%); M.p. 275–277 ◦C. HRMS calcd for [M + H+] m/z = 423.1708, found
m/z = 423.1702; 1H NMR (DMSO-d6); 0.99 (3H, t, J = 7.2 Hz); 3.79–3,98 (2H, m); 6.11 (1H,
s); 6.85–6.90 (2H, m); 7.03 (2H, s); 7.12–7.18 (2H, m); 7.73 (1H, t, J = 8.1 Hz); 7.22 (2H, t,
J = 7.6 Hz); 7.26–7.30 (2H, m); 7.31–7.38 (2H, m); 7.61 (1H, d, J = 8.3 Hz); 7.68 (1H, t, J = 7.6
Hz); 8.08 (1H, d, J = 8.2 Hz); 10.80 (1H, s); 11.94 (1H, s); 13C NMR (DMSO-d6); 13.8; 62.5;
111.8; 115.5; 118.6; 118.8; 121.2; 122.1; 124.0; 124.7; 125.6; 125.7; 126.0; 127.8; 128.0; 129.2;
132.7; 136.5; 139.4; 140.5; 143.2; 163.8; 176.4; (Figures S1 and S2); FTIR in Figure S3.

2.1.2. Ethyl 3-((1H-indol-3-yl)(phenyl)methyl)-5-chloro-4-oxo-1,4-dihydroquinoline-2-
carboxylate (20a)

Preparation according to general procedure, using 19a; reflux time: 8 h. Work-up:
after evaporation of solvent purified by column chromatography (eluent = n-hexane:EtOAc
1:2), crystallized from 10 mL Et2O, filtered, and washed with 10 mL Et2O. Yield: 208 mg
(91%); M.p. 245–247 ◦C. HRMS calcd for [M + H+] m/z = 457.1318, found m/z = 457.1315;
1H NMR (DMSO-d6); 0.95 (3H, t, J = 7.2 Hz); 3.71–3,80 (1H, m); 3.81–3,91 (1H, m); 6.10 (1H,
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s); 6.83 (1H, s); 6.89 (1H, t, J = 7.5 Hz); 7.04 (1H, t, J = 7.5 Hz); 7.12–7.19 (2H, m); 7.20–7.31
(5H, m); 7.35 (1H, d, J = 8.1 Hz); 7.53–7.59 (2H, m); 10.81 (1H, s); 11.92 (1H, s); 13C NMR
(DMSO-d6); 13.7; 62.5; 111.8; 115.3; 118.3; 118.6; 118.9; 120.6; 121.3; 123.8; 125.8; 126.1; 126.5;
127.8; 128.0; 129.2; 132.4; 132.6; 136.5; 139.7; 142.0; 143.0; 163.4; 175.6; (Figures S4 and S5);
FTIR in Figure S6.

2.1.3. Ethyl 3-((1H-indol-3-yl)(phenyl)methyl)-6-chloro-4-oxo-1,4-dihydroquinoline-2-
carboxylate (20b)

Preparation according to general procedure, using 19b; reflux time: 8 h. Work-up:
after evaporation of solvent purified by column chromatography (eluent = n-hexane:EtOAc
1:2), crystallized from 10 mL Et2O, filtered, and washed with 10 mL Et2O. Yield: 189 mg
(83%); M.p. decomposition over 260 ◦C. HRMS calcd for [M + H+] m/z = 457.1318, found
m/z = 457.1316; 1H NMR (DMSO-d6); 0.99 (3H, t, J = 7.2 Hz); 3.81–3,90 (1H, m); 3.92–4.00
(1H, m); 6.09 (1H, s); 6.85–6.91 (2H, m); 7.04 (1H, t, J = 7.5 Hz); 7.11–7.19 (2H, m); 7.22 (2H,
t, J = 7.5 Hz); 7.27 (2H, d, J = 8.4 Hz); 7.34 (1H, d, J = 8.4 Hz); 7.66 (1H, d, J = 8.9 Hz); 7.73
(1H, d, J = 9.1 Hz); 8.01 (1H, s); 10.82 (1H, s); 12.15 (1H, s); 13C NMR (DMSO-d6); 13,8; 62.7;
111.8; 115.2; 118.6; 118.8; 121.3; 121.4; 122.6; 124.6; 125.6; 125.7; 126.1; 127.7; 128.0; 128.7;
129.1; 132.9; 136.5; 138.0; 140.6; 143.0; 163.6; 175.4; (Figures S7 and S8) FTIR in Figure S9.

2.1.4. Ethyl 3-((1H-indol-3-yl)(phenyl)methyl)-7-chloro-4-oxo-1,4-dihydroquinoline-2-
carboxylate (20c)

Preparation according to general procedure, using 19c; reflux time: 8 h. Work-up: after
evaporation of solvent purified by column chromatography (eluent = n-hexane:EtOAc 1:2),
crystallized from 10 mL Et2O, filtered, and washed with 10 mL Et2O. Yield: 174 mg (76%);
M.p. 262–264 ◦C. HRMS calcd for [M + H+] m/z = 457.1318, found m/z = 457.1314; 1H
NMR (DMSO-d6); 1.00 (3H, t, J = 7.2 Hz); 3.81–4.01 (2H, m); 6.11 (1H, s); 6.85–6.91 (2H, m);
7.04 (1H, t, J = 7.5 Hz); 7.12–7.18 (2H, m); 7.22 (1H, t, J = 7.5 Hz); 7.27 (1H, d, J = 7.4 Hz);
7.32–7.38 (2H, m); 7.66 (1H, s); 8.07 (1H, d, J = 8.8 Hz); 10.82 (1H, s); 12.01 (1H, s); 13C
NMR (DMSO-d6); 13.8; 39.0; 62.7; 111.8; 115.2; 117.9; 118.6; 118.8; 121.3; 123.1; 123.3; 124.4;
125.7; 126.1; 127.7; 128.0; 128.1; 129.1; 129.2; 136.5; 137.4; 140.1; 140.6; 143.0; 163.6; 176.0;
(Figures S10 and S11) FTIR in Figure S12.

2.1.5. Ethyl 3-((1H-indol-3-yl)(phenyl)methyl)-8-chloro-4-oxo-1,4-dihydroquinoline-2-
carboxylate (20d)

Preparation according to general procedure, using 19d; reflux time: 8 h. Work-up:
after evaporation of solvent purified by column chromatography (eluent = n-hexane:EtOAc
1:2), crystallized from 10 mL Et2O, filtered, and washed with 10 mL Et2O. Yield: 87 mg
(38%); M.p. 219–221 ◦C. HRMS calcd for [M + H+] m/z = 457.1318, found m/z = 457.1309;
1H NMR (DMSO-d6); 0.98 (3H, t, J = 7.5 Hz); 3.85–4.02 (2H, m); 5.93 (1H, s); 6.88 (1H, t,
J = 7.0 Hz); 6.92 (1H, s); 7.04 (1H, t, J = 7.5 Hz); 7.12–7.19 (2H, m); 7.22 (1H, t, J = 7.5 Hz);
7.29 (1H, d, J = 7.6 Hz); 7.32–7.38 (2H, m); 7.88 (1H, d, J = 7.6 Hz); 8.07 (1H, d, J = 8.8 Hz);
10.82 (1H, s); 11.34 (1H, s); 13C NMR (DMSO-d6); 13.7; 62.6; 111.8; 111.9; 114.9; 118.6; 118.8;
121.2; 121.9; 122.3; 124.3; 125.2; 125.7; 126.2; 126.3; 127.7; 128.0; 129.1; 132.9; 136.0; 136.5;
141.6; 142.9; 163.1; 176.0; (Figures S13 and S14) FTIR in Figure S15.

2.1.6. Ethyl 3-((1H-indol-3-yl)(phenyl)methyl)-5-methoxy-4-oxo-1,4-dihydroquinoline-2-
carboxylate (20e)

Preparation according to general procedure, using 19e; reflux time: 8 h. Work-up:
after evaporation of solvent purified by column chromatography (eluent = n-hexane:EtOAc
1:2), crystallized from 10 mL Et2O, filtered, and washed with 10 mL Et2O. Yield: 185 mg
(81%); M.p. 160–163 ◦C. HRMS calcd for [M + H+] m/z = 453.1814, found m/z = 453.1804;
1H NMR (CDCl3); 1.04 (3H, t, J = 7.1 Hz); 3.91–4.01 (2H, m); 4.03 (1H, s); 6.28 (1H, s); 6.83
(1H, d, J = 7.9 Hz); 6.97 (1H, s); 7.01 (1H, t, J = 7.3 Hz); 7.16 (1H, t, J = 7.5 Hz); 7.20 (1H,
d, J = 7.3 Hz); 7.23–7.25 (1H, m); 7.30–7.39 (1H, m); 7.53 (1H, t, J = 8.3 Hz); 7.70 (1H, d,
J = 8.5 Hz); 8.01 (1H, s); 10.21 (1H, s); 13C NMR (DMSO-d6); 13.7; 38.8; 56.0; 62.3; 104.5;
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110.3; 111.8; 115.3; 115.6; 118.6; 118.8; 121.2; 123.6; 125.7; 125.9; 127.8; 127.9; 129.1; 133.0;
136.5; 138.8; 142.2; 143.4; 160.0; 163.7; 175.9; (Figures S16 and S17) FTIR in Figure S18.

2.1.7. Ethyl 3-((1H-indol-3-yl)(phenyl)methyl)-6-methoxy-4-oxo-1,4-dihydroquinoline-2-
carboxylate (20f)

Preparation according to general procedure, using 19f; reflux time: 5 h. Work-up:
after evaporation of solvent purified by column chromatography (eluent = DCM:EtOH
100:2.5), crystallized from 10 mL Et2O, filtered, and washed with 10 mL Et2O. Yield: 133 mg
(58%); M.p. decomposition over 180 ◦C. HRMS calcd for [M + H+] m/z = 453.1814, found
m/z = 453.1805; 1H NMR (DMSO-d6); 1.01 (3H, t, J = 7.1 Hz); 3.82 (1H, s); 3.85–4.03 (2H,
m); 6.13 (1H, s); 6.87 (1H, t, J = 7.4 Hz); 6.90 (1H, s); 7.03 (1H, t, J = 7.3 Hz); 7.15 (1H, d,
J = 7.9 Hz); 7.21 (1H, t, J = 7.7 Hz); 7.29 (1H, d, J = 7.9 Hz); 7.31–7.36 (2H, m); 7.48 (1H, s);
7.59 (1H, d, J = 9.1 Hz); 10.79 (1H, s); 11.94 (1H, s); 13C NMR (DMSO-d6); 13.8; 55.8; 62.5;
104.6; 111.8; 115.6; 118.6; 118.8; 120.7; 121.2; 123.5; 125.6; 125.9; 125.9; 127.8; 127.9; 129.1;
134.0; 136.5; 139.4; 143.4; 156.3; 164.0; 175.7; (Figures S19 and S20) FTIR in Figure S21.

2.1.8. Ethyl 3-((1H-indol-3-yl)(phenyl)methyl)-7-methoxy-4-oxo-1,4-dihydroquinoline-2-
carboxylate (20g)

Preparation according to general procedure, using 19g; reflux time: 18 h. Work-up:
after evaporation of solvent purified by column chromatography (eluent = n-hexane:EtOAc
1:2), crystallized from 10 mL Et2O, filtered, and washed with 10 mL Et2O. Yield: 217 mg
(95%); M.p. decomposition over 260 ◦C. HRMS calcd for [M + H+] m/z = 453.1814, found
m/z = 453.1807; 1H NMR (DMSO-d6); 1.00 (3H, t, J = 7.0 Hz); 3.81–3.99 (5H, m); 6.12 (1H,
s); 6.85–6.90 (2H, m); 6.94 (1H, d, J = 8.9 Hz); 7.00 (1H, s); 7.03 (1H, t, J = 7.7 Hz); 7.11–7.17
(2H, m); 7.21 (1H, t, J = 7.6 Hz); 7.27 (1H, d, J = 7.8 Hz); 7.34 (1H, d, J = 8.1 Hz); 7.97 (1H,
d, J = 9.0 Hz); 10.79 (1H, s); 11.70 (1H, s); 13C NMR (DMSO-d6); 13.8; 38.9; 56.0; 62.4; 99.3;
111.8; 114.4; 115.6; 118.7; 118.8; 119.2; 121.2; 122.2; 125.6; 126.0; 127.6; 127.8; 127.9; 129.1;
136.5; 139.9; 141.2; 143.4; 162.7; 163.8; 175.9; (Figures S22 and S23) FTIR in Figure S24.

2.1.9. Ethyl 3-((1H-indol-3-yl)(phenyl)methyl)-8-methoxy-4-oxo-1,4-dihydroquinoline-2-
carboxylate (20h)

Preparation according to general procedure, using 19h; reflux time: 8 h. Work-up:
after evaporation of solvent purified by column chromatography (eluent = n-hexane:EtOAc
1:2), crystallized from 10 mL Et2O, filtered, and washed with 10 mL Et2O. Yield: 23 mg
(10%); M.p. 244–246 ◦C. HRMS calcd for [M + H+] m/z = 453.1814, found m/z = 453.1804;
1H NMR (DMSO-d6); 0.95 (3H, t, J = 7.1 Hz); 3.79–3.96 (2H, m); 3.99 (3H, s); 5.95 (1H, s);
6.84–6.91 (2H, m); 7.02 (1H, t, J = 7.3 Hz); 7.11–7.17 (2H, m); 7.21 (2H, t, J = 7.8 Hz); 7.24–7.32
(4H, m); 7.34 (1H, d, J = 8.1 Hz); 7.61–7.66 (1H, m); 10.79 (1H, s); 11.45 (1H, s); 13C NMR
(DMSO-d6); 13.7; 56.7; 62.3; 111.8; 111.8; 115.3; 116.9; 118.6; 118.7; 121.2; 121.5; 123.7; 125.6;
125.7; 126.1; 127.8; 128.0; 129.2; 130.2; 136.5; 140.9; 143.2; 149.0; 163.5; 176.0; (Figures S25
and S26) FTIR in Figure S27.

2.2. Procedure for the Synthesis of
2-(((2-(dimethylamino)ethyl)amino)(phenyl)methyl)naphthalen-1-ol (16b)

1-Naphthol (14, 1.0 mmol) N,N-dimethylethane-1,2-diamine (1.0 mmol) and ben-
zaldehyde (1.0 mmol) were placed in a 50 mL round-bottom flask. The mixture was
heated at reflux temperature in toluene (25 mL) for 30 min. After the evaporation of the
solvent the residue was purified using silica column chromatography with an eluent of
n-hexane:MeOH:DCM 3:1:1 mixture collecting the last compound. The solvent was evap-
orated leaving behind a brownish yellow viscous liquid. Yield: 192 mg (60%). HRMS
calcd for [M + H+] m/z = 321.1967, found m/z = 321.1957; 1H NMR (CDCl3); 2.20 (6H, s);
2.36–2.43 (1H, m); 2.57–2.67 (1H, m); 2.79–2.87 (2H, m); 5.01 (1H, s); 6.97 (1H, d, J = 8.3 Hz);
7.19–7.27 (2H, m); 7.27–7.35 (3H, m); 7.35–7.41 (2H, m); 7.41–7,49 (2H, m); 7.71 (1H, d,
J = 7.3 Hz); 8.30 (1H, d, J = 8.2 Hz); 13C NMR (CDCl3); 45.3; 45.5; 58.1; 68.4; 117.1; 118.3;
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122.4; 124.8; 125.6; 126.1; 126.9; 127.3; 127.5; 127.8; 128.9; 142.2; 153.6; (Figures S28 and S29)
FTIR in Figure S30.

2.3. Procedures for the synthesis of 2-((1H-indol-3-yl)(phenyl)methyl)naphthalen-1-ol (18)

1-Naphthol (14, 0.5 mmol) and 4 (0.75 mmol) were placed in a 50 mL round-bottom
flask. The mixture was heated at reflux temperature in toluene (25 mL) for 8 h. Af-
ter the evaporation of the solvent, the residue was purified by column chromatography
(eluent = n-hexane:EtOAc, 4:1). Crystallization from 10 mL Et2O, washed with 10 mL Et2O.
Yield: 122 mg (70%); M.p. decomposition over 160 ◦C [46]. HRMS calcd for [M - H+]
m/z = 348.1388, found m/z = 348.1385; 1H NMR (DMSO-d6); 6.36 (1H, s); 6.59 (1H, s);
6.79 (1H, d, J = 7.8 Hz); 6.86–6.93 (2H, m); 7.09 (1H, t, J = 7.6 Hz); 7.17 (1H, d, J = 7.5 Hz);
7.21–7.27 (1H, m); 7.28–7.36 (4H, m); 7.41 (1H, d, J = 8.1 Hz); 7.45–7,49 (2H, m); 8.09–8.14
(1H, m); 8.20–8.25 (1H, m); 10.01 (1H, brs); 10.87 (1H, brs); 13C NMR (DMSO-d6); 23.3; 43.9;
67.8; 107.7; 112.0; 118.7; 118.8; 119.4; 121.5; 123.0; 124.4; 124.5; 125.1; 125.5; 126.4; 126.5;
127.0; 127.0; 128.3; 128.6; 129.2; 130.4; 132.8; 137.2; 144.9; 152.3; (Figures S31 and S32) FTIR
in Figure S33.

3. Results and Discussion

The work of Baruah et al. [42–44] includes both pathways of TRAM (3) synthesis start-
ing either from indole-based Mannich products (Scheme 1, route i) or naphthol-/phenol-
based Mannich products (route ii). Thus, the investigation of similar reaction routes is
outlined for the ethyl ester of KYNA as well, starting from the Mannich base of indole
(route iii) or the Mannich base of KYNA (route iv).
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Scheme 1. The synthesis of indole and 1-naphthol TRAMs (i) from indole-based Mannich products,
(ii) naphthol-/phenol-based Mannich products and indole and KYNA TRAMs (iii) from the Mannich
base of indole (iv) or the Mannich base of KYNA.

First, based on route (iii), a reaction between the Mannich base of indole and KYNA
ethyl ester was planned. To synthesize the Mannich base of indole (4), several literature
methods have been explored. Reactions utilizing catalysts, such as ferric phosphate [47]
and iodine [48], or protic solvents, such as ethanol, methanol [49], and ethylene glycol [50],
resulted mainly in bisindole derivative 5 mentioned in the corresponding literature as a
byproduct. However, Mannich base 4 could be synthesized under neat conditions applying
only indole, benzaldehyde, and pyrrolidine (with or without L-proline as catalyst [51,52]).
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Surprisingly, the highest yield was achieved by using the application of the surfactant
sodium dodecyl sulfate (SDS, Scheme 2) [53].
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Scheme 2. The synthesis of aminoalkylated indole derivatives.

With the starting material in our hands, in the first C–C bond-forming reactions, 4
was reacted with the ethyl ester of KYNA (6) in MeCN at 100 ◦C (under MW conditions)
with thiourea as the catalyst, based on the work of Baruah et al. [42] (Scheme 3). The
conversion determined by NMR spectrometry was low; thus, the best conditions used for
the alternative reaction route [43] were investigated, showing promising results (Table 1).
Fortunately, the still low yield of 7 could be further improved by raising the reaction
temperature to 160 ◦C. However, any further increase caused a decomposition of the
starting materials.
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Table 1. Optimization of the synthesis of 7.

n Entry # Solvent Catalyst Temperature
(◦C)

Time
(min.)

Conversion
(%) a

n 1 MeCN thiourea 100 10 5

n 2 toluene pTsOH 100 180 20

n 3 toluene pTsOH 130 180 60

n 4 toluene pTsOH 160 90 80 b

n 5 toluene - 160 90 5

n 6 toluene thiourea 160 90 40
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Table 1. Cont.

n Entry # Solvent Catalyst Temperature
(◦C)

Time
(min.)

Conversion
(%) a

n 7 toluene L-proline 160 90 65

n 8 toluene TEA 160 90 70

n 9 1,2-
dichlorobenzene pTsOH 160 90 0

n 10 MeCN pTsOH 160 90 10

n 11 anisole pTsOH 160 90 5

n 12 EtOH pTsOH 160 90 0

n 13 water SDS 160 60 0

a = determined from crude NMR spectra. b = work-up performed to isolate 12 (yield: 62%).

The use of a catalyst was crucial, as the desired TRAM did not form without the use of
a base or an acid catalyst. It is interesting to mention that although acid catalysis resulted in
somewhat higher conversion, both acid and base catalysis could enhance the synthesis of 7.
Baruah et al. hypothesized that the reaction taking place between the indole derivative and
varied electron-rich aromatic structures involves the formation of intermediate 10 [42,43].
In their proposed elimination–addition pathway starting from a Mannich base of indole,
thiourea activates the amine moiety of the aminoalkyl function through double hydrogen
bonding and converts it into a better leaving group (Scheme 4, I). Concerning triethylamine
(TEA) used in our reactions, a hydrogen bond is unable to form; therefore, a more direct
form of catalysis is proposed. Through the application of high temperature and TEA, the
deprotonation of the indole moiety takes place followed by a subsequent rearrangement
of the indole anion into benzylidene intermediate 10. Then, the latter is attacked by a
molecule of the electron-rich KYNA yielding compound 7. It is also surmised that the C–N
bond cleavage of the indole derivative could also take place through the elimination of
pyrrolidine via the protonation of the amine moiety, making it a better leaving group and
leading to intermediate 10 (Scheme 4, II).
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Further optimization of the reaction involved the change of solvent from the aprotic
and apolar toluene to solvents representing a wider range of the aprotic–protic and apolar–
polar scale (Table 1). It is hypothesized that toluene may be the best solvent because of the
lack of H-bridge bonds and polarity of the solvent can contribute to a more unstable, and
thus more reactive, intermediate [54].

After successfully optimizing the reaction through route (iii), the synthesis of 7 was
planned through the reaction of the KYNA Mannich base with indole (Scheme 1, route iv).
KYNA Mannich derivatives synthesized previously are abundant [41]; however, com-
pounds containing the crucial phenol structure were narrowed down only to a single
compound (11, Scheme 5). Unfortunately, using this derivative in the reaction under
conditions optimized previously did not result in the desired compound.
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Scheme 5. Synthesis of KYNA TRAM through aminoalkylated KYNA.

It is presumed that this may be due to the N,N-dimethylaminoethyl moiety being a
bad leaving group. In order to fully support this hypothesis, a synthetic procedure was
applied. Unfortunately, a Mannich base of KYNA containing a secondary amine function
could not be synthesized, which is probably due to steric hindrance. Thus, considering the
similarity of 1-naphthol to KYNA [41], the synthesis of Mannich bases 16a and 16b was
carried out, as shown in Scheme 6.
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Scheme 6. Synthesis of aminoalkylated 1-naphthol derivatives 16a,b.

A comparison of the reaction of 1-naphthol with 6 and the reactions of 16a and 16b
with indole (Scheme 7) allows us to arrive at two conclusions: (a) Mannich bases containing
secondary amines (e.g., 11 and 16b) are less prone to undergo the transformation because
of a bad leaving group character; (b) reactions through intermediate 10 are more preferable
compared to reactions via possible ortho-quinone methide intermediates 12 and 17 derived
either from 11 or from the Mannich bases of 1-naphthol (16a,b). This may be due to a
possible hydrogen bridge between the hydroxy/oxo group in 16a,b and 11 in addition to
the amine moiety, making the protonated form a more stable intermediate.
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To further investigate the scope and limitations of the reaction, the synthesis of TRAMs
containing different KYNA derivatives was planned. The reactions were carried out
applying the optimized conditions (see Table 1, Entry #4) starting from KYNA derivatives
19a–h substituted at the B ring (Scheme 8). The reactions resulted in a diverse range of
compounds (20a–h).
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In the case of derivative 19e, the reaction applying microwaves as a heat source re-
sulted in an exceptionally low conversion. To test whether a kinetic control takes place
during the transformation, a longer reflux treatment was carried out. As the result with an
almost full conversion was promising, reflux conditions were applied to the other deriva-
tives as well, showing a general increase in conversions and supporting our hypothesis.

It is interesting to mention that the type of substituents on the B ring influenced the
reactions to a lesser extent (e.g., Table 2, Entry #2, and #10) compared to the position of
the substituents (e.g., Table 2, #10, and #16). Both chloro- and methoxy-KYNA derivatives,
with substituents at C–5 and C–7, showed somewhat lower reactivity compared to the ethyl
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ester of KYNA (longer reaction times were needed). However, the same substituents in
positions C–6 and C–8 caused a significant decrease in reactivity of the KYNA skeleton.

Table 2. Comparison of the reactivity of substituted KYNA derivatives 19a–h.

n Entry # Starting
Material Temperature Time

(h)
Conversion

(%) a
Yield
(%)

n 1
19a

160 3 60 44

n 2 reflux 8 99 91

n 3
19b

160 3 60 49
n 4 reflux 8 90 83

n 5
19c

160 3 70 62
n 6 reflux 8 85 76

n 7
19d

160 3 60 53
n 8 reflux 8 50 38

n 9
19e

160 3 30 18
n 10 reflux 8 90 81

n 11
19f

160 3 45 34
n 12 reflux 8 70 58

n 13
19g

160 3 60 48
n 14 reflux 5 99 95

n 15
19h

160 3 10 5
n 16 reflux 18 20 10

a = determined from crude NMR spectra.

4. Conclusions

The synthesis of TRAM bioconjugates consisting of indole and the ethyl ester of
kynurenic acid has been accomplished. The reactions take place through the cleavage of
the C–N bond of indole Mannich base and subsequent C–C bond formation between the
benzylidene intermediate and KYNA. To further investigate the scope and limitations of
the reaction, KYNA derivatives bearing chloro and methoxy groups were also reacted
yielding a wide variety of new TRAM KYNA derivatives with possible bioactivities. On
the basis of acid and base catalysis, two possible catalytic pathways are hypothesized,
both promoting the elimination of the amine moiety. To investigate the reactivity of ortho-
quinone methides (oQm), an alternative reaction route via the Mannich bases of KYNA
and its structural analogue 1-naphthol was also investigated. This showed surprisingly
no conversion through the possible—and highly reactive—oQm intermediate. This could
be contributed to the lack of elimination of the amine moiety, due to it having a bad
leaving group character. Thus, upon comparison with the reactions applying the indole
Mannich base, a prominent tilt toward the synthesis involving the benzylidene intermediate
was observed.

Supplementary Materials: The 1H, 13C NMR spectra, FTIR spectra for all compounds and 2D NMR
spectra for compound 7 as supporting information can be downloaded at: https://www.mdpi.com/
article/10.3390/ijms23137152/s1.
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