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Abstract: A series of twenty-six compounds of furfuryl or benzyl tetrahydropyrazino[1,2-a]indole 
analogs were synthesized and evaluated for cytotoxic activity against the estrogen receptor (ER)-
positive breast cancer cell line (MCF-7) and the epidermal growth factor receptor (EGFR) over-ex-
pressed triple-negative breast cancer cell line (MDA-MB-468). Among them, compounds 2b, 2f and 
2i showed more potent activity and selectivity against MDA-MB-468 cells than gefitinib, as an 
EGFR- tyrosine kinase inhibitor. In addition, it was confirmed by means of isobologram analysis of 
combinational treatment with gefitinib that they have a synergistic effect, especially compounds 2b 
and 2f, which inhibit Akt T308 phosphorylation. Moreover, it was confirmed that 2-benzyl-1-oxo-
1,2,3,4-tetrahydropyrazino[1,2-a]indole-3-carboxamide analogs (2b, 2f, and Ref2) tend to selectively 
inhibit PI3Kβ, which is involved in the phosphorylation of Akt. 

Keywords: anti-TNBC; PTEN-deficient cancer cells; pyrazinoindolone scaffold; synergistic effects; 
EGFR–TKI resistance 
 

1. Introduction 
Cancer is a leading cause of death worldwide and is caused by the uncontrolled 

growth of cells in an organ of the body. Over 200 types of cancers tend to develop invasion 
and metastasis into other tissues [1]. In 2020, there were 19.3 million new cancer cases and 
almost 10.0 million cancer deaths worldwide. The incidence of cancer in men is highest in 
the order of lung, prostate, colorectum, stomach, and liver, and the highest percentage of 
cancer types in women occurs in the breast, colorectum, lung, cervix uteri, and thyroid. 
Breast and lung cancers are the most common types of cancer of both sexes [2]. For the 
treatment of cancer, small-molecule drugs have been approved by the Food and Drug 
Administration (FDA) and have been developed to control various therapeutic targets, 
including hormone receptors and oncogenic kinases, or as traditional chemotherapy [3–
6]. 

In targeted therapy against lung cancer, many studies have focused on the more com-
mon non-small cell lung cancer (NSCLC) and involve inhibitors related to the epidermal 
growth factor receptor (EGFR) pathway, including the PI3K/AKT/mTOR and RAS–
MAPK pathways, anaplastic lymphoma kinase (ALK), proto-oncogene ROS1, and pro-
grammed death 1 (PD-1) [7–11]. Among them, the EGFR pathway is considered an attrac-
tive target; thus, anti-EGFR therapies such as epidermal growth factor receptor tyrosine 
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kinase (EGFR-TK) inhibitors and monoclonal antibodies have been developed [12,13]. 
Targeted therapy against breast cancer involves the overexpression of specific receptors 
and their downstream signaling pathways. Therefore, there are various breast cancer sub-
types produced by combinations of overexpressed specific receptors such as ER+, PR+ and 
HER2+ breast cancer that are related to the overexpression of estrogen, progesterone re-
ceptor and human epidermal growth factor receptor2 (HER2), respectively [9,14]. Triple-
negative breast cancer (TNBC) is a subtype of breast cancer that lacks the expression of 
estrogen, progesterone receptors and HER2 [15,16]. TNBC is more aggressive and has a 
poorer prognosis than other types of breast cancer because of the absence of therapeutic 
targets such as ER, PR, and HER2. In recent studies, EGFR has been shown to be a prom-
ising oncological target for the treatment of TNBC because it is frequently observed in 
TNBC compared to other breast cancer subtypes [17–19]. In other human solid tumors 
such as colorectal cancer, head and neck squamous cell carcinoma, nasopharyngeal can-
cer, glioblastoma, and pancreatic cancer, the overexpression of EGFR was observed and 
EGFR-targeting agents were approved by the FDA for the treatment of these tumors [20]. 

However, treatment with an EGFR-TK inhibitor induced resistance after a period of 
treatment. It was reported that the resistance was due to EGFR mutations such as T790M 
mutation or bypass signaling activations, including abnormal activation of downstream 
signaling and activation of an alternative pathway [21–23]. Many research groups have 
developed novel agents to overcome resistance to EGFR-TK inhibitors. In NSCLC, second 
and third-generation EGFR-TK inhibitors were prepared for tumor cells with the T790M 
gatekeeper mutation and PI3K/AKT/mTOR inhibitors were under clinical trials [24–26]. 
In particular, a combination of the EGFR-TK inhibitor and different molecular targeted 
agents, such as the PI3K/AKT/mTOR or MEK inhibitors, were presented as one of strategy 
to overcome the resistance [27]. In contrast, EGFR mutations in TNBC are rare, but their 
resistance is conferred by PIK3CA mutation and activation of the PI3K/AKT/mTOR sig-
naling pathway [28–30]. In a previous study, combinational treatment with inhibitors of 
the PI3K/AKT/mTOR pathway and the EGFR-TK inhibitor was used to increase the ther-
apeutic effects of synergism against TNBC with resistance [30,31]. Interestingly, MDA-
MB-468 cells are basal cell carcinomas with p53 mutation and phosphatase and tensin 
homolog (PTEN) deletion as well as EGFR overexpression without EGFR mutation 
[32,33]. Because the PI3K/AKT/mTOR signaling pathway is hyper-activated by the dele-
tion of PTEN, which acts as a tumor suppressor to regulate cell proliferation and cell 
death, resistance to EGFR-TK inhibitor is increased in MBA-MD-468 cells. On the other 
hand, inhibition of the PI3K/AKT/mTOR pathway increases susceptibility to anti-cancer 
effects. Therefore, agents for targeting PTEN-deficient cancers or inducing synergistic ef-
fects with EGFR-TK inhibitors have been proposed (Figure 1) [34–39]. 

In our previous study to overcome the resistance of EGFR-TK inhibitors, 1-oxo-
1,2,3,4-tetrahydropyrazino[1,2-a]indole-3-carboxamide analogs were designed, synthe-
sized, and evaluated against the MCF-7 cell line as a breast cancer subtype with hormone 
receptors and the MBA-MD-468 cell line as EGFR-overexpressing TNBC. Among them, 
reference compound 1 (Ref1) with N2-benzyl and 3-furfurylamide groups showed 3.71 
times more potent cell growth inhibitory activity against MDA-MB-468 cells (GI50: 5.2 μM) 
than against MCF-7 cells (GI50: 19.3 μM). It showed stronger activity than gefitinib against 
MDA-MB-468 cells. In addition, it was confirmed that there is a synergistic effect with 
gefitinib, an EGFR-TK inhibitor, and the compound Ref1 that inhibits the phosphorylation 
of Akt on the downstream signaling pathway of EGFR [40].  

Based on previous studies, we have been interested in developing specific therapeu-
tic agents and exploring their structure–activity relationship (SAR) for patients with can-
cers resistant to EGFR-TK inhibitors. In this study, novel compounds were designed to 
confirm the relationship between anti-cancer activity and a substituent at the N2-position 
based on structure of compounds Ref1 and Ref2. They are synthesized and their biological 
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evaluations are performed through various methods, including cytotoxicity, flow cy-
tometric analysis and combinational treatment with gefitinib, western blotting and kinase 
assay to identify active compounds against PTEN-deficient MDA-MB-468 cells.  

 
Figure 1. Reported compounds against EGFR-TKI-resistant cancer cell lines and design of pyra-
zino[1,2-a]indole-3-carboxamide. (a) compounds having synergistic effects with gefitinib; (b) the 
previous study of compounds Ref1 and Ref2; (c) proposal of novel pyrazino[1,2-a]indole-3-carbox-
amide analogs based on the previous study. 

2. Results 
2.1. Preparation of Pyrazino[1,2-a]indole-3-carboxamide Analogs 

The concise four-step synthetic procedure is described in Scheme 1 based on a previ-
ously reported study [40] for the synthesis of furfuryl and benzyl 2-(substituted arylme-
thyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-a]indole-3-carboxamide (series 1 and 2, respec-
tively). Intermediate 5 with an (S)-configuration was prepared in 98% yield under EDC 
peptide-coupling conditions with HOBt (1-hydroxybenzotriazole), and trimethylamine in 
CH2Cl2 from commercially available starting materials, indole-2-carboxylic acid (3), and 
L-serine methyl ester (4). Through an intramolecular Mitsunobu reaction using diethyl 
diazenedicarboxylate (DEAD) and triphenylphosphine in tetrahydrofuran, compound 6, 
with a pyrazino[1,2-a]indole ring with (S)-configuration, was synthesized in 54% yield 
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from compound 5, based on a previous study [40]. To prepare methyl (S)-2-(substituted 
arylmethyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-a]indole-3-carboxylate analogs (7a–m), 
compound 6 was alkylated at the N2-position of the pyrazino[1,2-a]indole ring with vari-
ous arylmethyl halides and K2CO3 in 26–58% yield. Finally, twenty-six targeted furfuryl 
or benzyl 2-(substituted arylmethyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-a]indole-3-car-
boxamide analogs (1a–m and 2a–m) were prepared by direct transamidation from methyl 
esters (7a–m) with furfurylamine and benzylamine, respectively, in 28–88% yield. All tar-
get compounds were identified by 1H NMR, 13C NMR, and HRMS (see Supplementary 
Materials). 

 
Scheme 1. General methods for preparing (S)-2-(substituted arylmethyl)-1-oxo-1,2,3,4-tetrahydro-
pyrazino[1,2-a]indole-3-carboxamide analogs. Reagents and conditions: (a) EDC, HOBt, Et3N, 
CH2Cl2, 18 h, 98%; (b) DEAD, PPh3, THF, 24 h, 54%; (c) arylmethyl halide, K2CO3, DMF, 5 h, 26–58%; 
(d) furfurylamine, MeOH, 15 h, 33–77%; (e) benzylamine, MeOH, 15 h, 28–88%. 

2.2. Evaluation of Biological Activity 
2.2.1. Growth Inhibitory Activity against MCF-7 and MDA-MB-468 Cell Lines 

A total of twenty-six compounds of furfuryl or benzyl (S)-2-(substituted arylmethyl)-
1-oxo-1,2,3,4-tetrahydropyrazino[1,2-a]indole-3-carboxamide analogs were synthesized 
and evaluated for cytotoxic activity against the hormone receptor-positive breast cancer 
cell line (MCF-7) and the EGFR-overexpressed TNBC cell line (MDA-MB-468), using a 
dose-dependent MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) as-
say, as shown in Table 1. 

In series 1 (1a–1m) with furfurylamide scaffold, all compounds except compound 1j 
showed less cytotoxicity than compound Ref1 without a substituent on the N2-benzyl 
group of the tetrahydropyrazino[1,2-a]indole ring against the MCF-7 cell line. Only com-
pound 1j, possessing a meta-methylbenzyl group, showed moderate activity and it (GI50 
value: 12.2 μM) exhibited slightly more potent activity than compound Ref1 (GI50 value: 
19.3 μM). In addition, their activity against the MDA-MB-468 cell line was more potent 
than that against the MCF-7 cell line. Their activity against the MDA-MB-468 cell line was 
less potent than that of compound Ref1 (GI50 value: 5.2 μM). Except for compound 1m, 
they displayed GI50 values (6.57–19.9 μM) below 20 μM against the MDA-MB-468 cell line. 
Eight compounds that contained fluorobenzyl (1c and 1d), trifluoromethylbenzyl (1g), tri-
fluoromethoxybenzyl (1h and 1i), methylbenzyl (1j and 1k) or 2-naphthylmethyl (1l) ex-
hibited GI50 values under 10 μM (8.03, 8.75, 8.18, 7.95, 8.34, 6.57, 9.33, and 9.52 μM, respec-
tively) and compound 1j among them showed a GI50 value of 6.57 μM, which was the 
most potent activity observed in the MDA-MB-468 cell line. Unlike the substituent species, 
their position in the N2-benzyl group had a low effect on GI50 values against the MDA-
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MB-468 cell line. Of the compounds with a methylbenzyl group (1j and 1k), compound 1j 
with the methyl group at the meta-position exhibited slightly more potent activity than 
compound 1k with the methyl group in its para-position. 

Table 1. Cell viability at 3 and 30 μM and GI50 value of 2-(substituted arylmetyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-
a]indole-3-carboxamide analogs (series 1 and 2) against the MCF-7 and MDA-MB-468 cell lines. 

Analogs 
% Cell Viability at 3 µM % Cell Viability at 30 µM GI50 Value a (µM) 
MCF-7 MDA-MB-468 MCF-7 MDA-MB-468 MCF-7 MDA-MB-468 Ratio 

Ctrl 100 ± 3.3 100 ± 2.6 100 ± 3.4 100 ± 2.0 - - - 
Ge 82.2 ± 4.0 62.7 ± 1.9 69.8 ± 4.2 16.4 ± 0.9 >30 13 >2.31 
1a 77.4 ± 3.6 84.9 ± 4.8 68.0 ± 4.0 39.1 ± 0.9 >30 19.8 >1.52 
1b 87.2 ± 3.1 83.9 ± 3.5 84.4 ± 4.3 39.8 ± 1.9 >30 17.3 >1.73 
1c 91.4 ± 10.8 83.7 ± 5.2 63.3 ± 3.6 27.1 ± 0.5 >30 8.03 >3.74 
1d 93.6 ± 3.6 79.8 ± 2.5 66.7 ± 3.6 30.3 ± 2.0 >30 8.75 >3.43 
1e 91.5 ± 5.7 84.2 ± 4.0 76.9 ± 2.2 32.0 ± 1.8 >30 19.9 >1.51 
1f 82.7 ± 4.6 76.2 ± 3.8 80.0 ± 3.0 39.7 ± 1.1 >30 19.1 >1.57 
1g 89.5 ± 7.9 79.8 ± 3.7 56.5 ± 3.5 27.6 ± 2.2 >30 8.18 >3.67 
1h 90.3 ± 4.3 74.9 ± 0.7 75.9 ± 4.1 31.5 ± 2.1 >30 7.95 >3.77 
1i 76.7 ± 7.3 60.9 ± 0.9 84.3 ± 1.5 41.7 ± 1.5 >30 8.34 >3.60 
1j 87.1 ± 2.4 77.0 ± 2.5 40.1 ± 1.3 16.5 ± 0.5 12.2 6.57 1.86 
1k 86.8 ± 6.2 83.9 ± 3.9 74.8 ± 5.5 41.3 ± 1.4 >30 9.33 >3.22 
1l 88.5 ± 4.9 80.7 ± 1.5 59.9 ± 2.3 38.5 ± 1.0 >30 9.52 >3.15 

1m 94.3 ± 7.7 89.0 ± 1.6 88.4 ± 3.2 66.9 ± 3.1 >30 >30 - 
2a 89.8 ± 3.2 79.2 ± 7.5 72.0 ± 4.3 23.4 ± 1.9 >30 7.58 >3.96 
2b 72.9 ± 6.6 50.9 ± 2.2 67.4 ± 7.0 34.7 ± 2.3 >30 4.03 >7.44 
2c 72.5 ± 2.2 81.6 ± 1.5 41.4 ± 0.6 31.3 ± 1.6 12.5 7.85 1.59 
2d 75.3 ± 9.5 86.1 ± 2.4 60.1 ± 3.9 34.8 ± 1.1 >30 8.8 >3.41 
2e 75.3 ± 3.0 86.5 ± 6.8 63.4 ± 3.1 32.2 ± 5.6 >30 8.39 >3.58 
2f 73.1 ± 5.2 48.8 ± 3.0 63.8 ± 6.9 28.0 ± 1.7 >30 2.94 >10.2 
2g 72.2 ± 3.4 59.5 ± 1.8 55.0 ± 2.8 27.7 ± 2.0 >30 5.89 >5.09 
2h 66.7 ± 2.0 61.8 ± 2.0 55.3 ± 5.5 30.9 ± 0.9 >30 7.05 >4.26 
2i 68.4 ± 1.5 49.3 ± 2.6 61.3 ± 3.6 35.3 ± 0.9 >30 2.96 >10.1 
2j 73.3 ± 4.1 79.5 ± 2.7 31.0 ± 0.5 21.4 ± 0.6 8.79 8.25 1.07 
2k 70.7 ± 3.0 75.5 ± 4.8 49.3 ± 0.5 45.2 ± 0.5 21.4 23.1 0.93 
2l 62.8 ± 6.2 66.4 ± 1.7 47.2 ± 1.6 46.7 ± 1.3 9.46 10.4 0.91 

2m 69.4 ± 3.7 74.9 ± 2.2 55.2 ± 1.3 52.4 ± 0.9 >30 >30 - 
Ref 1 82.9 ± 5.1 73.7 ± 3.4 40.3 ± 0.9 21.1 ± 3.7 19.3 5.2 3.71 
Ref 2 97.3 ± 5.9 91.6 ± 3.0 30.7 ± 1.7 20.7 ± 0.8 9.6 7.6 1.26 

a GI50 values are reported as the mean of five experiments and correspond to the agent’s concentration that causes a 50% 
decrease in net cell growth. Ge, gefitinib. 

In series 2 (2a–2m), with a benzylamide group at the 3-position of the tetrahydropy-
razino[1,2-a]indole moiety, several compounds, such as 2c, 2j, 2k, and 2l, showed GI50 
values below 30 μM against the MCF-7 cell line. Only compound 2j (GI50 value: 8.79 μM) 
and compound 2l (GI50 value: 9.46 μM), with the meta-methylbenzyl and 2-naphthylme-
thyl groups at the N-2 position of tetrahydropyrazino[1,2-a]indole ring, respectively, had 
slightly more potent activity than compound Ref2 (GI50 value: 9.6 μM), which had an N2-
benzyl group. In the cell viability of the MDA-MB-468 cell line in series 2, the GI50 values 
of all compounds, except for compound 2m, were less than 30 μM, of which 10 com-
pounds showed GI50 values of less than 10 μM, especially compounds including 4-NO2 
(2b; GI50: 4.03 μM), 4-CN (2f; GI50: 2.94 μM), 4-CF3 (2g; GI50: 5.89 μM), 3-OCF3 (2h; GI50: 
7.05 μM), or 4-OCF3 (2i; GI50: 2.96 μM) on the N2-benzyl ring, which had more potent 
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inhibitory activity than the other compounds in series 2 and compound Ref2 (GI50: 7.6 
μM). Compounds 2f and 2i exhibited the best inhibitory activity and had about 2.6- and 
4.4-times stronger growth inhibitory activity than compound Ref2 and gefitinib, respec-
tively, against the MDA-MB-468 cell line. 

Regarding the selectivity of antitumor activity between the MCF-7 and MDA-MB-
468 cell lines, the compounds in the MDA-MB-468 cell line were more potent (tumor-se-
lectivity ratio from 0.91 to 10.2 or higher), except for compound 2k (0.93) and 2l (0.91). In 
series 1, the compounds showed less growth inhibitory activity than compound Ref1, but 
compound 1c (ratio: >3.74) and 1h (ratio: >3.77) showed higher tumor-selectivity (ratio: 
3.71). In series 2, only compounds with a methylbenzyl (2i, ratio: 1.07; 2j, ratio: 0.93) or 2-
naphtylmethyl (2k, ratio: 0.91) group at the N2-position of the tetrahydropyrazino[1,2-
a]indole ring showed a lower tumor-selectivity ratio than compound Ref2 (ratio: 1.26). 
Except for compounds 2j and 2k, nine compounds (2a-i) had a tumor-selectivity ratio from 
1.07 to 10.2 or higher activity against MDA-MB-468 than MCF-7 cell lines. Substituents 
with heteroatoms at the para-position of the N2-benzyl group improved the selectivity of 
MDA-MB-468 cells. Above all, benzyl 1-oxo-1,2,3,4-tetrahydropyrazino[1,2-a]indole-3-
carboxamide analogs with 4-CN (2f) or 4-OCF3 (2i) in the N2-benzyl group exhibited the 
best activity (GI50: 2.94 and 2.96 μM, respectively) and the best tumor selectivity (ratio: 
more than 10.2 and 10.1, respectively) against the MDA-MB-468 cell line as TNBC. 

In conclusion, the introduction of substituents into the N2-benzyl ring altered its 
growth inhibitory activity and tumor selectivity. In particular, it was interesting to ob-
serve that they improved in series 2 with the substituents that had heteroatoms, which 
generally decreased in series 1. In addition, the growth inhibitory activity of the synthe-
sized analogs showed higher sensitivity in MDA-MB-468 cells than in MCF-7 cells, sug-
gesting that it may act on the activated pathway only in MDA-MB-468 cells. Compounds 
2b, 2f and 2i, with NO2, CN and OCF3 groups at the para-position of the N2-benzyl ring, 
respectively, greatly increased tumor selectivity and inhibitory activity. Therefore, we 
performed additional biological studies to confirm the mechanism of action. 

2.2.2. Flow Cytometric Analysis 
To confirm the apoptosis-inductive effect of the MDA-MB-468 cell line, compounds 

2b, 2f and 2i, as the groups with the most potent and tumor-selective activity, were ana-
lyzed by flow cytometric analysis with annexin V-FITC and propidium iodide (PI) (Figure 
2). The rates of apoptosis induction activated by compounds 2b and 2i were 24.0% and 
21.0%, respectively, which were similar to gefitinib (21.1%) as a positive control at a con-
centration of 10 μM for 24 h. Notably, compound 2f showed 37.1% apoptosis induction, 
which was 1.76 times more potent than gefitinib. These results imply that compounds 2b, 
2f and 2i, which all showed cytotoxic activity, induce apoptosis in the form of pro-
grammed cell death in MDA-MB-468 cells. 
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Figure 2. Flow cytometric analysis to determine apoptosis in MDA-MB-468 cells. (a) The cells were 
treated with 10 μM of gefitinib, and compound 2b, 2f, and 2i, respectively, for 24 h. (b) Fluorescence-
activated cell sorting (FACS) analysis of propidium iodide (PI) uptake and annexin V binding in 
non-permeabilized cells (lower-left, live cells; lower-right, early apoptotic cells; upper-right, late 
apoptotic cells; upper-left, necrotic cells). The quantification of apoptotic cells from three independ-
ent experiments. (*** p < 0.001, compared with control cells). 

2.2.3. Combinational Treatment of Compounds 2b, 2f and 2i with Gefitinib 
In cancer research, combinational therapy is used a treatment to overcome single 

drug resistance [41,42]. Combination with inhibitors of the PI3K/AKT/mTOR pathway 
and the EGFR-TK inhibitor increases therapeutic effects by synergism against TNBC and 
NSCLC with resistance to EGFR-TK inhibitors [31,43]. In addition, our previous results 
confirmed that compounds Ref1 and Ref2 have synergistic effects in the combinational 
treatment of MDA-MB-468 cells with gefitinib [40]. Therefore, the synergistic effects were 
investigated to confirm the targeted pathway. In this study, compounds 2b, 2f, and 2i, 
which showed potent cytotoxic activity against the MDA-MB-468 cell line as an EGFR-
overexpressed cell line, were tested to confirm their specific target by combination treat-
ment with gefitinib as an EGFR-TK inhibitor. Compounds 2b, 2f, and 2i exhibited cyto-
toxicity at various concentrations (0, 1, 3, and 10 μM) in a dose-dependent manner against 
the MDA-MB-468 cell line. In addition, their combination treatment with the use of several 
doses (0, 1, 5, and 20 μM) of gefitinib resulted in the MDA-MB-468 cell viability graphs, 
as shown in Figure 3a. Generally, the addition of gefitinib decreases cell viability in a dose-
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dependent manner and is more cytotoxic than single treatment with compounds 2b, 2f 
and 2i. 

Based on the cell viability of the combination treatment, we performed several isobol-
ogram analyses to assess the interaction between gefitinib and the compound at concen-
trations of 30%, 40%, 50%, and 60% of the maximal inhibition of cell proliferation, referred 
to as GI30, GI40, GI50, and GI60, respectively (Figure 3b). Compounds 2b, 2f, and 2i showed 
synergistic effects with gefitinib in all analyzed GI values. In a combinational analysis 
using the Chou and Talalay equation (CI = (D)1/(Dχ)1 + (D)2/(Dχ)2) [44], the combination 
index (CI) at GI60 was 0.57, 0.58, and 0.42 by compounds 2b, 2f, and 2i, respectively, and 
they had more synergism than GI30, GI40, and GI50. At the GI50 values, compounds 2b, 2f, 
and 2i with 1 μM gefitinib had the best combination index (CI) values of 0.71, 0.83, and 
0.71, respectively, which indicates that they had a synergistic effect with a CI of less than 
1. 

Interestingly, they induced increased apoptosis and showed synergistic effects with 
gefitinib, as the EGFR-TK inhibitor, against MDA-MB-468 cells, as EGFR-overexpressing 
TNBC. MDA-MB-468 cells have been reported as cancer possessing overexpressed EGFR 
without mutation, but also with p53 mutation and PTEN deletion [32,33]. In the reported 
studies, it was shown that a synergistic effect with EGFR-TK inhibitor may occur in the 
case of using inhibitors of the PI3K/AKT/mTOR pathway because the PI3K/AKT/mTOR 
signaling pathway is hyper-activated by the deletion of PTEN [30,31]. Therefore, we eval-
uated their activity in the downstream signaling pathway of EGFR. 

 
Figure 3. Combinational treatment with gefitinib and compounds (2b, 2f and 2i), and their isobolo-
grams. (a) MDA-MB-468 cell viability by combination treatments with compounds and gefitinib (% 
untreated control); (b) isobolograms according to GI values (30, 40, 50 and 60) and combinational 
index against MDA-MB-468 cells. 

2.2.4. Effects of the Compounds on Downstream Signaling of EGFR 
To gain a better insight into the mechanisms underlying the activity of these com-

pounds, the inhibitory effects of compounds 2b, 2f, and 2i were tested and compared with 
gefitinib (GE), compound Ref1, and Ref2 in the downstream signaling pathway of EGFR 
in MDA-MB-468 cells, as an EGFR-overexpressed basal-like breast cancer cell line. 
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In western blotting of compounds after 6 h, gefitinib, a known EGFR-TK inhibitor, 
reduced the phosphorylation of both ERK and Akt. However, compounds 2b and 2i did 
not suppress ERK phosphorylation or Akt Ser473 phosphorylation. The 2-arylmetyl-1-
oxo-1,2,3,4-tetrahydropyrazino[1,2-a]indole-3-carboxamide analogs, including com-
pounds Ref1 and Ref2, slightly inhibited Akt Thr308 phosphorylation and compounds 2f, 
Ref1, and Ref2 showed inhibition of ERK phosphorylation. After 18 h, gefitinib exhibited 
potent inhibitory activity on the ERK and Akt pathways. Compounds Ref1 and Ref2 in-
hibit Akt Ser473 phosphorylation, as reported in a previous study. However, it was con-
firmed that compounds 2b, 2f, and 2i did not inhibit Akt Ser473 phosphorylation. Among 
them, only compounds 2b, and 2f showed potent inhibitory activity on Akt Thr308 phos-
phorylation, as shown in Figure 4. In addition, compounds 2f and Ref2 inhibited ERK 
phosphorylation, although not as dramatically as gefitinib. 

 
Figure 4. The effect of the compounds on EGFR signaling pathway in MDA-MB-468 cells. Cells were 
treated with 10 μM of gefitinib (GE), compound 2b, 2f, and 2i for 6 h and 18 h, respectively. Protein 
expression of phospho-ERK, total-ERK, phospho-Akt(Ser473), phospho-Akt(Thr308) and total-Akt 
were detected by immunoblotting. GAPDH was used as a loading control. 

2.2.5. Combinational Treatment of Compounds 2b, 2f, and 2i with Gefitinib 
Based on the results of western blotting, it was confirmed that they have inhibitory 

activity for the generation of phosphorylated Akt in the EGFR-overexpressed breast can-
cer cell line MDA-MB-468. To identify the targets of compounds that inhibit Akt phos-
phorylation, we tested their enzyme activity against 18 kinases including PI3K (phospha-
tidylinositol-3-kinase), PDK (phosphoinositide-dependent protein kinase), mTOR (mech-
anistic target of rapamycin), DNA-PK (DNA-dependent protein kinase), and TBK1 
(TANK-binding kinase-1). These kinases directly phosphorylate Akt or induce the up-
stream activation of the Akt signaling pathway. Activation of PI3Ks produces PIP3 (phos-
phatidylinositol 3,4,5-triphosphate) through phosphorylation of PIP2 (phosphatidylinosi-
tol 4,5-bisphosphate), and PIP3 regulates PDK1 and sequentially induces Akt T308 phos-
phorylation. Akt S473 phosphorylation is also regulated by DNA-PK, PDK2, and 
mTORC2. In addition, TBK1 promotes the phosphorylation of Akt at S473 and T308 in a 
manner that is dependent on PI3K signaling [45–47]. 

As shown in Table 2, 2-arylmethyl-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-a]indole-3-
carboxamide analogs, except compound 2i, exhibited higher inhibitory activity on PI3Kβ 
than other kinases at 10 μM. Compounds 2b, 2f, and Ref2 showed the most potent activi-
ties on the PI3Kβ enzyme, with 71.8%, 70.9%, and 55.3% enzyme activity, respectively. 
Interestingly, compounds Ref1 and Ref2, which showed inhibitory activity of phosphor-
ylation on both T308 and S473 in the western blot, exhibited more potent activity on PI3Kβ 
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and DNA-PK than other kinases. Thus, the various effects of compounds, such as growth 
inhibitory activity, apoptosis, and inhibition of Akt phosphorylation may cautiously sug-
gest that the inhibition of PI3Kβ is involved. 

Table 2. Kinase profile of 2-arylmethyl-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-a]indole-3-carbox-
amide analogs over a panel of 18 kinases (DNA-PK, mTOR, 5 PDKs, TBK1, and 10 PI3Ks). 

Kinase 
% Enzyme Activity a 

2b 2f 2i Ref1 Ref2 
DNA-PK 75.4 96.6 84.5 67.1 67 

mTOR/FRAP1 99.2 109.8 101 117.1 118.8 
PDK1/PDHK1 96.9 93.2 99.4 89.8 92.6 
PDK1/PDPK1 88.7 95 99.2 101.1 95.8 
PDK2/PDHK2 88.3 90.1 88.6 89.5 86.1 
PDK3/PDHK3 107.7 103.8 101.9 101.8 105.9 
PDK4/PDHK4 102.5 101.2 101.2 92.1 106.2 

TBK1 123.8 123.3 113.6 88.6 91.5 
PI3KC2A 87.7 87.5 89.6 91.3 82 
PI3KC3 92.4 95.6 92 94.9 85.8 

PI3Kα (p110α/p85α) 238 201.3 376.1 193.4 259.4 
PI3Kβ (p110β/p85α) 71.8 70.9 87 69 55.3 

PI3Kγ (p110γ) 80.8 82.7 84.7 76.1 85.4 
PI3Kδ (p110δ/p85α) 120.1 107.6 110.1 130.4 124.6 
PI3K (p110α/p65α) 95.5 89.9 80.1 106.5 103.1 

PI3K (p110α(E542K)/p85α) 106.8 100.3 118.1 123.7 121.2 
PI3K (p110α(E545K)/p85α) 128.4 120 151.6 130.1 150.9 

PI3K (p110α(H1047R)/p85α) 90.6 95.1 95.4 101.6 102.3 
a Each enzyme activity was performed in duplicate at 10 μM by Reaction Biology Corporation. The 
results were normalized using a DMSO control. 

3. Discussion 
To overcome resistance to EGFR-TK inhibitors, we designed 2-(substituted arylme-

thyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-a]indole-3-carboxamide analogs based on pre-
vious studies and prepared 18 novel compounds through a concise four-step synthetic 
procedure involving EDC-coupling, Mitsunobu, alkylation, and amidation reactions. In 
the MTT assay against MDA-MB-468 cells and MCF-7 cells, it was confirmed that the in-
troduction of substituents into the N2-benzyl ring alters the growth inhibitory activity and 
tumor selectivity. Three compounds, 2b, 2f, and 2i, exhibited the most potent activity 
(GI50: 4.03, 2.94, and 2.96 μM, respectively) and the best tumor selectivity (ratio: more than 
7.44) against the MDA-MB-468 cell line as an EGFR-overexpressed TNBC. In particular, 
compound 2f showed approximately 4.4 times stronger growth inhibitory activity and 4.4 
times better selectivity on MDA-MB-468 than gefitinib, an EGFR-TK inhibitor. 

In the analysis of apoptosis, compound 2f exhibited 37.1% apoptosis induction, and 
was 1.76 times more potent than that of gefitinib. On MDA-MB-468 cells, which were re-
sistant to EGFR-TK inhibitors because of PTEN mutation, combination treatment with ge-
fitinib induced synergistic effects, and the combination index at GI50 showed the best effect 
with 1 μM gefitinib. These results are due to their activity in relation to the inhibition of 
Akt T308 phosphorylation, unlike the inhibition of EGFR-TK by gefitinib. It was con-
firmed that benzyl 2-benzyl-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-a]indole-3-carbox-
amide analogs with 4-NO2 (2b), 4-CN (2f), or H (Ref2) on the N2-benzyl ring tend to inhibit 
PI3Kβ among the kinase activities that are involved in the phosphorylation of Akt. 

Recently, it has been reported that inhibition of the PI3Kβ isoform is very important 
for the progression of PTEN-null tumors [48,49]. In the PTEN-deficient TNBC cell line 
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MDA-MB-468, a new potential therapeutic strategy for combination targeting of both 
EGFR and PI3Kβ was suggested to induce anti-tumor activity [50]. Therefore, these re-
sults, regarding 2-arylmethyl-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-a]indole-3-carbox-
amide analogs, are expected for the development of anticancer agents against PTEN-defi-
cient and EGFR-overexpressing cancer. 

4. Materials and Methods 
4.1. Chemistry 

All reagents purchased from commercial sources were used without further purifi-
cation. 1H NMR spectra were recorded on a JEOL JNM-EX400 (400 MHz). Chemical shifts 
were reported in ppm from tetramethylsilane (TMS) with the solvent resonance resulting 
from incomplete deuteration as the internal reference (CDCl3: 7.26 ppm) or relative to TMS 
(δ = 0.0). 13C NMR spectra were recorded on a JEOL JNM-EX400 (100 MHz) with complete 
proton decoupling. Chemical shifts were reported in ppm from tetramethylsilane with the 
solvent as the internal reference (CDCl3: 77.16 ppm). High-resolution mass spectra 
(HRMS) were expressed in m/z using the ESI-MS Agilent 6530 Accurate-Mass Quadruple 
Time-of-Flight (Q-TOF) method at the Metabolomics Research Center for Functional Ma-
terials, Kyungsung University, Republic of Korea. 

Methyl (1H-indole-2-carbonyl)-L-serinate (5). To an anhydrous CH2Cl2 solution of in-
dole-2-carboxylic acid (3) (389 mg, 2.41 mmol), HOBt (261 mg, 1.93 mmol) and L-serine 
methyl ester (4) (300 mg. 1.93 mmol), EDC (430 mL, 2.41 mmol) were added and cooled to 
0 °C. Triethylamine was added dropwise for 30 min and then the reaction mixture was 
warmed to ambient temperature. After stirring for 18 h, the reaction mixture was concen-
trated under reduced pressure. The crude mixture was purified by flash column chroma-
tography on silica gel (THF/DCM = 1/50) to afford the compound 5 (yield: 98%) [40]. 1H 
NMR (400 MHz, CDCl3) δ 9.81 (s, 1H, NH), 7.59 (dd, J = 8.0, 0.8 Hz, 1H), 7.42 (d, J = 7.6 Hz, 
1H, NH), 7.38 (dd, J = 8.3, 0.8 Hz, 1H), 7.26 (td, J = 7.0, 1.0 Hz, 1H), 7.11 (td, J = 7.0, 1.0 Hz, 
1H), 6.99 (dd, J = 2.1, 0.8 Hz, 1H), 4.89 (dt, J = 7.3, 3.5 Hz, 1H,), 4.04 (m, 2H), 3.75 (s, 3H). 

Methyl 1-oxo-1,2,3,4-tetrahydropyrazino[1,2-a]indole-3-carboxylate (6). A mixture of 
methyl (1H-indole-2-carbonyl)-L-serinate (5) (504 mg, 1.92 mmol), triphenylphosphine 
(655 mg, 2.50 mmol), DEAD (1.10 mL, 2.50 mmol) and anhydrous THF (25 mL) was stirred 
for 24 h. After stirring for 24 h, the solvent was evaporated, then purification via flash 
column chromatography (2% THF in CH2Cl2) provided compound 6 (yield: 54%) [40]. 1H 
NMR (400 MHz, CDCl3) δ 9.10 (s, 1H, NH), 7.67 (dd, J = 8.0, 1.0 Hz, 1H), 7.39 (dd, J = 8.3, 
0.9 Hz, 1H), 7.29 (td, J = 7.0, 1.0 Hz, 1H), 7.14 (td, J = 7.0, 0.9 Hz, 1H), 7.09 (m, 1H), 4.98 (dd, 
J = 10.5, 7.9 Hz, 1H), 4.74 (dd, J = 8.6, 7.9 Hz, 1H), 4.65 (dd, J = 10.5, 8.6 Hz, 1H), 3.84 (s, 3H). 

4.1.1. General Procedure of Methyl (S)-2-Arylmethyl-1-oxo-1,2,3,4-tetrahydropyra-
zino[1,2-a]indole-3-carboxylate (7a–m) 

A mixture of methyl (S)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-a]indole-3-carboxylate 
(6) (140 mg, 0.573 mmol), K2CO3 (119 mg, 0.860 mmol) and anhydrous DMF (5 mL) was 
stirred, and then substituted arylmethyl bromide (4.01 mmol) was added. After stirring 
for 5h, the solvent was evaporated, then purification via flash column chromatography 
provided compound 7a–m. 

Methyl (S)-2-(3-nitrobenzyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-a]indole-3-car-
boxylate (7a). Compound 7a was synthesized according to the synthetic procedure given 
above, with a yield of 54%. 1H NMR (400 MHz, CDCl3) δ 8.12–8.04 (m, 2H), 7.71 (dt, J = 
8.0, 0.9 Hz, 1H), 7.43–7.27 (m, 4H), 7.26 (s, 1H), 7.17 (ddd, J = 8.0, 5.0, 3.0 Hz, 1H), 6.10, 6.03 
(ABq, J = 16.3 Hz, 2H), 4.95 (dd, J = 10.4, 7.6 Hz, 1H), 4.59 (dd, J = 8.6, 7.6 Hz, 1H), 4.52 (dd, 
J = 10.4, 8.6 Hz, 1H), 3.74 (s, 1H); 13C NMR (100 MHz, CDCl3) δ 171.6, 160.5, 148.5, 140.7, 
139.2, 133.0, 129.6, 126.8, 125.4, 125.2, 122.6, 122.4, 122.2, 121.2, 110.3, 109.9, 69.1, 68.7, 53.6, 
47.6. 
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Methyl (S)-2-(4-nitrobenzyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-a]indole-3-car-
boxylate (7b). Compound 7b was synthesized according to the synthetic procedure given 
above, with a yield of 28%. 1H NMR (400 MHz, CDCl3) δ 8.09 (d, J = 8.7 Hz, 2H), 7.71 (d, J 
= 8.0 Hz, 1H), 7.29 (td, J = 7.5, 1.0 Hz, 1H), 7.25 (m, 1H), 7.21 (d, J = 8.7 Hz, 2H), 7.18 (td, J 
= 7.5, 1.0 zHz, 1H), 6.12, 6.03 (ABq, J = 16.8 Hz, 2H), 4.92 (dd, J = 10.4, 7.5 Hz, 1H), 4.57 (dd, 
J = 8.6, 7.5 Hz, 1H), 4.50 (dd, J = 10.4, 8.6 Hz, 1H), 3.73 (s, 3H); 13C NMR (100 MHz, CDCl3) 
δ 171.6, 160.5, 147.2, 146.0, 139.2, 127.6, 126.8, 125.4, 125.2, 123.9, 122.6, 121.2, 110.3, 109.9, 
69.1, 68.7, 52.8, 47.8 

Methyl (S)-2-(3-fluorobenzyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-a]indole-3-car-
boxylate (7c). Compound 7c was synthesized according to the synthetic procedure given 
above, with a yield of 51%. 1H NMR (400 MHz, CDCl3) δ 7.69 (dt, J = 8.0, 1.0 Hz, 1H), 7.33–
7.30 (m, 1H), 7.29 (dd, J = 6.5, 1.2 Hz, 1H), 7.24 (d, J = 0.8 Hz, 1H), 7.20 (td, J = 7.9, 5.9 Hz, 
1H), 7.16 (ddd, J = 8.0, 6.4, 1.5 Hz, 1H), 6.93–6.85 (m, 2H), 6.85–6.80 (m, 1H), 6.00, 5.95 (ABq, 
J = 16.3 Hz, 2H), 4.96 (dd, J = 10.4, 7.4 Hz, 1H), 4.60 (dd, J = 8.6, 7.4 Hz, 1H), 4.50 (dd, J = 
10.4, 8.6 Hz, 1H), 3.76 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 171.7, 163.1 (JFC = 245.8 Hz), 
160.6, 141.1 (JFC = 7.1 Hz), 139.3, 130.0 (JFC = 8.3 Hz), 126.7, 125.5, 124.9, 122.5 (JFC = 2.9 Hz), 
122.4, 120.9, 114.1 (JFC = 21.1 Hz), 114.0 (JFC = 22.0 Hz), 110.7, 109.6, 69.1, 68.5, 52.8, 47.7 (JFC 
= 2.0 Hz). 

Methyl (S)-2-(4-fluorobenzyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-a]indole-3-car-
boxylate (7d). Compound 7d was synthesized according to the synthetic procedure given 
above, with a yield of 56%. 1H NMR (400 MHz, CDCl3) δ 7.69 (dt, J = 8.0, 1.0 Hz, 1H), 7.35–
7.30 (m, 1H), 7.30–7.25 (m, 1H), 7.23 (d, J = 0.7 Hz, 1H), 7.15 (ddd, J = 7.9, 6.7, 1.3 Hz, 1H), 
7.11–7.06 (m, 2H), 6.95–6.88 (m, 2H), 5.98, 5.91 (ABq, J = 16.2 Hz, 2H), 4.96 (dd, J = 10.4, 7.5 
Hz, 1H), 4.59 (dd, J = 8.6, 7.5 Hz, 1H), 4.50 (dd, J = 10.4, 8.6 Hz, 1H), 3.76 (s, 3H); 13C NMR 
(100 MHz, CDCl3) δ 171.7, 162.0 (JFC = 244.9 Hz), 160.7, 139.3, 134.1 (JFC = 3.1 Hz), 128.6 (JFC 
= 8.0 Hz), 126.8, 125.5, 124.8, 122.4, 120.8, 115.4 (JFC = 21.5 Hz), 110.8, 109.5, 69.1, 68.5, 52.7, 
47.5 (JFC = 0.8 Hz). 

Methyl (S)-2-(3-cyanobenzyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-a]indole-3-car-
boxylate (7e). Compound 7e was synthesized according to the synthetic procedure given 
above, with a yield of 44%. 1H NMR (400 MHz, CDCl3) δ 7.71 (dt, J = 8.0, 1.0 Hz, 1H), 7.51–
7.47 (m, 1H), 7.44–7.43 (m, 1H), 7.35–7.33 (m, 2H), 7.30–7.27 (m, 2H), 7.25 (d, J = 0.7 Hz, 
1H), 7.17 (ddd, J = 8.0, 6.3, 1.7 Hz, 1H), 6.01, 5.97 (ABq, J = 16.3 Hz, 2H), 4.95 (dd, J = 10.4, 
7.5 Hz, 1H), 4.59 (dd, J = 8.6, 7.5 Hz, 1H), 4.51 (dd, J = 10.4, 8.6 Hz, 1H), 3.77 (s, 3H); 13C 
NMR (100 MHz, CDCl3) δ 171.6, 160.5, 140.1, 139.2, 131.4, 131.0, 130.7, 129.4, 126.8, 125.3, 
125.2, 122.6, 121.1, 118.9, 112.6, 110.3, 109.9, 69.1, 68.6, 52.8, 47.5. 

Methyl (S)-2-(4-cyanobenzyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-a]indole-3-car-
boxylate (7f). Compound 7f was synthesized according to the synthetic procedure given 
above, with a yield of 45%. 1H NMR (400 MHz, CDCl3) δ 7.70 (dt, J = 8.0, 1.0 Hz, 1H), 7.54–
7.50 (m, 2H), 7.29 (ddd, J = 8.1, 6.7, 1.2 Hz, 1H), 7.25 (d, J = 0.9 Hz, 1H), 7.25–7.22 (m, 1H), 
7.17 (ddd, J = 7.9, 6.7, 1.2 Hz, 1H), 7.16–7.13 (m, 2H), 6.08, 5.99 (ABq, J = 16.7 Hz, 2H), 4.92 
(dd, J = 10.4, 7.4 Hz, 1H), 4.57 (dd, J = 8.7, 7.4 Hz, 1H), 4.49 (dd, J = 10.4, 8.6 Hz, 1H), 3.74 
(s, 3H); 13C NMR (100 MHz, CDCl3) δ 171.5, 160.5, 144.0, 139.2, 132.4, 128.5, 127.5, 126.8, 
125.4, 125.1, 122.6, 121.1, 111.0, 110.4, 109.8, 69.0, 68.6, 52.7, 47.9. 

Methyl (S)-2-(4-trifluoromethylbenzyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-a]in-
dole-3-carboxylate (7g). Compound 7g was synthesized according to the synthetic proce-
dure given above, with a yield of 33%. 1H NMR (400 MHz, CDCl3) δ 7.70 (dt, J = 8.0, 1.0 
Hz, 1H), 7.49 (d, J = 8.1 Hz, 2H), 7.29–7.26 (m, 2H), 7.25 (s, 1H), 7.18–7.14 (m, 3H), 6.09, 5.99 
(ABq, J = 16.5 Hz, 2H), 4.93 (dd, J = 10.4, 7.4 Hz, 1H), 4.58 (dd, J = 8.6, 7.4 Hz, 1H), 4.50 (dd, 
J = 10.4, 8.6 Hz, 1H), 3.72 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 171.6, 160.6, 142.6 (JFC = 1.4 
Hz), 139.3, 129.4 (JFC = 32.4 Hz), 127.0, 126.8, 125.54 (JFC = 3.8 Hz), 125.53, 124.1 (JFC = 273 
Hz), 125.1, 122.5, 121.0, 110.6, 109.7, 69.09, 68.59, 52.74, 47.84. 

Methyl (S)-2-(3-trifluoromethoxylbenzyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-a]in-
dole-3-carboxylate (7h). Compound 7h was synthesized according to the synthetic proce-
dure given above, with a yield of 41%. 1H NMR (400 MHz, CDCl3) δ 7.69 (dt, J = 8.0, 1.0 
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Hz, 1H), 7.32–7.28 (m, 2H), 7.25–7.21 (m, 2H), 7.16 (ddd, J = 8.0, 5.8, 2.1 Hz, 1H), 7.05 (d, J 
= 7.6 Hz, 1H), 7.04 (s, 1H), 6.96 (d, J = 8.0 Hz, 1H), 6.01, 5.96 (ABq, J = 16.3 Hz, 2H), 4.95 
(dd, J = 10.4, 7.5 Hz, 1H), 4.59 (dd, J = 8.6, 7.5 Hz, 1H), 4.50 (dd, J = 10.4, 8.6 Hz, 1H), 3.75 
(s, 3H); 13C NMR (100 MHz, CDCl3) δ 171.7, 160.6, 149.5 (JFC = 1.8 Hz), 140.9, 139.3, 129.9, 
126.8, 125.5, 125.2, 125.0, 122.5, 121.0, 120.5 (JFC = 258 Hz), 119.8 (JFC = 0.9 Hz), 119.5 (JFC = 
0.9 Hz), 110.6, 109.7, 69.1, 68.6, 52.7, 47.7. 

Methyl (S)-2-(4-trifluoromethoxylbenzyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-a]in-
dole-3-carboxylate (7i). Compound 7i was synthesized according to the synthetic proce-
dure given above, with a yield of 41%. 1H NMR (400 MHz, CDCl3) δ 7.70 (dt, J = 8.0, 1.0 
Hz, 1H), 7.32–7.27 (m, 2H), 7.24 (s, 1H), 7.16 (ddd, J = 8.0, 6.0, 2.0 Hz, 1H), 7.12 (d, J = 9.0 
Hz, 2H), 7.08 (d, J = 9.0 Hz, 2H), 6.01, 5.95 (ABq, J = 16.2 Hz, 2H), 4.95 (dd, J = 10.4, 7.5 Hz, 
1H), 4.59 (dd, J = 8.6, 7.5 Hz, 1H), 4.50 (dd, J = 10.4, 8.6 Hz, 1H), 3.74 (s, 3H); 13C NMR (100 
MHz, CDCl3) δ 171.7, 160.6, 148.3 (JCF = 1.8 Hz), 139.3, 137.2, 128.3, 126.8, 125.5, 125.0, 122.5, 
121.1 (JCF = 1.0 Hz), 120.9, 120.6 (JCF = 257 Hz), 110.7, 109.6, 69.1, 68.6, 52.7, 47.5. 

Methyl (S)-2-(3-methylbenzyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-a]indole-3-car-
boxylate (7j). Compound 7j was synthesized according to the synthetic procedure given 
above, with a yield of 45%. 1H NMR (400 MHz, CDCl3) δ 7.68 (d, J = 8.0 Hz, 1H), 7.32 (dd, 
J = 8.3, 0.8 Hz, 1H), 7.26 (dd, J = 8.3, 1.3 Hz, 1H), 7.24 (d, J = 0.6 Hz, 1H), 7.15 (dd, J = 7.9, 
1.0 Hz, 1H), 7.11 (d, J = 7.7 Hz, 1H), 7.00 (d, J = 7.7 Hz, 1H), 6.94 (s, 1H), 6.86 (d, J = 7.7 Hz, 
1H), 5.89 (ABq, J = 16.2 Hz, 2H), 4.96 (dd, J = 10.4, 7.6 Hz, 1H), 4.60 (dd, J = 8.6, 7.6 Hz, 1H), 
4.50 (dd, J = 10.4, 8.6 Hz, 1H), 3.75 (s, 3H), 2.26 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 171.7, 
160.7, 139.4, 138.3, 138.1, 128.4, 127.9, 127.4, 126.7, 126.0, 124.7, 123.8, 122.2, 120.6, 111.0, 
109.2, 69.1, 68.5, 52.7, 48.2, 21.6. 

Methyl (S)-2-(4-methylbenzyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-a]indole-3-car-
boxylate (7k). Compound 7k was synthesized according to the synthetic procedure given 
above, with a yield of 58%. 1H NMR (400 MHz, CDCl3) δ 7.67 (dt, J = 8.0, 0.8 Hz, 1H), 7.33 
(dd, J = 8.3, 0.8 Hz, 1H), 7.25 (ddd, J = 8.3, 6.9, 1.2 Hz, 1H), 7.22 (d, J = 0.7 Hz, 1H), 7.13 
(ddd, J = 7.9, 6.9, 1.1 Hz, 1H), 7.04 (d, J = 8.1 Hz, 2H), 6.99 (d, J = 8.1 Hz, 2H), 6.01, 5.88 
(ABq, J = 16.1 Hz, 2H), 4.96 (dd, J = 10.4, 7.5 Hz, 1H), 4.59 (dd, J = 8.6, 7.5 Hz, 1H), 4.49 (dd, 
J = 10.4, 8.6 Hz, 1H), 3.76 (s, 3H), 2.27 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 171.8, 160.8, 
139.4, 136.7, 135.4, 129.2, 126.8, 126.8, 125.7, 124.7, 122.3, 120.7, 111.0, 109.3, 69.2, 68.5, 52.7, 
47.9, 21.2. 

Methyl (S)-2-(naphthalen-2-ylmethyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-a]in-
dole-3-carboxylate (7l). Compound 7l was synthesized according to the synthetic proce-
dure given above, with a yield of 55%. 1H NMR (400 MHz, CDCl3) δ 7.80–7.67 (m, 4H), 
7.48 (s, 1H), 7.44–7.39 (m, 2H), 7.36 (dd, J = 8.4, 1.0 Hz, 1H), 7.29–7.22 (m, 3H), 7.15 (ddd, J 
= 8.0, 6.9, 1.0 Hz, 1H), 6.21, 6.10 (ABq, J = 16.4 Hz, 1H), 4.95 (dd, J = 10.4, 7.4 Hz, 1H), 4.59 
(dd, J = 8.6, 7.4 Hz, 1H), 4.49 (dd, J = 10.4, 8.6 Hz, 1H), 3.67 (s, 3H); 13C NMR (100 MHz, 
CDCl3) δ 171.7, 160.8, 139.5, 136.0, 133.4, 132.7, 128.3, 127.9, 127.7, 126.8, 126.1, 125.8, 125.8, 
125.3, 125.1, 124.8, 122.3, 120.8, 111.0, 109.4, 69.2, 68.6, 52.7, 48.4. 

Methyl (S)-2-([1,1′-biphenyl]-4-ylmethyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-a]in-
dole-3-carboxylate (7m). Compound 7m was synthesized according to the synthetic pro-
cedure given above, with a yield of 26%. 1H NMR (400 MHz, CDCl3) δ 7.69 (d, J = 7.9 Hz, 
1H), 7.51 (d, J = 7.4 Hz, 2H), 7.45 (d, J = 8.2 Hz, 2H), 7.42–7.34 (m, 3H), 7.33–7.27 (m, 2H), 
7.25 (s, 1H), 7.19–7.12 (m, 3H), 6.09, 5.97 (ABq, J = 16.2 Hz, 2H), 4.96 (dd, J = 10.4, 7.5 Hz, 
1H), 4.60 (dd, J = 8.6, 7.5 Hz, 1H), 4.50 (dd, J = 10.4, 8.6 Hz, 1H), 3.74 (s, 3H); 13C NMR (100 
MHz, CDCl3) δ 171.7, 160.8, 141.0, 140.1, 139.5, 137.5, 128.9, 127.32, 127.31, 127.28, 127.1, 
126.8, 125.7, 124.8, 122.4, 120.8, 111.0, 109.4, 69.2, 68.6, 52.8, 48.0. 

4.1.2. General Procedure of (S)-N-(Furan-2-ylmethyl)-2-arylmethyl-1-oxo-1,2,3,4-tetrahy-
dropyrazino[1,2-a]indol-3-carboxamide (1a–m) 

To a solution of (S)-methyl 2-arylmethyl-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-a]-in-
dole-3-carboxylate (7a-m) (1.00 equiv.) in absolute methanol, furfurylamine (5.00 equiv.) 
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was added and stirred for 15h at r.t. After evaporation, the residue was purified by col-
umn chromatography (EtOAc/hexanes = 1:2). 

(S)-N-(Furan-2-ylmethyl)-2-(3-nitrobenzyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-
a]indole-3-carboxamide (1a). Compound 1a was synthesized according to the synthetic 
procedure given above, with a yield of 41%. 1H NMR (400 MHz, CDCl3) δ 8.07–8.04 (m, 
1H), 7.98 (s, 1H), 7.74 (d, J = 8.0 Hz, 1H), 7.36 (t, J = 8.0 Hz, 1H), 7.34–7.30 (m, 2H), 7.27–
7.25 (m, 2H), 7.22–7.18 (m, 2H), 6.32 (t, J = 5.9 Hz, 1H, NH), 6.27 (dd, J = 3.2, 1.9 Hz, 1H), 
6.21 (d, J = 16.9 Hz, 1H), 6.08 (dd, J = 3.2, 0.8 Hz, 1H), 5.83 (d, J = 16.9 Hz, 1H), 4.85 (dd, J = 
11.0, 8.6 Hz, 1H), 4.64 (dd, J = 11.0, 8.6 Hz, 1H), 4.53 (t, J = 8.6 Hz, 1H), 4.36 (dd, J = 15.5, 5.9 
Hz, 1H), 4.15 (dd, J = 15.6, 5.9 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 171.2, 160.4, 150.7, 
148.6, 142.3, 140.8, 139.3, 131.9, 129.8, 126.7, 125.5, 125.2, 122.8, 122.4, 121.4, 121.1, 110.5, 
110.2, 110.0, 107.6, 69.5, 69.4, 47.6, 36.1; HRMS (ESI-QTOF) m/z calcd for C24H21N4O5+ 
[M+H]+ 445.1506, found 445.1507. 

(S)-N-(Furan-2-ylmethyl)-2-(4-nitrobenzyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-
a]indole-3-carboxamide (1b). Compound 1b was synthesized according to the synthetic 
procedure given above, with a yield of 73%. 1H NMR (400 MHz, CDCl3) δ 8.07 (d, J = 8.8 
Hz, 2H), 7.74 (d, J = 7.9 Hz, 1H), 7.32 (ddd, J = 8.5, 6.8, 1.1 Hz, 1H), 7.30 (d, J = 0.9 Hz, 1H), 
7.29 (dd, J = 1.9, 0.9 Hz, 1H), 7.24 (dd, J = 8.5, 0.9 Hz, 1H), 7.21 (ddd, J = 7.9, 6.8, 1.1 Hz, 1H), 
7.09 (d, J = 8.8 Hz, 2H), 6.27 (dd, J = 3.2, 1.9 Hz, 1H), 6.26 (d, J = 17.3 Hz, 1H), 6.23 (s, 1H, 
NH) 6.07 (dd, J = 3.2, 0.9 Hz, 1H), 5.79 (d, J = 17.3 Hz, 1H), 4.84 (dd, J = 11.0, 8.6 Hz, 1H), 
4.63 (dd, J = 11.0, 8.6 Hz, 1H), 4.51 (t, J = 8.6 Hz, 1H), 4.31 (dd, J = 15.5, 5.9 Hz, 1H), 4.17 
(dd, J = 15.5, 5.9 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 171.2, 160.4, 150.6, 147.2, 146.1, 
142.4, 139.4, 126.7, 126.6, 125.5, 125.2, 124.1, 122.8, 121.4, 110.5, 110.2, 110.0, 107.6, 69.5, 69.4, 
47.8, 36.0; HRMS (ESI-QTOF) m/z calcd for C24H21N4O5+ [M+H]+ 445.1506, found 445.1510. 

(S)-N-(Furan-2-ylmethyl)-2-(3-fluorobenzyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-
a]indole-3-carboxamide (1c). Compound 1c was synthesized according to the synthetic 
procedure given above, with a yield of 54%. 1H NMR (400 MHz, CDCl3) δ 7.73 (dt, J = 8.0, 
1.0 Hz, 1H), 7.33–7.29 (m, 3H), 7.28 (s, 1H), 7.22–7.17 (m, 2H), 6.87 (td, J = 8.4, 2.6 Hz, 1H), 
6.75 (ddd, J = 7.7, 1.7, 0.9 Hz, 1H), 6.62 (dt, J = 9.7, 2.1 Hz, 1H), 6.35 (t, J = 5.9 Hz, 1H, NH), 
6.29 (dd, J = 3.2, 1.8 Hz, 1H), 6.16 (d, J = 16.8 Hz, 1H), 6.09 (dd, J = 3.2, 0.9 Hz, 1H), 5.71 (d, 
J = 16.8 Hz, 1H), 4.85 (dd, J = 11.0, 8.4 Hz, 1H), 4.62 (dd, J = 11.0, 8.4 Hz, 1H), 4.50 (t, J = 8.4 
Hz, 1H), 4.35 (dd, J = 15.6, 5.9 Hz, 1H), 4.11 (dd, J = 15.6, 5.9 Hz, 1H); 13C NMR (100 MHz, 
CDCl3) δ 171.5, 163.3 (JFC = 247 Hz), 160.3, 151.0, 142.2, 141.4 (JFC = 6.9 Hz), 139.6, 130.4 (JFC 
= 8.2 Hz), 126.5, 125.3, 125.2, 122.6, 121.4 (JFC = 2.9 Hz), 121.1, 114.2 (JFC = 21.1 Hz), 112.9 (JFC 
= 22.2 Hz), 110.5, 110.3, 109.9, 107.4, 69.5, 69.4, 47.7 (JFC = 2.0 Hz), 36.1; HRMS (ESI-QTOF) 
m/z calcd for C24H21FN3O3+ [M+H]+ 418.1561, found 418.1566. 

(S)-N-(Furan-2-ylmethyl)-2-(4-fluorobenzyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-
a]indole-3-carboxamide (1d). Compound 1d was synthesized according to the synthetic 
procedure given above, with a yield of 67%. 1H NMR (400 MHz, CDCl3) δ 7.72 (d, J = 8.1 
Hz, 1H), 7.33 – 7.29 (m, 3H), 7.26 (s, 1H), 7.18 (dt, J = 8.0, 4.0 Hz, 1H), 6.95–6.85 (m, 4H), 
6.35 (t, J = 6.0 Hz, 1H, NH), 6.30 (dd, J = 3.3, 1.9 Hz, 1H), 6.18–6.06 (m, 2H), 5.66 (d, J = 16.5 
Hz, 1H), 4.86 (dd, J = 11.0, 8.4 Hz, 1H), 4.62 (dd, J = 11.0, 8.4 Hz, 1H), 4.50 (t, J = 8.4 Hz, 1H), 
4.35 (dd, J = 15.5, 6.0 Hz, 1H), 4.14 (dd, J = 15.5, 6.0 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 
171.5, 161.8 (JFC = 245 Hz), 160.4, 150.9, 142.4, 139.6, 134.3 (JFC = 3.1 Hz), 127.4 (JFC = 7.9 Hz), 
126.6, 125.3, 125.2, 122.6, 121.1, 115.8 (JFC = 21.5 Hz), 110.5, 110.4, 109.8, 107.5, 69.5, 69.4, 
47.5, 36.1; HRMS (ESI-QTOF) m/z calcd for C24H21FN3O3+ [M+H]+ 418.1561, found 418.1565. 

(S)-N-(Furan-2-ylmethyl)-2-(3-cyanobenzyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-
a]indole-3-carboxamide (1e). Compound 1e was synthesized according to the synthetic 
procedure given above, with a yield of 44%. 1H NMR (400 MHz, CDCl3) δ 7.74 (d, J = 7.9 
Hz, 1H), 7.48 (d, J = 7.6 Hz, 1H), 7.35–7.32 (m, 2H), 7.32–7.28 (m, 2H), 7.26–7.23 (m, 2H), 
7.23–7.17 (m, 2H), 6.34–6.29 (m, 1H), 6.28 (t, J = 5.9 Hz, 1H, NH), 6.12 (d, J = 16.9 Hz, 1H), 
6.12 (dt, J = 3.2, 0.8 Hz, 2H), 5.80 (d, J = 16.9 Hz, 1H), 4.84 (dd, J = 11.0, 8.6 Hz, 1H), 4.63 
(dd, J = 11.0, 8.6 Hz, 1H), 4.52 (t, J = 8.6 Hz, 1H), 4.37 (dd, J = 15.6, 5.9 Hz, 1H), 4.17 (dd, J = 
15.6, 5.9 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 171.3, 160.4, 150.8, 142.4, 140.3, 139.4, 131.1, 
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130.3, 129.6, 129.4, 126.7, 125.6, 125.2, 122.8, 121.4, 118.7, 113.1, 110.6, 110.2, 110.1, 107.7, 
69.5, 69.4, 47.6, 36.1; HRMS (ESI-QTOF) m/z calcd for C25H21N4O3+ [M+H]+ 425.1608, found 
425.1610. 

(S)-N-(Furan-2-ylmethyl)-2-(4-cyanobenzyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-
a]indole-3-carboxamide (1f). Compound 1f was synthesized according to the synthetic 
procedure given above, with a yield of 33%. 1H NMR (400 MHz, CDCl3) δ 7.73 (d, J = 8.0 
Hz, 1H), 7.47 (d, J = 8.2 Hz, 2H), 7.37–7.34 (m, 1H), 7.32 (ddd, J = 8.4, 6.9, 1.2 Hz, 1H), 7.29 
(s, 1H), 7.24 (d, J = 8.0 Hz, 1H), 7.22–7.17 (m, 1H), 7.04 (d, J = 8.2 Hz, 2H), 6.35 (dd, J = 3.1, 
1.9 Hz, 1H), 6.26 (t, J = 5.8 Hz, 1H, NH), 6.21 (d, J = 17.2 Hz, 1H), 6.15 (d, J = 3.1 Hz, 1H), 
5.75 (d, J = 17.2 Hz, 1H), 4.84 (dd, J = 11.0, 8.6 Hz, 1H), 4.63 (dd, J = 11.0, 8.6 Hz, 1H), 4.51 
(t, J = 8.6 Hz, 1H), 4.35 (dd, J = 15.5, 5.8 Hz, 1H), 4.17 (dd, J = 15.5, 5.8 Hz, 1H); 13C NMR 
(100 MHz, CDCl3) δ 171.3, 160.4, 150.7, 144.2, 142.5, 139.4, 132.7, 126.7, 126.6, 125.5, 125.2, 
122.8 121.4, 118.7, 111.3, 110.7, 110.12, 110.08, 107.8, 69.5, 69.4, 48.0, 36.1; HRMS (ESI-
QTOF) m/z calcd for C25H21N4O3+ [M+H]+ 425.1608, found 425.1607. 

(S)-N-(Furan-2-ylmethyl)-2-(4-trifluoromethylbenzyl)-1-oxo-1,2,3,4-tetrahydropyra-
zino[1,2-a]indole-3-carboxamide (1g). Compound 1g was synthesized according to the 
synthetic procedure given above, with a yield of 77%. 1H NMR (400 MHz, CDCl3) δ 7.74 
(d, J = 7.8 Hz, 1H), 7.49 (d, J = 8.0 Hz, 2H), 7.34–7.29 (m, 3H), 7.28 (s, 1H), 7.23–7.16 (m, 1H), 
7.07 (d, J = 8.0 Hz, 2H), 6.34 (t, J = 6.0 Hz, 1H, NH), 6.29 (dd, J = 3.2, 1.9 Hz, 1H), 6.25 (d, J 
= 16.9 Hz, 1H), 6.10 (d, J = 3.2 Hz, 1H), 5.76 (d, J = 16.9 Hz, 1H), 4.85 (dd, J = 11.0, 8.5 Hz, 
1H), 4.62 (dd, J = 11.0, 8.5 Hz, 1H), 4.51 (t, J = 8.5 Hz, 1H), 4.35 (dd, J = 15.6, 6.4 Hz, 1H), 
4.09 (dd, J = 15.6, 5.5 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 171.4, 160.4, 150.9, 142.8 (JFC = 
1.4 Hz), 142.4, 139.5, 129.6 (JFC = 32.5 Hz), 126.7, 126.2, 125.9 (JFC = 3.8 Hz), 125.4, 125.3, 124.1 
(JFC = 272 Hz), 122.7, 121.3, 110.5, 110.2, 110.0, 107.5, 69.5, 69.4, 47.9, 36.0; HRMS (ESI-
QTOF) m/z calcd for C25H21F3N3O3+ [M+H]+ 468.1530, found 468.1537. 

(S)-N-(Furan-2-ylmethyl)-2-(3-trifluoromethoxybenzyl)-1-oxo-1,2,3,4-tetrahydropy-
razino[1,2-a]indole-3-carboxamide (1h). Compound 1h was synthesized according to the 
synthetic procedure given above, with a yield of 62%. 1H NMR (400 MHz, CDCl3) δ 7.73 
(dt, J = 8.3, 0.9 Hz, 1H), 7.34–7.29 (m, 3H), 7.28 (s, 1H), 7.23–7.16 (m, 2H), 7.08–7.02 (m, 1H), 
6.88 (s, 1H), 6.83 (ddd, J = 7.7, 1.7, 0.9 Hz, 1H), 6.35 (t, J = 5.9 Hz, 1H, NH), 6.28 (dd, J = 3.2, 
1.9 Hz, 1H), 6.13 (d, J = 16.9 Hz, 1H), 6.09 (dd, J = 3.2, 0.8 Hz, 1H), 5.76 (d, J = 16.9 Hz, 1H), 
4.85 (dd, J = 11.0, 8.5 Hz, 1H), 4.62 (dd, J = 11.0, 8.5 Hz, 1H), 4.51 (t, J = 8.5 Hz, 1H), 4.35 
(dd, J = 15.6, 5.9 Hz, 1H), 4.14 (dd, J = 15.6, 5.9 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 171.4, 
160.4, 151.0, 149.8 (JFC = 1.8 Hz), 142.3, 141.2, 139.5, 130.3, 126.6, 125.4, 125.3, 124.1, 122.6, 
121.2, 120.5 (JFC = 258 Hz), 119.4, 118.5, 110.5, 110.3, 110.0, 107.4, 69.5, 69.4, 47.8, 36.1; HRMS 
(ESI-QTOF) m/z calcd for C25H21F3N3O4+ [M+H]+ 484.1479, found 484.1494. 

(S)-N-(Furan-2-ylmethyl)-2-(4-trifluoromethoxybenzyl)-1-oxo-1,2,3,4-tetrahydropy-
razino[1,2-a]indole-3-carboxamide (1i). Compound 1i was synthesized according to the 
synthetic procedure given above, with a yield of 66%. 1H NMR (400 MHz, CDCl3) δ 7.72 
(d, J = 8.0 Hz, 1H), 7.35–7.29 (m, 3H), 7.28 (s, 1H), 7.19 (ddd, J = 8.0, 5.8, 2.0 Hz, 1H), 7.07 
(d, J = 8.5 Hz, 2H), 6.99 (d, J = 8.5 Hz, 2H), 6.41 (t, J = 5.8 Hz, 1H, NH), 6.30 (dd, J = 3.2, 1.9 
Hz, 1H), 6.17 (d, J = 16.7 Hz, 1H), 6.13 (d, J = 3.2 Hz, 1H), 5.72 (d, J = 16.7 Hz, 1H), 4.86 (dd, 
J = 11.0, 8.5 Hz, 1H), 4.63 (dd, J = 11.0, 8.5 Hz, 1H), 4.52 (t, J = 8.5 Hz, 1H), 4.38 (dd, J = 15.6, 
5.8 Hz, 1H), 4.13 (dd, J = 15.6, 5.8 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 171.4, 160.4, 150.9, 
149.7 (JFC = 1.4 Hz), 142.3, 141.2, 139.5, 130.2, 126.6, 125.4, 125.3, 124.0, 122.6, 121.2, 120.5 
(JFC = 257 Hz), 119.4, 118.5, 110.5, 110.3, 109.9, 107.4, 69.5, 69.4, 47.8, 36.1; HRMS (ESI-
QTOF) m/z calcd for C25H21F3N3O4+ [M+H]+ 484.1479, found 484.1491. 

(S)-N-(Furan-2-ylmethyl)-2-(3-methylbenzyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-
a]indole-3-carboxamide (1j). Compound 1j was synthesized according to the synthetic 
procedure given above, with a yield of 49%. 1H NMR (400 MHz, CDCl3) δ 7.73 (dd, J = 8.0, 
1.0 Hz, 1H), 7.38–7.28 (m, 3H), 7.27 (s, 1H), 7.18 (ddd, J = 8.0, 6.4, 1.4 Hz, 1H), 7.09 (t, J = 7.6 
Hz, 1H), 6.99 (d, J = 7.6 Hz, 1H), 6.77 (s, 1H), 6.71 (d, J = 7.6 Hz, 1H), 6.28 (dd, J = 3.2, 1.9 
Hz, 1H), 6.26 (s, 1H, NH), 6.14 (d, J = 16.7 Hz, 1H), 6.06 (dd, J = 3.2, 0.9 Hz, 1H), 5.69 (d, J = 
16.7 Hz, 1H), 4.84 (dd, J = 11.0, 8.3 Hz, 1H), 4.60 (dd, J = 11.0, 8.3 Hz, 1H), 4.50 (t, J = 8.3 Hz, 
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1H), 4.28 (dd, J = 15.6, 6.3 Hz, 1H), 4.02 (dd, J = 15.7, 6.3 Hz, 1H), 2.22 (s, 3H); 13C NMR (100 
MHz, CDCl3) δ171.8, 160.4, 151.3, 142.0, 139.8, 138.8, 138.7, 128.7, 128.0, 126.5, 126.3, 125.4, 
125.1, 122.7, 122.5, 120.9, 110.47, 110.46, 109.5, 107.1, 69.5, 69.4, 48.2, 36.2, 21.6; HRMS (ESI-
QTOF) m/z calcd for C25H24N3O3+ [M+H]+ 414.1812, found 414.1818. 

(S)-N-(Furan-2-ylmethyl)-2-(4-methylbenzyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-
a]indole-3-carboxamide (1k). Compound 1k was synthesized according to the synthetic 
procedure given above, with a yield of 45%. 1H NMR (400 MHz, CDCl3) δ 7.72 (dt, J = 8.0, 
1.0 Hz, 1H), 7.38–7.28 (m, 3H), 7.26 (d, J = 0.8 Hz, 1H), 7.18 (ddd, J = 8.0, 6.7, 1.2 Hz, 1H), 
7.01 (d, J = 8.0 Hz, 2H), 6.83 (d, J = 8.0 Hz, 2H), 6.34 (t, J = 5.8 Hz, 1H, NH), 6.29 (dd, J = 3.2, 
1.8 Hz, 1H), 6.14 (d, J = 16.6 Hz, 1H), 6.06 (dd, J = 3.2, 0.9 Hz, 1H), 5.68 (d, J = 16.6 Hz, 1H), 
4.84 (dd, J = 11.0, 8.0 Hz, 1H), 4.60 (dd, J = 11.0, 8.6 Hz, 1H), 4.49 (dd, J = 8.6, 8.0 Hz, 1H), 
4.30 (dd, J = 15.7, 5.8 Hz, 1H), 4.02 (dd, J = 15.7, 5.8 Hz, 1H), 2.25 (s, 3H); 13C NMR (100 
MHz, CDCl3) δ 171.8, 160.4, 151.3, 142.0, 139.8, 136.75, 135.72, 129.6, 126.5, 125.7, 125.3, 
125.1, 122.5, 120.9, 110.48, 110.46, 109.5, 107.1, 69.5, 69.4, 48.0, 36.1, 21.1; HRMS (ESI-QTOF) 
m/z calcd for C25H24N3O3+ [M+H]+ 414.1812, found 414.1817. 

(S)-N-(Furan-2-ylmethyl)-2-(naphthalen-1-ylmethyl)-1-oxo-1,2,3,4-tetrahydropyra-
zino[1,2-a]indole-3-carboxamide (1l). Compound 1l was synthesized according to the syn-
thetic procedure given above, with a yield of 48%. 1H NMR (400 MHz, CDCl3) δ 7.79–7.74 
(m, 2H), 7.72 (d, J = 8.5 Hz, 1H), 7.65–7.60 (m, 1H), 7.45–7.35 (m, 3H), 7.34–7.28 (m, 2H), 
7.25 (s, 1H), 7.23–7.17 (m, 2H), 7.16 (dd, J = 1.9, 0.9 Hz, 1H), 6.36 (d, J = 16.9 Hz, 1H), 6.16 
(dd, J = 3.2, 1.9 Hz, 1H), 6.13 (d, J = 6.3 Hz, 1H, NH), 5.86 (d, J = 16.9 Hz, 1H), 5.81 (dd, J = 
3.2, 0.9 Hz, 1H), 4.82 (dd, J = 10.9, 7.9 Hz, 1H), 4.59 (dd, J = 10.9, 8.7 Hz, 1H), 4.48 (dd, J = 
8.7, 7.9 Hz, 1H), 3.98 (dd, J = 15.6, 6.3 Hz, 1H), 3.55 (dd, J = 15.6, 6.3 Hz, 1H); 13C NMR (100 
MHz, CDCl3) δ 171.6, 160.4, 151.0, 142.0, 139.8, 136.3, 133.4, 132.6, 128.8, 127.9, 127.8, 126.6, 
126.5, 126.0, 125.5, 125.2, 124.1, 124.0, 122.6, 121.0, 110.5, 110.3, 109.7, 106.9, 69.5, 69.4, 48.4, 
35.8; HRMS (ESI-QTOF) m/z calcd for C28H24N3O3+ [M+H]+ 450.1812, found 450.1818. 

(S)-N-(Furan-2-ylmethyl)-2-([1,1′-biphenyl]-4-ylmethyl)-1-oxo-1,2,3,4-tetrahydropy-
razino[1,2-a]indole-3-carboxamide (1m). Compound 1m was synthesized according to the 
synthetic procedure given above, with a yield of 69%. 1H NMR (400 MHz, CDCl3) δ 7.74 
(dt, J = 8.0, 1.0 Hz, 1H), 7.50–7.47 (m, 2H), 7.47–7.43 (m, 2H), 7.43–7.39 (m, 2H), 7.38–7.36 
(m, 1H), 7.35–7.30 (m, 2H), 7.29 (d, J = 0.8 Hz, 1H), 7.22 (dd, J = 1.9, 0.8 Hz, 1H), 7.24–7.14 
(m, 1H), 7.02 (d, J = 8.5 Hz, 2H), 6.40 (t, J = 6.1 Hz, 1H, NH), 6.24 (d, J = 16.8 Hz, 1H), 6.19 
(dd, J = 3.2, 1.9 Hz, 1H), 5.95 (dd, J = 3.2, 0.9 Hz, 1H), 5.76 (d, J = 16.8 Hz, 1H), 4.87 (dd, J = 
11.0, 8.0 Hz, 1H), 4.62 (dd, J = 11.0, 8.7 Hz, 1H), 4.51 (dd, J = 8.7, 8.0 Hz, 1H), 4.28 (dd, J = 
15.6, 6.1 Hz, 1H), 3.97 (dd, J = 15.6, 6.1 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 171.7, 160.5, 
142.1, 140.5, 140.0, 139.7, 129.0, 128.9, 127.6, 127.5, 127.1, 127.0, 126.6, 126.2, 125.4, 125.2, 
122.5, 121.0, 110.5, 110.4, 109.7, 107.2, 69.5, 69.4, 48.0, 36.1; HRMS (ESI-QTOF) m/z calcd for 
C30H26N3O3+ [M+H]+ 476.1969, found 476.1977. 

4.1.3. General Procedure of N-Benzyl (S)-2-Arylmethyl-1-oxo-1,2,3,4-tetrahydropyra-
zino[1,2-a]indol-3-carboxamide (2a–m) 

To a solution of (S)-methyl 2-arylmethyl-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-a]-in-
dole-3-carboxylate (7a–m) (1.00 equiv.) in absolute methanol, benzylamine (5.00 equiv.) 
was added and stirred for 15h at r.t. After evaporation, the residue was purified by col-
umn chromatography (EtOAc/hexanes = 1:2). 

(S)-N-Benzyl-2-(3-nitrobenzyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-a]indole-3-car-
boxamide (2a). Compound 2a was synthesized according to the synthetic procedure given 
above, with a yield of 73%. 1H NMR (400 MHz, CDCl3) δ 7.91 (s, 1H), 7.86 (dt, J = 7.1, 2.3 
Hz, 1H), 7.74 (d, J = 7.9 Hz, 1H), 7.34–7.26 (m, 5H), 7.25–7.19 (m, 2H), 7.18–7.11 (m, 2H), 
7.09–7.04 (m, 2H), 6.33 (t, J = 6.3 Hz, 1H, NH), 6.19, 5.79 (ABq, J = 16.9 Hz, 2H), 4.90 (dd, J 
= 11.0, 8.4 Hz, 1H), 4.68 (dd, J = 11.0, 8.8 Hz, 1H), 4.57 (t, J = 8.6 Hz, 1H), 4.38 (dd, J = 15.0, 
6.4 Hz, 1H), 4.20 (dd, J = 15.0, 5.7 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 171.4, 160.5, 148.5, 
140.8, 139.4, 137.7, 131.8, 129.7, 128.8, 127.7, 127.5, 126.8, 125.6, 125.3, 122.8, 122.4, 121.4, 
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121.0, 110.3, 110.1, 69.59, 69.57, 47.7, 43.1; HRMS (ESI-QTOF) m/z calcd for C26H23N4O4+ 
[M+H]+ 455.1714, found 455.1719. 

(S)-N-Benzyl-2-(4-nitrobenzyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-a]indole-3-car-
boxamide (2b). Compound 2b was synthesized according to the synthetic procedure 
given above, with a yield of 52%. 1H NMR (400 MHz, CDCl3) δ 7.89 (d, J = 8.8 Hz, 2H), 
7.76–7.72 (m, 1H), 7.33–7.26 (m, 5H), 7.23–7.18 (m, 2H), 7.07–7.03 (m, 2H), 7.00 (d, J = 8.8 
Hz, 2H), 6.30–6.23 (m, 2H), 5.75 (d, J = 17.3 Hz, 1H), 4.89 (dd, J = 11.0, 8.4 Hz, 1H), 4.67 (dd, 
J = 11.0, 8.8 Hz, 1H), 4.56 (t, J = 8.6 Hz, 1H), 4.36 (dd, J = 15.0, 6.4 Hz, 1H), 4.16 (dd, J = 15.0, 
5.7 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 171.4, 160.4, 147.1, 146.0, 139.4, 137.6, 128.9, 
127.8, 127.3, 126.7, 126.5, 125.6, 125.2, 124.1, 122.8, 121.5, 110.2, 110.1, 69.58, 69.54, 47.8, 43.1; 
HRMS (ESI-QTOF) m/z calcd for C26H23N4O4+ [M+H]+ 455.1714, found 455.1717. 

(S)-N-Benzyl-2-(3-fluorobenzyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-a]indole-3-
carboxamide (2c). Compound 2c was synthesized according to the synthetic procedure 
given above, with a yield of 44%. 1H NMR (400 MHz, CDCl3) δ 7.72 (d, J = 8.0 Hz, 1H), 
7.32–7.24 (m, 6H), 7.18 (ddd, J = 7.9, 5.6, 2.3 Hz, 1H), 7.12–7.08 (m, 2H), 7.00 (td, J = 7.9, 5.8 
Hz, 1H), 6.74 (td, J = 8.2, 2.3 Hz, 1H), 6.69 (d, J = 7.7 Hz, 1H), 6.59 (d, J = 9.2 Hz, 1H), 6.41 
(t, J = 6.4 Hz, 1H, NH), 6.15, 5.69 (ABq, J = 16.8 Hz, 2H), 4.88 (dd, J = 10.9, 8.1 Hz, 1H), 4.64 
(dd, J = 10.9, 8.7 Hz, 1H), 4.52 (dd, J = 8.7, 8.1 Hz, 1H), 4.37 (dd, J = 15.0, 6.7 Hz, 1H), 4.12 
(dd, J = 15.0, 5.8 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 171.7, 163.2 (JFC = 247 Hz), 160.3, 
141.5 (JFC = 6.9 Hz), 139.5, 137.9, 130.3 (JFC = 8.2 Hz), 128.7, 127.5, 127.4, 126.6, 125.3 (JFC = 2.4 
Hz), 122.6, 121.2 (JFC = 2.6 Hz), 121.1, 114.1 (JFC = 21.1 Hz), 112.8 (JFC = 22.1 Hz), 110.2, 109.8, 
69.5, 69.5, 47.7, 42.9; HRMS (ESI-QTOF) m/z calcd for C26H23FN3O2+ [M+H]+ 428.1769, found 
428.1775. 

(S)-N-Benzyl-2-(4-fluorobenzyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-a]indole-3-
carboxamide (2d). Compound 2d was synthesized according to the synthetic procedure 
given above, with a yield of 67%. 1H NMR (400 MHz, CDCl3) δ 7.72 (dt, J = 8.0, 1.0 Hz, 1H), 
7.33–7.26 (m, 6H), 7.17 (ddd, J = 8.0, 5.2, 2.8 Hz, 1H), 7.14–7.10 (m, 2H), 6.87–6.81 (m, 2H), 
6.77–6.69 (m, 2H), 6.33 (d, J = 6.5 Hz, 1H, NH), 6.13, 5.62 (ABq, J = 16.6 Hz, 2H), 4.89 (dd, J 
= 10.9, 8.1 Hz, 1H), 4.64 (dd, J = 10.9, 8.7 Hz, 1H), 4.53 (dd, J = 8.7, 8.1 Hz, 1H), 4.38 (dd, J = 
15.0, 6.7 Hz, 1H), 4.11 (dd, J = 15.0, 5.7 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 171.7, 161.8 
(JFC = 245 Hz), 160.4, 139.6, 137.9 134.3 (JFC = 3.1 Hz), 128.8, 127.6, 127.5, 127.3 (JFC = 7.9 Hz), 
126.6, 125.3, 125.2, 122.6, 121.1, 115.7 (JFC = 21.5 Hz), 110.3, 109.8, 69.6, 69.5, 47.5, 43.0; HRMS 
(ESI-QTOF) m/z calcd for C26H23FN3O2+ [M+H]+ 428.1769, found 428.1778. 

(S)-N-Benzyl-2-(3-cyanobenzyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-a]indole-3-car-
boxamide (2e). Compound 2e was synthesized according to the synthetic procedure given 
above, with a yield of 67%. 1H NMR (400 MHz, CDCl3) δ 7.74 (d, J = 7.9 Hz, 1H), 7.35–7.26 
(m, 6H), 7.24–7.17 (m, 3H), 7.13–7.06 (m, 4H), 6.29 (t, J = 5.8 Hz, 1H, NH), 6.10, 5.75 (ABq, 
J = 16.9 Hz, 2H), 4.89 (dd, J = 11.0, 8.4 Hz, 1H), 4.66 (dd, J = 11.0, 8.7 Hz, 1H), 4.56 (t, J = 8.5 
Hz, 1H), 4.41 (dd, J = 15.1, 6.4 Hz, 1H), 4.20 (dd, J = 15.0, 5.7 Hz, 1H); 13C NMR (100 MHz, 
CDCl3) δ 171.4, 160.4, 140.2, 139.3, 137.7, 130.9, 130.1, 129.5, 129.2, 128.9, 127.7, 127.5, 126.7, 
125.5, 125.1, 122.8, 121.4, 118.6, 112.9, 110.2, 110.0, 69.52, 69.50, 47.5, 43.1; HRMS (ESI-
QTOF) m/z calcd for C27H23N4O2+ [M+H]+ 435.1816, found 435.1823. 

(S)-N-Benzyl-2-(4-cyanobenzyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-a]indole-3-car-
boxamide (2f). Compound 2f was synthesized according to the synthetic procedure given 
above, with a yield of 70%. 1H NMR (400 MHz, CDCl3) δ 7.73 (d, J = 7.9 Hz, 1H), 7.37–7.27 
(m, 5H), 7.24 (d, J = 8.6 Hz, 2H), 7.22–7.17 (m, 2H), 7.13 (dd, J = 7.7, 1.8 Hz, 2H), 6.93 (d, J = 
8.3 Hz, 2H), 6.25 (t, J = 6.1 Hz, 1H, NH), 6.20, 5.69 (ABq, J = 17.2 Hz, 2H), 4.88 (dd, J = 10.9, 
8.3 Hz, 1H), 4.65 (dd, J = 11.0, 8.8 Hz, 1H), 4.55 (t, J = 8.5 Hz, 1H), 4.39 (dd, J = 15.0, 6.4 Hz, 
1H), 4.15 (dd, J = 15.0, 5.6 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 171.4, 160.4, 144.1, 139.4, 
137.7, 132.6, 129.0, 127.8, 127.5, 126.6, 126.4, 125.5, 125.2, 122.7, 121.4, 118.6, 111.1, 110.1, 
110.0, 69.52, 69.49, 47.9, 43.1; HRMS (ESI-QTOF) m/z calcd for C27H23N4O2+ [M+H]+ 
435.1816, found 435.1821. 
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(S)-N-Benzyl-2-(4-trifluoromethylbenzyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-a]in-
dole-3-carboxamide (2g). Compound 2g was synthesized according to the synthetic pro-
cedure given above, with a yield of 72%. 1H NMR (400 MHz, CDCl3) δ 7.74 (d, J = 8.0 Hz, 
1H), 7.35 (d, J = 8.1 Hz, 2H), 7.33–7.26 (m, 5H), 7.26–7.23 (m, 1H), 7.19 (ddd, J = 7.9, 6.7, 1.1 
Hz, 1H), 7.14–7.10 (m, 2H), 7.00 (d, J = 8.0 Hz, 2H), 6.38 (t, J = 6.3 Hz, 1H, NH), 6.24, 5.73 
(ABq, J = 16.9 Hz, 2H), 4.89 (dd, J = 11.0, 8.3 Hz, 1H), 4.65 (dd, J = 11.0, 8.7 Hz, 1H), 4.55 (t, 
J = 8.5 Hz, 1H), 4.40 (dd, J = 15.1, 6.8 Hz, 1H), 4.07 (dd, J = 15.1, 5.6 Hz, 1H); 13C NMR (100 
MHz, CDCl3) δ 171.5, 160.4, 142.8 (JFC = 1.3 Hz), 139.5, 137.9, 129.5 (JFC = 32.5 Hz), 128.8, 
127.6, 127.4, 126.7, 126.2, 125.90 (JFC = 3.8 Hz), 125.4, 125.3, 124.1 (JFC = 272 Hz), 122.7, 121.3, 
110.2, 110.0, 69.6, 69.5, 47.9, 42.9; HRMS (ESI-QTOF) m/z calcd for C27H23F3N3O2+ [M+H]+ 
478.1737, found 478.1746. 

(S)-N-Benzyl-2-(3-trifluoromethoxybenzyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-
a]indole-3-carboxamide (2h). Compound 2h was synthesized according to the synthetic 
procedure given above, with a yield of 85%. 1H NMR (400 MHz, CDCl3) δ 7.73 (d, J = 8.0 
Hz, 1H), 7.34–7.26 (m, 6H), 7.19 (ddd, J = 8.0, 6.5, 1.4 Hz, 1H), 7.12–7.08 (m, 2H), 7.01 (t, J = 
7.9 Hz, 1H), 6.92 (d, J = 8.2 Hz, 1H), 6.84 (s, 1H), 6.76 (d, J = 7.6 Hz, 1H), 6.36 (t, J = 5.7 Hz, 
1H, NH), 6.13, 5.72 (ABq, J = 16.8 Hz, 2H), 4.88 (dd, J = 11.0, 8.3 Hz, 1H), 4.65 (dd, J = 11.0, 
8.7 Hz, 1H), 4.54 (t, J = 8.5 Hz, 1H), 4.37 (dd, J = 15.1, 6.6 Hz, 1H), 4.15 (dd, J = 15.1, 5.8 Hz, 
1H); 13C NMR (100 MHz, CDCl3) δ 171.6, 160.4, 149.7 (JFC = 1.7 Hz), 141.2, 139.5, 137.9, 130.2, 
128.8 127.6, 127.5, 126.6, 125.4, 125.3, 123.9, 122.6, 121.2, 120.5 (JFC = 258 Hz), 119.3 (JFC = 0.8 
Hz), 118.4 (JFC = 0.8 Hz), 110.2, 109.9, 69.6, 69.5, 47.8, 43.0; HRMS (ESI-QTOF) m/z calcd for 
C27H23F3N3O3+ [M+H]+ 494.1686, found 494.1699. 

(S)-N-Benzyl-2-(4-trifluoromethoxybenzyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-
a]indole-3-carboxamide (2i). Compound 2i was synthesized according to the synthetic 
procedure given above, with a yield of 70%. 1H NMR (400 MHz, CDCl3) δ 7.72 (d, J = 8.0 
Hz, 1H), 7.34–7.25 (m, 6H), 7.18 (t, J = 7.0 Hz, 1H), 7.14 (d, J = 6.9 Hz, 2H), 6.91 (m, 4H), 
6.42 (t, J = 6.5 Hz, 1H, NH), 6.15, 5.68 (ABq, J = 16.7 Hz, 2H), 4.90 (dd, J = 10.9, 8.2 Hz, 1H), 
4.65 (dd, J = 10.9, 8.7 Hz, 1H), 4.54 (t, J = 8.5 Hz, 1H), 4.41 (dd, J = 15.0, 6.7 Hz, 1H), 4.10 
(dd, J = 15.0, 5.6 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 171.6, 160.4, 148.2 (JFC = 1.8 Hz), 
139.5, 137.9, 137.3, 128.8, 127.6, 127.5, 127.2, 126.6, 125.3, 125.2, 122.61, 121.3 (JFC = 1.0 Hz), 
121.2, 120.5 (JFC = 257 Hz), 110.3, 109.9, 69.6, 69.2, 47.5, 43.0; HRMS (ESI-QTOF) m/z calcd 
for C27H23F3N3O3+ [M+H]+ 494.1686, found 494.1695. 

(S)-N-Benzyl-2-(3-methylbenzyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-a]indole-3-
carboxamide (2j). Compound 2j was synthesized according to the synthetic procedure 
given above, with a yield of 28%. 1H NMR (400 MHz, CDCl3) δ 7.73 (dt, J = 8.0, 1.0 Hz, 1H), 
7.33–7.23 (m, 6H), 7.18 (ddd, J = 8.0, 6.2, 1.8 Hz, 1H), 7.09–7.04 (m, 2H), 6.97 (t, J = 7.6 Hz, 
1H), 6.88 (d, J = 7.6 Hz, 1H), 6.73 (s, 1H), 6.66 (d, J = 7.6 Hz, 1H), 6.29 (t, J = 6.3 Hz, 1H, NH), 
6.16, 5.65 (ABq, J = 16.7 Hz, 2H), 4.87 (dd, J = 10.9, 7.8 Hz, 1H), 4.62 (dd, J = 10.9, 8.7 Hz, 
1H), 4.52 (dd, J = 8.7, 7.8 Hz, 1H), 4.30 (dd, J = 15.1, 6.9 Hz, 1H), 4.03 (dd, J = 15.1, 5.9 Hz, 
1H), 2.11 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 172.0, 160.4, 139.8, 138.8, 138.6, 138.2, 
128.68, 128.65, 127.9, 127.33, 127.26, 126.5, 126.2, 125.4, 125.1, 122.6, 122.5, 120.9, 110.4, 
109.5, 69.6, 69.5, 48.2, 42.9, 21.5; HRMS (ESI-QTOF) m/z calcd for C27H26N3O2+ [M+H]+ 
424.2020, found 424.2026. 

(S)-N-Benzyl-2-(4-methylbenzyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-a]indole-3-
carboxamide (2k). Compound 2k was synthesized according to the synthetic procedure 
given above, with a yield of 45%. 1H NMR (400 MHz, CDCl3) δ 7.72 (d, J = 8.1 Hz, 1H), 
7.35–7.24 (m, 6H), 7.17 (ddd, J = 7.9, 6.5, 1.3 Hz, 1H), 7.09–7.06 (m, 2H), 6.89 (d, J = 7.7 Hz, 
2H), 6.79 (d, J = 7.9 Hz, 2H), 6.39 (t, J = 6.4 Hz, 1H, NH), 6.17 (d, J = 16.5 Hz, 1H), 5.64 (d, J 
= 16.5 Hz, 1H), 4.88 (dd, J = 11.0, 7.9 Hz, 1H), 4.62 (dd, J = 11.0, 8.7 Hz, 1H), 4.51 (dd, J = 
8.7, 7.9 Hz, 1H), 4.33 (dd, J = 15.2, 6.8 Hz, 1H), 4.04 (dd, J = 15.2, 5.9 Hz, 1H), 2.16 (s, 3H); 
13C NMR (100 MHz, CDCl3) δ 171.9, 160.4, 139.7, 138.1, 136.7, 135.7, 129.6, 128.7, 127.4, 
127.2, 126.5, 125.6, 125.4, 125.1, 122.5, 120.9, 110.5, 109.5, 69.55, 69.56, 47.9, 42.8, 21.1; HRMS 
(ESI-QTOF) m/z calcd for C27H26N3O2+ [M+H]+ 424.2020, found 424.2021. 
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(S)-N-Benzyl-2-(naphthalen-1-ylmethyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-a]in-
dole-3-carboxamide (2l). Compound 2l was synthesized according to the synthetic proce-
dure given above, with a yield of 88%. 1H NMR (400 MHz, CDCl3) δ 7.77 (d, J = 8.0 Hz, 
1H), 7.70 (dd, J = 6.3, 2.8 Hz, 1H), 7.60 (d, J = 6.7 Hz, 1H), 7.57 (d, J = 9.0 Hz, 1H), 7.42–7.38 
(m, 2H), 7.38–7.35 (m, 1H), 7.33 (s, 1H), 7.31 (ddd, J = 8.4, 6.9, 1.2 Hz, 1H), 7.22 (d, J = 2.0 
Hz, 1H), 7.21–7.13 (m, 5H), 6.83–6.79 (m, 2H), 6.38 (d, J = 16.8 Hz, 1H), 6.16 (t, J = 6.2 Hz, 
1H, NH), 5.82 (d, J = 16.8 Hz, 1H), 4.85 (dd, J = 10.9, 7.9 Hz, 1H), 4.61 (dd, J = 10.9, 8.6 Hz, 
1H), 4.51 (dd, J = 8.6, 7.9 Hz, 1H), 4.00 (dd, J = 15.0, 7.0 Hz, 1H), 3.50 (dd, J = 15.0, 5.7 Hz, 
1H); 13C NMR (100 MHz, CDCl3) δ 171.8, 160.4, 139.8, 137.9, 136.3, 133.4, 132.5, 128.7, 128.5, 
127.8, 127.3, 127.21, 128.20, 126.60, 126.55, 126.0, 125.4, 125.2, 124.0, 123.9, 122.6, 121.0, 
110.4, 109.6, 69.52, 69.49, 48.4, 42.6; HRMS (ESI-QTOF) m/z calcd for C30H26N3O2+ [M+H]+ 
460.2020, found 460.2022. 

(S)-N-Benzyl-2-([1,1′-biphenyl]-4-ylmethyl)-1-oxo-1,2,3,4-tetrahydropyrazino[1,2-
a]indole-3-carboxamide (2m). Compound 2m was synthesized according to the synthetic 
procedure given above, with a yield of 50%. 1H NMR (400 MHz, CDCl3) δ 7.75 (d, J = 8.2 
Hz, 1H), 7.39 (d, J = 4.4 Hz, 4H), 7.37–7.33 (m, 2H), 7.33–7.30 (m, 4H), 7.23–7.16 (m, 4H), 
6.97 (d, J = 7.9 Hz, 2H), 6.96–6.93 (m, 2H), 6.39 (t, J = 6.4 Hz, 1H, NH), 6.26 (d, J = 16.7 Hz, 
1H), 5.71 (d, J = 16.7 Hz, 1H), 4.91 (dd, J = 10.9, 8.0 Hz, 1H), 4.64 (dd, J = 10.9, 8.8 Hz, 1H), 
4.54 (t, J = 8.4 Hz, 1H), 4.29 (dd, J = 15.2, 6.9 Hz, 1H), 3.94 (dd, J = 15.2, 5.7 Hz, 1H); 13C 
NMR (100 MHz, CDCl3) δ 171.9, 160.4, 140.3, 140.0, 139.7, 138.0, 137.8, 128.9, 128.6, 127.54, 
127.49, 127.3, 127.1, 127.0, 126.6, 126.2, 125.4, 125.2, 122.6, 121.0, 110.4, 109.7, 69.56, 69.57, 
48.0, 42.8; HRMS (ESI-QTOF) m/z calcd for C32H28N3O2+ [M+H]+ 486.2176, found 486.2179. 

4.2. Cell Culture 
Human breast cancer cell lines, MCF-7 and MDA-MB-468, were purchased from 

American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were cultured in 
RPMI1640 (Capricorn scientific, Ebsdorfergrund, Germany) containing 10% fetal bovine 
serum (FBS, Hyclone, Logan, UT, USA), 100 U/mL penicillin and 100 μg/mL streptomycin 
(GenDEPOT, Barker, TX, USB) at 37 °C in a humidified incubator with 5% CO2. 

4.3. Cell Viability Assays 
Cells were plated into 96 well plates at a density of 7 × 103 (MCF-7), 9 × 103 (MDA-

MB-468) cells per well and incubated for 24 h at 37 °C in a CO2 incubator. Furthermore, 
cells were treated with various concentrations of each compound that contained gefitinib 
(MedKoo Biosciences, CHAPEL Hill, NC, USA) and incubated for 48 h. To determine cell 
viability, 3-(4,5-dimethylthiazol)-2,5-diphenyltetrazolium bromide (MTT, USB, Cleve-
land, OH, USA) solution was added to each well and incubated 37 °C for 1 h. After cells 
were dissolved in dimethyl sulfoxide (DMSO), absorbance per well was measured at 540 
nm using the MULTISKAN GO reader (Thermo Scientific, Waltham, MA, USA). The re-
sults are expressed as a percentage (%) of the control cell viability. 

4.4. Protein Extraction and Western Blotting Analysis 
Cells were plated in 6 well plate and treated with 10 μM of each compound. The cells 

were lysed with ice-cold RIPA buffer (Thermo Scientific, Waltham, MA, USA) and protein 
concentration was quantified using the BCA reagents (Thermo scientific, Sunnyvale, CA, 
USA). Equal amounts of protein samples were separated by SDS-PAGE using 10% poly-
acrylamide gel and then transferred onto a polyvinylidene difluoride (PVDF) membrane 
(Millipore, Billerica, MA, USA). The membranes were incubated with primary antibodies 
(dilution 1:5000): anti-phospho-ERK, anti-ERK, anti-phospho-Akt(Ser473), anti-phospho-
Akt(Thr308), anti-Akt (Cell signaling, Danvers, MA, USA); anti-GAPDH (Santa Cruz Bio-
techonology, Dallas, TX, USA). The antigens and antibodies were detected using a West-
ern Bright ECL HRP substrate kit (Advansta, Menlo Park, CA, USA). 
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4.5. Flow Cytometric Analysis with Annexin V and Propidium Iodide 
Apoptotic and live cells were determined by fluorescence-activated cell sorting 

(FACS) analysis according to the instructions provided with the annexin V-FITC Apopto-
sis Detection Kit (BD Biosciences, Bedford, MA, USA). Gefitinib and compounds 2b, 2f 
and 2i were treated for 24 h and harvested, trypsinized, washed with cold PBS, and resus-
pended in 1X binding buffer. The stained cells by annexin V-FITC and propidium iodide 
(PI) were analyzed using the Becton Dickinson FACSscan flow cytometer (BD Biosciences, 
San Jose, CA, USA) and BD FACSDiva software (BD Biosciences, San Jose, CA, USA). 

4.6. Kinase assay 
In vitro assay of the 18 kinases was performed at Reaction Biology Corporation. Ki-

nase and substrate pairs, along with the required cofactors, were prepared in base reaction 
buffer: 20 mM Hepes pH 7.5, 10 mM MgCl2, 1 mM EGTA, 0.02% Brij35, 0.02 mg/mL BSA, 
0.1 mM Na3VO4, 2 mM DTT, 1% DMSO. Compounds in 100% DMSO were delivered into 
the kinase reaction mixture by Acoustic technology (Labcyte® Echo550; nanoliter range), 
followed 20 min later by the addition of a mixture of 33P-ATP (PerkinElmer, Shelton, CT, 
USA; 10 μCi/μL) to a concentration of 10 μM. Reactions were carried out at 25 °C for 120 
min, followed by spotting of the reactions onto Whatman® P81 ion exchange filter paper. 
Unbound phosphate was removed by extensive washing of filters in 0.75% phosphoric 
acid. After the subtraction of background derived from the control reactions containing 
inactive enzyme, kinase activity data were expressed as the percentages of remaining ki-
nase activity in test samples compared to vehicle (DMSO) reactions. 

5. Patents 
“Pyrazinoindolone derivatives”. Korean patent, KR2271065, June 2021. 

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/ph14100974/s1, Figures S1–S39: 1H and 13C NMR specta of componds 7a–m, 2a–m, and 
1a–m. 

Author Contributions: Conceptualization, Y.-S.J. and J.-H.K.; methodology, Y.-M.K. and S.H.K.; 
validation, Y.-M.K. and S.H.K.; formal analysis, Y.-M.K. and S.H.K.; investigation, Y.-M.K. and 
S.H.K.; data curation, Y.-M.K. and S.H.K.; writing—original draft preparation, Y.-M.K., S.H.K., Y.-
S.J. and J.-H.K.; writing—review and editing, Y.-S.J. and J.-H.K.; visualization, Y.-S.J. and J.-H.K.; 
supervision, Y.-S.J. and J.-H.K.; project administration, Y.-S.J. and J.-H.K.; funding acquisition, Y.-
S.J. and J.-H.K. All authors have read and agreed to the published version of the manuscript. 

Funding: This research was funded by a National Research Foundation of Korea (NRF) grant 
funded by the Korean government (MSIT) (grant number: NRF-2018R1C1B6002503 and NRF-
2018M3A7B4071233). 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The data presented in this study are available in this article or associ-
ated supplementary material. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 
1. Martinez Andrade, K.A.; Lauritano, C.; Romano, G.; Ianora, A. Marine Microalgae with Anti-Cancer Properties. Mar. Drugs 

2018, 16, 165, doi:10.3390/md16050165. 
2. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN 

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249, 
doi:10.3322/caac.21660. 

3. Ballinger, T.J.; Meier, J.B.; Jansen, V.M. Current Landscape of Targeted Therapies for Hormone-Receptor Positive, HER2 
Negative Metastatic Breast Cancer. Front. Oncol. 2018, 8, 308, doi:10.3389/fonc.2018.00308. 

4. Blume-Jensen, P.; Hunter, T. Oncogenic kinase signalling. Nature 2001, 411, 355–365, doi:10.1038/35077225. 



Pharmaceuticals 2021, 14, 974 21 of 22 
 

 

5. El Sayed, R.; El Jamal, L.; El Iskandarani, S.; Kort, J.; Abdel Salam, M.; Assi, H. Endocrine and Targeted Therapy for Hormone-
Receptor-Positive, HER2-Negative Advanced Breast Cancer: Insights to Sequencing Treatment and Overcoming Resistance 
Based on Clinical Trials. Front. Oncol. 2019, 9, 510, doi:10.3389/fonc.2019.00510. 

6. Gross, S.; Rahal, R.; Stransky, N.; Lengauer, C.; Hoeflich, K.P. Targeting cancer with kinase inhibitors. J. Clin. Investig. 2015, 125, 
1780–1789, doi:10.1172/JCI76094. 

7. de Mello, R.A.; Neves, N.M.; Tadokoro, H.; Amaral, G.A.; Castelo-Branco, P.; Zia, V.A.A. New Target Therapies in Advanced 
Non-Small Cell Lung Cancer: A Review of the Literature and Future Perspectives. J. Clin. Med. 2020, 9, 3543, 
doi:10.3390/jcm9113543. 

8. Griffin, R.; Ramirez, R.A. Molecular Targets in Non-Small Cell Lung Cancer. Ochsner J. 2017, 17, 388–392. 
9. Yuan, M.; Huang, L.L.; Chen, J.H.; Wu, J.; Xu, Q. The emerging treatment landscape of targeted therapy in non-small-cell lung 

cancer. Signal Transduct. Target. Ther. 2019, 4, 61, doi:10.1038/s41392-019-0099-9. 
10. Liang, X.; Wu, P.; Yang, Q.; Xie, Y.; He, C.; Yin, L.; Yin, Z.; Yue, G.; Zou, Y.; Li, L.; et al. An update of new small-molecule 

anticancer drugs approved from 2015 to 2020. Eur. J. Med. Chem. 2021, 220, 113473, doi:10.1016/j.ejmech.2021.113473. 
11. Lin, X.; Lu, X.; Luo, G.; Xiang, H. Progress in PD-1/PD-L1 pathway inhibitors: From biomacromolecules to small molecules. Eur. 

J. Med. Chem. 2020, 186, 111876, doi:10.1016/j.ejmech.2019.111876. 
12. Vokes, E.E.; Chu, E. Anti-EGFR therapies: Clinical experience in colorectal, lung, and head and neck cancers. Oncology 2006, 20, 

15–25. 
13. Ayati, A.; Moghimi, S.; Toolabi, M.; Foroumadi, A. Pyrimidine-based EGFR TK inhibitors in targeted cancer therapy. Eur. J. 

Med. Chem. 2021, 221, 113523, doi:10.1016/j.ejmech.2021.113523. 
14. Liu, T.; Song, S.; Wang, X.; Hao, J. Small-molecule inhibitors of breast cancer-related targets: Potential therapeutic agents for 

breast cancer. Eur. J. Med. Chem. 2021, 210, 112954, doi:10.1016/j.ejmech.2020.112954. 
15. Anders, C.K.; Abramson, V.; Tan, T.; Dent, R. The Evolution of Triple-Negative Breast Cancer: From Biology to Novel 

Therapeutics. Am. Soc. Clin. Oncol. Educ. Book 2016, 35, 34–42, doi:10.1200/EDBK_159135. 
16. Islam, R.; Lam, K.W. Recent progress in small molecule agents for the targeted therapy of triple-negative breast cancer. Eur. J. 

Med. Chem. 2020, 207, 112812, doi:10.1016/j.ejmech.2020.112812. 
17. Brunello, A.; Borgato, L.; Basso, U.; Lumachi, F.; Zagonel, V. Targeted approaches to triple-negative breast cancer: Current 

practice and future directions. Curr. Med. Chem. 2013, 20, 605–612, doi:10.2174/092986713804999321. 
18. Si, Y.; Xu, Y.; Guan, J.; Chen, K.; Kim, S.; Yang, E.S.; Zhou, L.; Liu, X.M. Anti-EGFR antibody-drug conjugate for triple-negative 

breast cancer therapy. Eng. Life Sci. 2021, 21, 37–44, doi:10.1002/elsc.202000027. 
19. Nakai, K.; Hung, M.C.; Yamaguchi, H. A perspective on anti-EGFR therapies targeting triple-negative breast cancer. Am. J. 

Cancer Res. 2016, 6, 1609–1623. 
20. Wykosky, J.; Fenton, T.; Furnari, F.; Cavenee, W.K. Therapeutic targeting of epidermal growth factor receptor in human cancer: 

Successes and limitations. Chin. J. Cancer 2011, 30, 5–12, doi:10.5732/cjc.010.10542. 
21. Liu, Q.; Yu, S.; Zhao, W.; Qin, S.; Chu, Q.; Wu, K. EGFR-TKIs resistance via EGFR-independent signaling pathways. Mol. Cancer 

2018, 17, 53, doi:10.1186/s12943-018-0793-1. 
22. Huang, L.; Fu, L. Mechanisms of resistance to EGFR tyrosine kinase inhibitors. Acta Pharm. Sin. B 2015, 5, 390–401, 

doi:10.1016/j.apsb.2015.07.001. 
23. Husain, H.; Scur, M.; Murtuza, A.; Bui, N.; Woodward, B.; Kurzrock, R. Strategies to Overcome Bypass Mechanisms Mediating 

Clinical Resistance to EGFR Tyrosine Kinase Inhibition in Lung Cancer. Mol. Cancer Ther. 2017, 16, 265–272, doi:10.1158/1535-
7163.MCT-16-0105. 

24. Yu, H.A.; Riely, G.J. Second-generation epidermal growth factor receptor tyrosine kinase inhibitors in lung cancers. J. Natl. 
Compr. Canc. Netw. 2013, 11, 161–169, doi:10.6004/jnccn.2013.0024. 

25. Liao, B.C.; Lin, C.C.; Yang, J.C. Second and third-generation epidermal growth factor receptor tyrosine kinase inhibitors in 
advanced nonsmall cell lung cancer. Curr. Opin. Oncol. 2015, 27, 94–101, doi:10.1097/CCO.0000000000000164. 

26. Tan, A.C. Targeting the PI3K/Akt/mTOR pathway in non-small cell lung cancer (NSCLC). Thorac. Cancer 2020, 11, 511–518, 
doi:10.1111/1759-7714.13328. 

27. Tong, C.W.S.; Wu, W.K.K.; Loong, H.H.F.; Cho, W.C.S.; To, K.K.W. Drug combination approach to overcome resistance to EGFR 
tyrosine kinase inhibitors in lung cancer. Cancer Lett. 2017, 405, 100–110, doi:10.1016/j.canlet.2017.07.023. 

28. Eichhorn, P.J.; Gili, M.; Scaltriti, M.; Serra, V.; Guzman, M.; Nijkamp, W.; Beijersbergen, R.L.; Valero, V.; Seoane, J.; Bernards, 
R.; et al. Phosphatidylinositol 3-kinase hyperactivation results in lapatinib resistance that is reversed by the 
mTOR/phosphatidylinositol 3-kinase inhibitor NVP-BEZ235. Cancer Res. 2008, 68, 9221–9230, doi:10.1158/0008-5472.CAN-08-
1740. 

29. Hu, H.; Zhu, J.; Zhong, Y.; Geng, R.; Ji, Y.; Guan, Q.; Hong, C.; Wei, Y.; Min, N.; Qi, A.; et al. PIK3CA mutation confers resistance 
to chemotherapy in triple-negative breast cancer by inhibiting apoptosis and activating the PI3K/AKT/mTOR signaling 
pathway. Ann. Transl. Med. 2021, 9, 410, doi:10.21037/atm-21-698. 

30. Dong, C.; Wu, J.; Chen, Y.; Nie, J.; Chen, C. Activation of PI3K/AKT/mTOR Pathway Causes Drug Resistance in Breast Cancer. 
Front. Pharmacol. 2021, 12, 628690, doi:10.3389/fphar.2021.628690. 

31. Yi, Y.W.; Hong, W.; Kang, H.J.; Kim, H.J.; Zhao, W.; Wang, A.; Seong, Y.S.; Bae, I. Inhibition of the PI3K/AKT pathway 
potentiates cytotoxicity of EGFR kinase inhibitors in triple-negative breast cancer cells. J. Cell. Mol. Med. 2013, 17, 648–656, 
doi:10.1111/jcmm.12046. 



Pharmaceuticals 2021, 14, 974 22 of 22 
 

 

32. Chavez, K.J.; Garimella, S.V.; Lipkowitz, S. Triple negative breast cancer cell lines: One tool in the search for better treatment of 
triple negative breast cancer. Breast Dis. 2010, 32, 35–48, doi:10.3233/BD-2010-0307. 

33. Chen, M.L.; Xu, P.Z.; Peng, X.D.; Chen, W.S.; Guzman, G.; Yang, X.; Di Cristofano, A.; Pandolfi, P.P.; Hay, N. The deficiency of 
Akt1 is sufficient to suppress tumor development in Pten+/- mice. Genes Dev. 2006, 20, 1569–1574, doi:10.1101/gad.1395006. 

34. DeGraffenried, L.A.; Fulcher, L.; Friedrichs, W.E.; Grunwald, V.; Ray, R.B.; Hidalgo, M. Reduced PTEN expression in breast 
cancer cells confers susceptibility to inhibitors of the PI3 kinase/Akt pathway. Ann. Oncol. 2004, 15, 1510–1516, 
doi:10.1093/annonc/mdh388. 

35. Chen, C.Y.; Chen, J.; He, L.; Stiles, B.L. PTEN: Tumor Suppressor and Metabolic Regulator. Front. Endocrinol. (Lausanne) 2018, 9, 
338, doi:10.3389/fendo.2018.00338. 

36. Dillon, L.M.; Miller, T.W. Therapeutic targeting of cancers with loss of PTEN function. Curr. Drug Targets 2014, 15, 65–79, 
doi:10.2174/1389450114666140106100909. 

37. Ni, J.; Zhou, L.L.; Ding, L.; Zhao, X.; Cao, H.; Fan, F.; Li, H.; Lou, R.; Du, Y.; Dong, S.; et al. PPARgamma agonist efatutazone 
and gefitinib synergistically inhibit the proliferation of EGFR-TKI-resistant lung adenocarcinoma cells via the 
PPARgamma/PTEN/Akt pathway. Exp. Cell Res. 2017, 361, 246–256, doi:10.1016/j.yexcr.2017.10.024. 

38. She, Q.B.; Gruvberger-Saal, S.K.; Maurer, M.; Chen, Y.; Jumppanen, M.; Su, T.; Dendy, M.; Lau, Y.K.; Memeo, L.; Horlings, H.M.; 
et al. Integrated molecular pathway analysis informs a synergistic combination therapy targeting PTEN/PI3K and EGFR 
pathways for basal-like breast cancer. BMC Cancer 2016, 16, 587, doi:10.1186/s12885-016-2609-2. 

39. Verma, N.; Muller, A.K.; Kothari, C.; Panayotopoulou, E.; Kedan, A.; Selitrennik, M.; Mills, G.B.; Nguyen, L.K.; Shin, S.; Karn, 
T.; et al. Targeting of PYK2 Synergizes with EGFR Antagonists in Basal-like TNBC and Circumvents HER3-Associated 
Resistance via the NEDD4-NDRG1 Axis. Cancer Res. 2017, 77, 86–99, doi:10.1158/0008-5472.CAN-16-1797. 

40. Kim, Y.J.; Pyo, J.S.; Jung, Y.S.; Kwak, J.H. Design, synthesis, and biological evaluation of novel 1-oxo-1,2,3,4-
tetrahydropyrazino[1,2-a]indole-3-carboxamide analogs in MCF-7 and MDA-MB-468 breast cancer cell lines. Bioorg. Med. Chem. 
Lett. 2017, 27, 607–611, doi:10.1016/j.bmcl.2016.12.006. 

41. Leary, M.; Heerboth, S.; Lapinska, K.; Sarkar, S. Sensitization of Drug Resistant Cancer Cells: A Matter of Combination Therapy. 
Cancers 2018, 10, 483, doi:10.3390/cancers10120483. 

42. Pritchard, J.R.; Lauffenburger, D.A.; Hemann, M.T. Understanding resistance to combination chemotherapy. Drug Resist. Updat. 
2012, 15, 249–257, doi:10.1016/j.drup.2012.10.003. 

43. Fang, W.; Huang, Y.; Gu, W.; Gan, J.; Wang, W.; Zhang, S.; Wang, K.; Zhan, J.; Yang, Y.; Huang, Y.; et al. PI3K-AKT-mTOR 
pathway alterations in advanced NSCLC patients after progression on EGFR-TKI and clinical response to EGFR-TKI plus 
everolimus combination therapy. Transl. Lung Cancer Res. 2020, 9, 1258–1267, doi:10.21037/tlcr-20-141. 

44. Chou, T.C.; Talalay, P. Quantitative analysis of dose-effect relationships: The combined effects of multiple drugs or enzyme 
inhibitors. Adv. Enzyme Regul. 1984, 22, 27–55, doi:10.1016/0065-2571(84)90007-4. 

45. Hemmings, B.A.; Restuccia, D.F. PI3K-PKB/Akt pathway. Cold Spring Harb. Perspect. Biol. 2012, 4, a011189, 
doi:10.1101/cshperspect.a011189. 

46. Xie, X.; Zhang, D.; Zhao, B.; Lu, M.K.; You, M.; Condorelli, G.; Wang, C.Y.; Guan, K.L. IkappaB kinase epsilon and TANK-
binding kinase 1 activate AKT by direct phosphorylation. Proc. Natl. Acad. Sci. USA 2011, 108, 6474–6479, 
doi:10.1073/pnas.1016132108. 

47. Vivanco, I.; Sawyers, C.L. The phosphatidylinositol 3-Kinase AKT pathway in human cancer. Nat. Rev. Cancer 2002, 2, 489–501, 
doi:10.1038/nrc839. 

48. Ni, J.; Liu, Q.; Xie, S.; Carlson, C.; Von, T.; Vogel, K.; Riddle, S.; Benes, C.; Eck, M.; Roberts, T.; et al. Functional characterization 
of an isoform-selective inhibitor of PI3K-p110beta as a potential anticancer agent. Cancer Discov. 2012, 2, 425–433, 
doi:10.1158/2159-8290.CD-12-0003. 

49. Wee, S.; Wiederschain, D.; Maira, S.M.; Loo, A.; Miller, C.; deBeaumont, R.; Stegmeier, F.; Yao, Y.M.; Lengauer, C. PTEN-
deficient cancers depend on PIK3CB. Proc. Natl. Acad. Sci. USA 2008, 105, 13057–13062, doi:10.1073/pnas.0802655105. 

50. Zecchin, D.; Moore, C.; Michailidis, F.; Horswell, S.; Rana, S.; Howell, M.; Downward, J. Combined targeting of G protein-
coupled receptor and EGF receptor signaling overcomes resistance to PI3K pathway inhibitors in PTEN-null triple negative 
breast cancer. EMBO Mol. Med. 2020, 12, e11987, doi:10.15252/emmm.202011987. 

 


