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A B S T R A C T

Proteolysis-targeting chimera (PROTACs) represents a promising modality that has gained significant attention 
for cancer treatment. Using PROTAC technology, we synthesized novel structurally modified paullone-based 
PROTACs using Cereblon (CRBN) and Von Hippel–Lindau (VHL) E3 ligands. Compared with standard Doxoru-
bicin, PROTAC 23a significantly inhibited the growth of MCF-7 breast cancer cells (IC50 = 0.10 µM) and A549 
lung cancer cells (IC50 = 0.12 µM). The degradation efficiency of these new PROTACs was assessed by immu-
noblotting assays in MCF-7 cells. Western blotting results revealed that PROTAC 23a degrades cyclin-dependent 
kinase 1 (CDK1) at concentrations ranging from 5.5 to 16 µM, leading to anticancer effects. Molecular docking 
was used to confirm the affinity of active PROTAC 23a for the CDK1 binding site. Our findings demonstrated the 
importance of paullone-based PROTACs as CDK1 degraders, which might be exploited to identify more effective 
clinical candidates for breast and lung cancer treatment.

1. Introduction

Cancer is the second most significant cause of death worldwide, ac-
counting for roughly one out of every six deaths [1]. Despite break-
throughs in cancer detection and therapy, the prognosis remains poor 
due to the evolution of drug resistance, indicating the need for new 
therapeutic regimens for effective disease management [2–14]. Cell 
cycle dysregulation is a hallmark of malignancies, resulting in dysre-
gulated cell proliferation and, eventually, tumour development [15]. 
Cyclin-dependent kinases (CDKs) that promote transition through the 
cell cycle were attractive targets for the development of cancer thera-
peutics [16–19]. CDKs play a key role in the progression of the cell cycle 
through its four distinct phases (G1, S, G2 and M) is dependent on the 
integration of extra- and intracellular signals [20,21]. Several selective 
inhibitors or pan-inhibitors of CDK have been produced over the past 
decades [22–28]. In particular, CDK1 emerged as a key determinant of 

mitotic progression. The entry into mitosis is controlled by the cyclin 
B/CDK1 complex [29]. Furthermore, CDK1 over expression has been 
detected in breast cancer, esophageal adenocarcinoma, gastric cancer, 
ovarian cancer, and liver cancer [30]. CDK1 dysregulation in cancer is 
more relevant than other kinases since it is the universal master kinase 
that has been conserved from yeast to humans. CDK1 deregulation leads 
to aggressive tumour growth, genomic instability, and increased cell 
proliferation [31]. Inhibition of the expression and activation of CDK1 
effectively suppresses oncogenic cell function in many cancer types. As a 
result, there is an urgent need to identify therapeutic drugs that selec-
tively target CDK1 in cancer cells.

PROTAC technology has been employed in recent years to stimulate 
protein degradation by targeting specific sites with connected small 
molecules [32]. Over the last decade, the use of a PROTAC method has 
reduced medication resistance [33] and improved the prognosis of 
cancer patients [34]. PROTAC has various advantages over traditional 
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pharmaceuticals, including the ability to degrade non-druggable targets 
without requiring binding to the target protein’s active region to exert 
its effects. Despite advances in PROTAC technology [35–39], the syn-
thesis of PROTACs still represents a significant burden and new syn-
thetic methodologies are needed. Targeting CDK1 using the PROTAC 
strategy is a promising approach, given the role of CDK1 in cancer [40].

Paullones (7,12-dihydro-5H-indolo[3,2-d][1]benzazepin-6-one) a 
group of ATP-competitive represent a class of small molecule CDK1 in-
hibitors [41,42]. Several paullone analogues have been designed and 
synthesized, hoping to develop more efficient anticancer drugs with 
either improved CDK targeting or binding affinity [43–49]. Notably, 
small molecule paullone derivatives targeting CDK1 have already been 
studied [50,51]. However targeting CDK1 using the paullone-based 
PROTACs is not reported. Thus, for cancer treatment, we aimed to 
develop paullone-based PROTACs that target CDK1 with significantly 
greater specificity than the original CDK1 inhibitors.

2. Rational design

PROTACs comprise of three essential components the ligand for the 
target protein, the ligand for the E3 ligase, and the linker that connects 
these two components. These hetero bifunctional molecules bind to an 
E3 ligase and target protein of interest (POI), to form a ternary complex 
that leads to target ubiquitination and subsequent proteasomal degra-
dation (Fig. 1) [52]. To our knowledge, no report has been published on 
the development of paullone based PROTACs targeting the CDK1 pro-
tein. This study, used CRBN and VHL E3 ligands because both have been 
widely adopted in various PROTACs [53–57]. PROTACs were designed 
by connecting paullone with CRBN and VHL ligands through various 
linkers (Fig. 1). Linkers of different lengths and chemical nature such as 
linear aliphatic and polyethylene glycol chains and aromatic substituted 
polyethylene glycol chains have been investigated.

3. Materials and methods

3.1. Chemistry

All reactions were carried out under an argon atmosphere with 
dehydrated solvents under anhydrous conditions unless otherwise 
noted. Reagents were obtained from commercial suppliers unless 
otherwise noted. All the heating reactions were carried out by using an 
oil bath. Reactions were monitored by thin-layer chromatography (TLC) 
carried out on silica gel 70 F254 glass plates (Wako; 0.25 mm thickness) 
with visualization by UV light (254 nm) or by staining with p-ani-
saldehyde or phosphomolybdic acid. Column chromatography was 

performed on Teledyne combi flash isco chromatograph Chromatorex 
PSQ 100B (Fuji Silysia; Redisef, spherical, neutral, 40–63 μm, 100 μm). 
High-performance liquid chromatography (HPLC) was performed on a 
JASCO PU-2089 Plus quaternary gradient pump with a JASCO UV-2075 
Plus Intelligent UV/VIS detector using a Kinetex 5u C18 100A AXIA 
column (5 μm, 250 mm × 21.2 mm). The flow rate for HPLC was 8.0 mL/ 
min with 70 % MeCN/H2O. UV detection was performed at 366 nm.

3.1.1. General procedure for the synthesis of PROTACs 14a-e
To a stirred solution of 6-oxo-5,6,7,12-tetrahydrobenzo[2,3]azepino 

[4,5-b]indole-9-carboxylic acid 8 (1.1 eq) in dimethylformamide (DMF) 
(5.0 mL) were added hexafluorophosphate azabenzotriazole tetramethyl 
uranium (HATU) (1.5 eq), N,N-diisopropylethylamine (DIPEA) (6.0 eq) 
and 13a-e (1.0 eq). Then the resulting reaction mixture was stirred at RT 
for 12 h. Progress of the reaction was monitored by TLC. After 
completion of reaction the reaction mixture was diluted with chilled 
water (50 mL). The precipitated solid was filtered and washed with 
water (20 mL), dried under reduced pressure to get a crude compound. 
The obtained crude was purified by combiflash chromatography (4 g 
silica gel column; gradient elusion 6 % MeOH in DCM) to afford the 
desired PROTACs 14a-e.

3.1.2. N-(7-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl) 
amino)-7-oxoheptyl)-6-oxo-5,6,7,12-tetrahydrobenzo[2,3]azepino[4,5-b] 
indole-9-carboxamide (14a)

Yield: 20 %; 1H NMR (400 MHz, DMSO-d6, ppm): δ 11.84 (s, 1H), 
11.16 (s, 1H), 10.15 (s, 1H), 9.72 (s, 1H), 8.49–8.45 (m, 1H), 8.40–8.37 
(m, 1H), 8.26 (bs, 1H), 7.82 (t, J = 7.6 Hz,1H), 7.76–7.70 (m, 2H), 
7.61–7.59 (m, 1H), 7.45–7.37 (m, 2H), 7.31–7.25 (m, 2H), 5.16–5.12 
(m, 1H), 3.54 (s, 2H), 3.32–3.24 (m, 3H), 2.89–2.85 (m, 1H), 2.67–2.57 
(m, 2H), 2.48–2.46 (m, 1H), 2.08–2.04 (m, 1H), 1.65–1.55 (m, 4H), 
1.39–1.23 (m, 4H); 13C NMR (100 MHz, CDCl3, ppm): δ 172.87, 172.13, 
171.76, 171.62, 171.54, 169.89, 167.97, 167.71, 167.56, 166.87, 
166.75, 138.95, 138.85, 138.72, 136.57, 136.16, 133.71, 133.61, 
131.50, 128.38, 126.95, 126.44, 125.99, 125.87, 123.84, 122.59, 
122.41, 121.91, 118.38, 117.48, 117.12, 111.01, 108.46, 48.94, 31.68, 
30.97, 29.24, 28.40, 26.39, 24.84, 22.03; LCMS: m/z = 675.30 [M+H]+; 
HR-ESIMS: m/z: 674.9773 calcd for C37H34N6O7+H+ (674.7140); HPLC 
purity 95.66 %.

3.1.3. N-(10-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl) 
amino)-10-oxodecyl)-6-oxo-5,6,7,12-tetrahydrobenzo[2,3]azepino[4,5-b] 
indole-9-carboxamide (14b)

Yield: 16.6 %; 1H NMR (400 MHz, DMSO-d6, ppm): δ 11.83 (s, 1H), 
11.16 (s, 1H), 10.15 (s, 1H), 9.69 (s, 1H), 8.46 (d, J = 8.40 Hz, 1H), 8.37 

Fig. 1. PROTAC induced degradation and rationally designed paullone PROTACs.
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(t, J = 5.6 Hz, 1H), 8.26–8.23 (m, 1H), 7.82 (t, J = 5.6 Hz, 1H), 
7.76–7.70 (m, 2H), 7.60 (d, J = 7.6 Hz, 1H), 7.44 (d, J = 8.4 Hz, 1H), 
7.41–7.37 (m, 1H), 7.30–7.25 (m, 2H), 5.17–5.12 (m, 1H), 3.54 (s, 2H), 
3.30–3.25 (m, 2H), 2.90–2.85 (m, 1H), 2.67–2.57 (m, 2H), 2.47–2.33 
(m, 3H), 2.08–2.04 (m, 1H), 1.63–1.53 (m, 4H), 1.31 (bs, 9H); 13C NMR 
(400 MHz, DMSO-d6, ppm): δ 172.82, 172.06, 171.55, 169.849, 166.71, 
136.11, 135.55, 136.65, 128.29, 126.91, 126.34, 125.95, 122.53, 
122.35, 121.88, 118.30, 117.41, 110.90, 108.40, 48.88, 40.51, 40.39, 
36.51, 30.94, 29.33, 28.90, 28.81, 28.75, 28.52, 26.58, 24.81; LCMS: m/ 
z = 717.25 [M+H]+, HR-ESIMS: m/z, 716.9055 calcd for 
C40H40N6O7+H+ (716.7950); HPLC purity 99.04 %.

3.1.4. N-(11-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl) 
amino)-11-oxoundecyl)-6-oxo-5,6,7,12-tetrahydrobenzo[2,3]azepino[4,5- 
b]indole-9-carboxamide (14c)

Yield: 21.4 %; 1H NMR (400 MHz, DMSO-d6, ppm): δ 11.83 (s, 1H), 
11.15 (s, 1H), 10.14 (s, 1H), 9.69 (s, 1H), 8.46 (d, J = 8.46, Hz, 1H), 8.36 
(t, J = 5.20, Hz, 1H), 8.26 (bs, 1H), 7.84–7.80 (m, 1H), 7.76–7.71 (m, 
2H), 7.60 (d, J = 7.60, Hz, 1H), 7.44 (d, J = 8.4, Hz, 1H), 7.39–7.37 (m, 
1H), 7.30–7.25 (m, 2H), 5.16–5.12 (m, 1H), 3.55 (s, 2H), 3.30–3.25 (m, 
2H), 2.90–2.85 (m, 1H), 2.67–2.58 (m, 2H), 2.46–2.33 (m, 3H), 
2.07–2.06 (m, 1H), 1.63–1.53 (m, 4H), 1.30–1.22 (m, 11H); 13C NMR 
(400 MHz, DMSO-d6, ppm): δ 172.80, 172.06, 171.55, 169.78, 166.69, 
136.34, 136.10, 135.55, 128.03, 126.33, 123.75, 122.40, 118.14, 
117.41, 110.98, 108.50, 36.50, 30.48, 28.85, 28.53, 26.60, 24.80, 
21.85; LCMS: m/z = 731.25 [M+H]+; HR-ESIMS: m/z, 730.9572, calcd 
for C41H42N6O7+H+ (730.8220); HPLC purity 98.23 %.

3.1.5. N-(12-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl) 
amino)-12-oxododecyl)-6-oxo-5,6,7,12-tetrahydrobenzo[2,3]azepino[4,5- 
b]indole-9-carboxamide (14d)

Yield: 17.08 %; 1H NMR (400 MHz, DMSO-d6, ppm) δ 11.83 (s, 1H), 
11.16 (s, 1H), 10.15 (s, 1H), 9.69 (s, 1H), 8.46 (d, J = 8.4 Hz, 1H), 8.37 
(t, J = 5.2 Hz, 1H), 8.26 (s, 1H), 7.82 (t, J = 8.0 Hz, 1H), 7.76–7.71 (m, 
2H), 7.61 (d, J = 7.2 Hz, 1H), 7.44 (d, J = 8.4 Hz, 1H), 7.41–7.37 (m, 
1H), 7.30− 7.25 (m, 2H), 5.17–5.12 (m, 1H), 3.55 (s, 2H), 3.31–3 0.25 
(m, 2H), 2.90–2.85 (m, 1H), 2.67–2.57 (m, 2H), 2.46–2.33 (m, 3H), 
2.00–2.04 (m, 1H), 1.62–1.53 (m, 4H), 1.30–1.21 (m, 13H); 13C NMR 
(400 MHz, DMSO-d6, ppm): δ 172.844, 172.08, 171.57, 169.86, 167.68, 
166.74, 136.54, 136.13, 135.56, 126.92, 126.34, 125.85, 123.77, 
122.55, 122.37, 121.89, 118.33, 117.43, 110.96, 108.40, 48.90, 40.12, 
38.86, 36.51, 31.67, 30.95, 29.34, 29.03, 28.94, 28.88, 28.78, 28.53, 
26.61, 24.81, 21.99; LCMS: m/z = 743.80 [M-H]+; HR-ESIMS: m/z, 
744.8851 calcd for C42H44N6O7+H+ (744.8490); HPLC purity 99.21 %.

3.1.6. N-(2-(2-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl) 
amino)-2-oxoethoxy)ethoxy)ethyl)-6-oxo-5,6,7,12-tetrahydrobenzo[2,3] 
azepino[4,5-b]indole-9-carboxamide (14e)

Yield: 13.5 %; 1H NMR (400 MHz, DMSO-d6, ppm) δ 11.82 (s, 1H) 
11.16 (s, 1H), 10.35 (s, 1H), 10.14 (m, 1H), 8.68–8.66 (m, 1H), 8.41 (t, J 
= 5.6 Hz, 1H), 8.2 (s, 1H), 7.81–7.74 (m, 2H), 7.69–7.67 (m, 1H), 
7.57–7.55 (m, 1H), 7.43–7.38 (m, 2H), 7.31–7.25 (m, 2H), 5.19–5.14 
(m, 1H), 4.22–4.18 (m, 2H), 3.79–3.72 (m, 4H), 3.61–3.59 (m, 2H), 
3.52–3.46 (m, 4H), 2.92–2.84 (m, 1H), 2.67–2.55 (m, 2H), 2.10–2.07 
(m, 1H); 13C NMR (400 MHz, DMSO-d6,ppm); δ 172.82, 171.56, 169.85, 
169.35, 168.21, 166.96, 138.80, 136.39, 135.89, 131.23, 128.34, 
126.92, 125.92, 124.27, 123.78, 122.53, 122.37, 121.78, 118.22, 
117.54, 110.93, 108.43, 70.70, 70.16, 69.50, 69.27, 48.95, 40.12, 
38.86, 31.64, 30.95, 21.94; LCMS: m/z = 691.5 [M-H]+; HR-ESIMS: m/ 
z, 692.9064 calcd for C36H32N6O9+H+ (692.6850); HPLC purity 99.20 
%.

3.1.7. General procedure for the synthesis of PROTACS (23a-b)
To a stirred solution of 6-oxo-5,6,7,12-tetrahydrobenzo[2,3]azepino 

[4,5-b]indole-9-carboxylic acid 8 (1.0 eq) in DMF (5.0 mL) were added 
HATU (1.5eq), DIPEA (3.0 eq), and 22a-b (1.0 eq). Then the resulting 

reaction mixture was stirred at RT for 16 h. Progress of the reaction was 
monitored by TLC. After completion of reaction, the reaction mixture 
was diluted with chilled water (35 mL). The precipitated solid was 
filtered and washed with water (20 mL), dried under reduced pressure. 
The obtained crude was purified by combiflash chromatography (4 g 
silica gel column; gradient elusion 6.2 % MeOH in DCM) to afford the 
desired PROTACS 23a-b.

3.1.8. N-(4-(2-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl) 
amino)ethoxy)ethoxy)phenyl)-6-oxo-5,6,7,12-tetrahydrobenzo[2,3] 
azepino[4,5-b]indole-9-carboxamide (23a)

Yield: 16.12 %; 1H NMR (400 MHz, DMSO-d6, ppm); δ 11.93 (s, 1H), 
11.11 (s, 1H), 10.18 (s, 1H), 10.07 (s, 1H), 8.42 (bs, 1H), 7.83–7.76 (m, 
2H), 7.69 (d, J = 8.8 Hz, 2H), 7.58 (t, J = 7.6 Hz, 1H), 7.53 − 7.49 (m, 
1H), 7.42–7.38 (m, 1H), 7.32–7.26 (m, 2H), 7.17 (d, J = 8.8 Hz, 1H), 
7.04 (d, J = 7.2 Hz, 1H), 6.93 (d, J = 8.8 Hz, 2H), 6.66 (t, J = 6.0 Hz, 
1H), 5.08–5.04 (m, 1H), 4.11–4.09 (m, 2H), 3.81–3.79 (m, 2H), 
3.70–3.69 (m, 2H), 3.60 (s, 2H), 3.54–3.49 (m, 2H), 2.93–2.84 (m, 1H), 
2.67–2.54 (m, 2H), 2.05–2.01 (m, 1H); 13C NMR (400 MHz, DMSO-d6, 
ppm): δ 172.88, 171.60, 170.16, 168.59, 165.73, 154.45, 146.42, 
139.02, 136.28, 135.60, 132.21, 128.49, 127.06, 125.82, 123.79, 
122.22, 121.88, 118.13, 117.51, 114.35, 111.10, 110.72, 108.55, 69.06, 
67.25, 48.68, 41.69, 40.13, 39.92, 39.08, 38.87, 31.00, 22.15; LCMS: m/ 
z = 727.3 [M+H]+; HR-ESIMS: m/z, 726.9050 calcd for 
C40H34N6O8+H+ (726.7460); HPLC purity 92.96 %.

3.1.9. N-(4-(2-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl) 
amino)ethoxy)ethoxy)ethoxy)phenyl)-6-oxo-5,6,7,12-tetrahydrobenzo 
[2,3]azepino[4,5-b]indole-9-carboxamide (23b)

Yield: 11.5 %; 1H NMR (400 MHz, DMSO-d6 ppm); δ 11.94 (s, 1H), 
11.11 (s, 1H), 10.18 (s, 1H), 10.07 (s, 1H), 8.42 (s, 1H), 7.83–7.76 (m, 
2H), 7.69 (d, J = 9.2 Hz, 2H), 7.60–7.51 (m, 2H), 7.42–7.39 (m, 1H), 
7.32–7.26 (m, 2H), 7.15 (d, J = 8.0 Hz, 1H), 7.04 (d, J = 7.2 Hz, 1H), 
6.92 (d, J = 8.8 Hz, 2H), 6.63 (t, J = 5.6, 1H), 5.08–5.03 (m, 1H), 
4.07–4.05 (m, 2H), 3.75–3.73 (m, 2H), 3.65–3.60 (m, 7H), 3.49–3.47 
(m, 3H), 2.88–2.84 (m, 1H), 2.60–2.55 (m, 2H), 2.03–1.99 (m, 1H). 13C 
NMR (400 MHz, DMSO-d6, ppm): δ 172.90, 171.64, 170.18, 165.77, 
154.49, 146.45, 136.29, 135.62, 132.76, 126.99, 125.97, 123.83, 
122.52, 122.41, 122.23, 121.93, 118.05, 117.54, 114.29, 111.23, 
110.72, 108.57, 69.99, 69.84, 69.13, 68.96, 67.25, 48.58, 41.71, 40.13, 
38.87, 31.70, 31.01, 22.18. LCMS: 99.13 %, m/z = 771.35 (M + 1), HR- 
ESIMS: m/z, 77.8038 calcd for C42H38N6O9+H+ (770.7990), HPLC pu-
rity 95.56 %.

3.1.10. General procedure for the synthesis of PROTACs 29a-c
To a stirred solution of 6-oxo-5,6,7,12-tetrahydrobenzo[2,3]azepino 

[4,5-b]indole-9-carboxylic acid (8) (1.1 eq) in DMF (5.0 mL) were added 
HATU (1.5eq), DIPEA (6.0eq), and (28a-c) (1.0 eq). Then the resulting 
reaction mixture was stirred at RT for 12–16 h. Progress of the reaction 
was monitored by TLC. After completion of reaction, the reaction 
mixture was diluted with chilled water (50 mL). The precipitated solid 
was filtered and washed with water (20 mL), dried under reduced 
pressure to get crude compound. The obtained crude was purified by 
combiflash chromatography (4 g silica gel column; gradient elusion 5.5 
% MeOH in DCM) to afford the desired PROTACS 29a-c.

3.1.11. 7N-(7-(((S)-1-((2R,4R)-4-hydroxy-2-(((S)-1-(4-(4- 
methylthiazol-5-yl)phenyl)ethyl)carbamoyl)pyrrolidin-1-yl)-3,3-dimethyl- 
1-oxobutan-2-yl)amino)-7-oxoheptyl)-6-oxo-5,6,7,12-tetrahydrobenzo 
[2,3]azepino[4,5-b]indole-9-carboxamide (29a)

Yield: 13.5 %; 1H NMR (400 MHz, DMSO-d6, ppm): δ 11.84 (s, 1H), 
10.15 (s, 1H), 8.98 (s, 1H), 8.40–8.31 (m, 2H), 8.26 (m, 1H), 7.83–7.76 
(m, 1H), 7.74–7.71 (m, 2H), 7.46–7.33 (m, 6H), 7.31–7.25 (m, 2H), 
5.13–5.12 (m, 1H), 4.91 (t, J = 7.2 Hz, 1H), 4.52 (d, J = 9.6 Hz, 1H), 
4.42 (t, J = 8.0 Hz,1H), 4.27 (bs, 1H), 3.60–3.53 (m, 5H), 3.30–3.27 (m, 
2H), 2.43 (s, 3H), 2.26–2.24 (m, 1H) 2.15–2.08 (m, 1H), 2.00–1.90 (m, 
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1H), 1.80–1.78 (m, 1H), 1.54–147 (m, 4H), 1.37–1.23 (m, 6H), 0.93 (s, 
9H); 13C NMR (400 MHz, DMSO-d6, ppm); δ 172.15, 171.58, 170.68, 
169.64, 166.81, 151.55, 144.71, 138.82, 135.567, 133.69, 131.15, 
129.70, 128.85, 128.35, 126.93, 126.40, 125.97, 125.85, 123.80, 
122.56, 122.39, 121.91, 117.47, 110.97, 108.43, 68.79, 58.570, 56.38, 
47.73, 40.12, 39.07, 38.86, 35.20, 34.910, 31.68, 29.30, 28.53, 26.47, 
25.48, 22.50, 16.01; LCMS: m/z = 846.50 [M+H]+; HR-ESIMS; m/z, 
846.8234 calcd for C47H55N7O6S+H+ (846.0600); HPLC purity 95.29 %.

3.1.12. N-(11-(((S)-1-((2R,4R)-4-hydroxy-2-(((S)-1-(4-(4- 
methylthiazol-5-yl)phenyl)ethyl) carbamoyl)pyrrolidin-1-yl)-3,3-dimethyl- 
1-oxobutan-2-yl)amino)-11-oxoundecyl)-6-oxo-5,6,7,12-tetrahydrobenzo 
[2,3]azepino[4,5-b] indole-9-carboxamide (29b)

Yield: 23.7 %; 1H NMR (400 MHz, DMSO-d6, ppm); δ 11.82 (s, 1H), 
10.14 (s, 1H), 8.97 (s, 1H), 8.38–8.35 (m, 2H), 8.26 (bs, 1H), 7.80–7.71 
(m, 3H), 7.45–7.34 (m, 6H), 7.32–7.25 (m, 2H), 5.09 (d, J = 3.6 Hz, 1H), 
4.94–4.89 (m, 1H), 4.51 (d, J = 9.2 Hz, 1H), 4.40 (t, J = 4.0 Hz, 1H), 
4.27 (bs, 1H), 3.59–3.40 (m, 4H), 3.29–3.25 (m, 2H), 2.45 (s, 3H), 
2.32–2.22 (m, 1H), 2.11–2.09 (m, 1H), 2.00–1.99 (m, 1H), 1.80–1.77 
(m, 1H), 1.55–1.53 (m, 2H),1.48–1.45 (m, 2H), 1.37–1.25 (m, 15H), 
0.92 (s, 9H);13C NMR (400 MHz, DMSO-d6, ppm): δ 173.88, 172.73, 
171.57, 170.88, 170.50, 168.31, 164.81, 156.15, 152.50, 148.83, 
145.16, 141.21, 141.02, 135.79, 129.54, 127.08,123.18, 118.16, 
111.94, 109.09, 69.50, 67.69, 59.33, 57.40, 54.19, 48.59, 38.86, 35.80, 
29.46, 29.35, 26.92, 17.21, 16.39; LCMS: m/z = 902.30 [M+H]+; HR- 
ESIMS; m/z, 902.6116 calcd for C51H63N7O6S+H+ (902.1860); HPLC 
purity 99.12 %.

3.1.13. N-(12-(((S)-1-((2R,4R)-4-hydroxy-2-(((S)-1-(4-(4- 
methylthiazol-5-yl)phenyl)ethyl)carbamoyl)pyrrolidin-1-yl)-3,3-dimethyl- 
1-oxobutan-2-yl)amino)-12-oxododecyl)-6-oxo-5,6,7,12-tetrahydrobenzo 
[2,3]azepino[4,5-b]indole-9-carboxamide (29c)

Yield: 14.81 %; 1H NMR (400 MHz, DMSO-d6); δ ppm 11.84 (s, 1H), 
10.16 (s, 1H), 8.98 (s, 1H), 8.40–8.36 (m, 2H), 8.26 (bs, 1H), 7.81–7.71 
(m, 3H),7.45–7.43 (m, 3H), 7.42–7.34 (m, 3H), 7.31–7.25 (m, 2H), 5.11 
(d, J = 3.2 Hz, 1H), 4.91 (t, J = 7.2 Hz, 1H), 4.51 (d, J = 9.6 Hz, 1H), 
4.41 (t, J = 8.0 Hz, 1H), 4.26 (bs, 1H), 3.63–3.55 (m, 4H), 3.30–3.25 (m, 
2H), 2.45 (s, 3H), 2.33–2.22 (m, 1H), 2.10–1.93 (m, 2H), 1.79–1.76 (m, 
1H), 1.56–1.53 (m, 4H), 1.37–1.23 (m, 17H). 0.92 (bs, 9H); 13C NMR 
(400 MHz, DMSO-d6, ppm): δ 172.65, 171.89, 170.93, 169.88, 167.23, 
151.80, 151.69, 144.68, 129.06, 127.09, 126.60, 124.16, 122.62, 
117.66, 111.26, 108.63, 68.98, 68.55, 58.79, 56.67, 56.48, 47.99, 
47.69, 40.12, 38.86, 37.88, 35.39, 35.12, 34.78, 34.153, 31.77, 29.17, 
29.05, 28.82, 26.76, 26.67, 26.61, 25.65, 22.60, 22.46, 16.14; LCMS: m/ 
z = 916.85 [M+H]+; HR-ESIMS: m/z, 916.6864 calcd for 
C52H65N7O6S+H+ (916.1950); HPLC purity 96.34 %.

3.2. Biological screening

3.2.1. Cell proliferation assay using MCF-7 and A549 cells
MCF-7 and A549 cells were used for the cell proliferation assay. 

Eagle’s Minimum Essential Medium (EMEM) supplemented with (10 %) 
FBS, (1 %) Pen-Strep, recombinant insulin (0.01 mg/ml) and F12K- 
ATCC supplemented with (10 %) FBS, and (1 %) Pen-Strep were used 
as media for MCF-7 and A549 cells, respectively [58]. On day 0, 500 
cells per well were seeded in 384-well white plates. On day 1, the cells 
were treated with PROTAC compounds at varying concentrations (10 
fold, 4 points). Different concentrations of compounds were added to the 
assay plate. The plate was incubated for 72 h at 37 ◦C, and 5 % CO2. On 
day 3, 40 µL of CellTiter Glo-Promega was added to the wells in the assay 
plate. An EnVision plate reader (Luminescence 700 nm) was used to 
obtain the read, and the data was analyzed using Xcelfitsoft (REF). 
Cytotoxicity was analyzed with reference to DMSO control.

3.3. Western blot technique

3.3.1. Seeding, cell lysis and protein extraction
Western blotting with MCF-7cells: A total of 1.5 million cells were 

seeded in a 6 well plate and incubated overnight at 37 ◦C with 5 % CO2. 
This incubation allowed the cells to adhere and maintain their 
morphology. The next day, the cells were treated with PROTAC 23a, at 
concentrations of range 0.1 to 100 µM. After treatment, the cells were 
incubated for 16 h and harvested at 1200 rpm for 5 min. The cell pellet 
was washed twice with PBS and 50 µL of lysis buffer was added to the 
pellet, which was kept on ice for 30 min with intermittent vortexing. The 
cell lysate was spun at 13,000 rpm for 15 min for the protein extraction. 
The protein estimation was performed using a Pierce BCA kit.

3.3.2. Protocol of western blotting
Protein (30 µg) or sample was loaded onto a 4–12 % gradient gel 

along with a Page Ruler™ Pre-stained Protein Ladder (10 to 180 kDa). 
The gel was run at 120 V for 2.5 hand protein was transferred into a 
Polyvinylidene fluoride (PVDF) membrane using an iBlot transfer de-
vice. The PVDF membrane was blocked with 5 % skim milk in TBST for 1 
h. The membrane was washed three times with TBST. The wash buffer 
was removed, and primary antibodies against both Vinculin (Rabbit-
Mab) and anti-CDK1 antibody, Rabbit Polyclonal (1:1000) in 5 % BSA 
were added. The membrane was incubated overnight at 4 ◦C. After 
overnight incubation the membrane was washed three times with TBST 
(1 wash - 10 min). The secondary peroxidase AffiniPure goat anti-rabbit 
IgG (H + L) (1:10,000) in 5 % BSA was added to the membrane and the 
membrane was incubated for 1 h at RT. The membrane was washed 
three times with TBST and the blots were developed using Chemi Doc 
software with Pierce ECL Western Blotting Substrate.

3.4. Molecular modelling study

To identify the suitable binding site for tethering in the CDK1 in-
hibitor, a molecular docking study was carried out to mimic the inter-
action of newly designed paullone based PROTAC ligands and paullone 
with the CDK1 protein at the atomic level.

3.4.1. Ligand preparation
The ligands were prepared using LigPrep (Schrodinger, LLC, NY, 

USA), where all possible states at a target pH 7.0 –2.0 with partial atomic 
charges were generated [59,60]. The geometry of the ligands was then 
optimized by energy minimization using the Optimum Potentials for 
Liquid Simulation 4 (OPLS4) force field, until a gradient of 0.01 kcal 
/mol/Å was reached.

3.4.2. Protein preparation
The three-dimensional structure of CDK1 (PDB: 6GU6) was retrieved 

from the RCSB protein data bank (https://www.rcsb.org). The protein 
was prepared using the protein preparation wizard in Maestro (GUI for 
Schrödinger) which removes the hydrogen atoms, and water molecules 
from the 3D crystal structure of the protein [61]. Furthermore, the 
protein energy was minimized using the OPLS4 force field until the root 
mean square deviation (RMSD) converged to 0.1 Å.

3.4.3. Grid generation and validation
The receptor grid of the prepared CDK1 target was generated using 

the Schrödinger suite’s grid generation module. The size of the inner 
grid box was defined as 10 Å × 10 Å × 10 Å and the size of the outer grid 
box was defined as 20 × 20 × 20 Å from the centroid of the co- 
crystallized ligand [62–65]. The docking protocol was validated by 
redocking the native ligand of the target protein. Molecular docking was 
carried out using the Schrödinger suite GLIDE (Grid-based Ligand 
Docking with Energetics). The molecules were subjected to extra pre-
cision (XP) docking keeping all the values at their defaults. Maestro 
structure analysis was used to visualize and analyze the results. The 
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Discovery Studio Visualizer 2021 was utilized for receptor surface 
analysis.

3.5. Binding free energy estimation using the molecular mechanics- 
generalized born surface area (MM-GBSA) approach

The free energy of the binding of paullone and the most active 

paullone based PROTAC ligand PROTAC 23a to the CDK1 protein was 
calculated using the MM-GBSA protocol [66]. In this case, molecular 
mechanics are utilized in combination with Generalized Born and Sur-
face Continuum implicit solvent models to estimate the binding free 
energy. The Prime/MM-GBSA algorithm incorporates OPLS4 force field, 
VSGB solvent model3, and rotamer search. The Prime/MM-GBSA (ΔG) 
was estimated by keeping all the protein atoms rigid, and setting the 

Scheme 1. Synthesis of paullone carboxylic acid.

Scheme 2. Synthesis of PROTACs 14a-e.

Scheme 3. Synthesis of desired PROTACs 23a-b.
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ligand atoms flexible, based on the following relationship. 

ΔGbinding = Ecomplex(Minimized) − Eligand(Minimized) − Eprotein(Minimized)

where, “Ecomplex” is the total free energy of the protein-ligand com-
plex and “Eprotein” and “Eligand” are the free energies of the protein and 
ligand in the solvent, respectively. The free energies of binding obtained 
from the MM/GBSA protocol are approximate energies; a more negative 
value indicates stronger ligand receptor binding.

4. Results and discussion

4.1. Chemistry

To test the feasibility of our hypothesis, paullone carboxylic acid 8 
was chosen as a key intermediate for designing PROTACs (Scheme 1). 
Initially, 3,4-dihydro-1H-benzo[b]azepine-2,5-dione 6 was prepared by 
using a previously reported method [42]. Fischer indole synthesis was 
then employed to introduce a carboxylic group on the paullones through 
reaction with 4-hydrazinobenzoic acid 7 [67]. The reaction was then 
optimized using solvents of different polarities. We used aqueous sul-
furic acid at 100 ◦C to obtain the desired paullone carboxylic acid 8 in 76 
% yield.

With key intermediate paullone carboxylic acid 8, the first batch of 
PROTACs was designed by attaching compound 8 to thalidomide 
through linear linkers of various lengths (Scheme 2). First, amino 
substituted thalidomide 11 was coupled with Boc-protected carboxylic 
acids 10a-e to give amides 12a-e. The deprotection of the Boc group of 
compounds 12a-e under acidic conditions provided amine hydrochlo-
ride salts 13a-e. Finally, the coupling of paullone carboxylic acid 8 and 
amine hydrochloride 13a-e using the HATU coupling reagent provided 
the desired PROTACs 14a-e.

We next introduced the aromatic substituted polyethylene glycol 
linkers 18a-b in two steps (Scheme 3). Azidation of 2-chloropolyethox-
yethanols 15a-b afforded 16a-b, which were then coupled with 4-flour-
onitrobenzene 17 to give 18a-b. The reduction of azides 18a-b, in the 
presence of triphenylphosphine, leads to the formation of amine in-
termediates 19a-b, which are subsequently coupled with fluoro 
substituted thalidomide 20 to obtain 21a-b. The reduction of the nitro 
group of 21a-b with Fe/NH4Cl provided amines 22a-b. Finally, the 
desired PROTACs 23a-b are synthesized by coupling amines 22a-b with 
the key intermediate paullone carboxylic acid 8.

Although most clinical drugs are reported with CRBN ligands, VHL 

ligands have their advantages. VHL E3 ligase has different expression 
levels in different cells and is more stable. Thus, we next investigated the 
synthetic route for VHL-based paullone PROTACS 29a-c as illustrated in 
Scheme 4. The Boc protection of amino acids 24a-c produced com-
pounds 25a-c, which were coupled with VHL ligand 26 to yield com-
pounds 27a-c. Then deprotection of the Boc group under acidic 
conditions produced amines 28a-c. Finally, amines 28a-c reacted with 
intermediate 8 to generate the final PROTACs 29a-c.

4.2. Antiproliferative activity

We investigated the cytotoxicity of the synthesized PROTACs in both 
MCF-7 (human breast cancer) and A549 (human lung cancer) cells [68]. 
As cell permeability is more crucial for PROTAC compounds with higher 
molecular weights than conventional small-molecule inhibitors, we 
screened the synthesized compounds through the MTT assay. Cell 
growth inhibition was measured using different concentrations of the 
PROTAC compounds, and the measured absorbance values were 
normalized to those of DMSO-treated cells. The IC50 values were further 
determined through growth inhibition curves generated with various 
concentrations of selected PROTAC compounds.

Breast cancer cells (MCF-7) were treated with four different con-
centrations (0.1–100 µM, 4 points) of synthesized PROTACs. The 
detailed results of the four-point inhibition of MCF-7 cells by synthesized 
PROTAC compounds are included in the supporting information 
Table S1. A series of synthesized PROTAC compounds 23a, 14d and 14c 
showed >50 % inhibition at a lower concentration in a four-point in-
hibition assay against MCF-7 cells. The three PROTACs with significant 
inhibitory potential in the initial screening were further tested at ten 
different concentrations ranging from 0.0015 to 30 µM for 72 h in a cell 

Scheme 4. Synthesis of desired PROTACs 29a-c.

Table 1 
In-vitro activity results of selected PROTACs against MCF-7 and A549 cells.

S. no. Compound MCF-7 IC50 (µM) A549 IC50 (µM)

1 8 * 4.0
2 23a 0.10 0.12
3 14c 5.3 *
4 14d 6.6 *
5 Doxorubicin 0.73 3.64

* IC50 values could not be calculated because of maximum cytotoxicity was 
below 70 % at 10 µM.
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proliferation assay. These selected analogues significantly inhibited 
MCF-7 cells with IC50 values (23a, IC50 = 0.10 µM; 14d, IC50 = 6.6 µM; 
14c, IC50 = 5.3 µM) (Table 1). In-vitro assay results proved that these 
PROTAC compounds are more effective against breast cancer than the 
standard drug doxorubicin (Fig. 2). Importantly, the paullone based 
PROTAC 23a displayed significantly improved antiproliferative activity 
compared to that of paullone carboxylic acid 8, suggesting the potential 
advantage of the PROTAC as a CDK1 degrader for breast cancer therapy.

To understand the efficacy of PROTACs against lung cancer, the 
compounds are tested against human lung cancer A549 cells at four 
different concentrations ranging from 0.1 to 100 µM. Among all the 
synthesized compounds, PROTAC 23a showed significant growth inhi-
bition with IC50 = 0.12 µM (Table 1). Furthermore, paullone carboxcylic 
acid 8 exhibited less activity with IC50 = 4 µM compared to PROTAC 
23a. These results indicated the importance of PROTAC for the anti-
proliferative activity. The composition of linkers affects antiproliferative 
activity. PROTACs with linear aliphatic and PEG linkers showed no 
significant activity. Whereas rigidifying the linker with phenyl 
substituted polyethylene glycol chains in PROTAC 23a resulted in 

increased activity. PROTAC 23a disclosed in this study represents the 
potent anti-cancer agent, which could serve as a valuable chemical 
probe for further evaluation of its therapeutic potential in breast and 
lung cancer therapy.

4.3. Western blotting

Western blotting analysis was then used to investigate the degrada-
tion of the CDK1 protein by PROTAC 23a. MCF-7 cells were treated with 
23a, at concentrations ranging from 0.003 to 50 µM, and cells were 
incubated for 16 h before harvesting [69]. Housekeeping gene expres-
sion was consistent across all the concentrations tested. Target protein 
levels were detected by western blot analysis. Protein levels were 
normalized to those of a housekeeping gene (Vinculin) and DMSO 
controls. Across all tested concentrations Vinculin did not show any 
modulation. PROTAC 23a showed a concentration dependent degra-
dation of CDK1 from 5.5 to 16 µM. As observed in multiple PROTACs in 
literature PROTAC 23a also showed hook effect at 50 µM (Fig. 3). In the 
case of PROTAC 23a, rigidifying the linker through phenyl substituted 

Fig. 2. In-vitro antiproliferative activity of synthesized PROTACs and the standard drug (doxorubicin) in MCF-7 cells.

Fig. 3. Western blot (CDK1 and Vinculin) after 16 h of treatment with the PROTAC 23a.
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PEG chain may led to a stable ternary complex formation and potent 
CDK1 protein degradation.

Another PROTAC compound 14d was also evaluated for its ability to 
degrade the CDK1 protein in MCF-7 cells. PROTAC 14d caused a mar-
ginal decrease in CDK1 expression at different concentrations tested 
(Fig. 4). Weaker cytotoxic activity of PROTAC 14d can be corroborated 
with its weak CDK1 degradation potential.

4.4. Molecular docking

A docking study was performed to gain insight into the ligand- 
receptor interactions of paullone carboxylic acid 8 and most active 
paullone based PROTAC 23a ligands with CDK1 [70,71]. The docking 
protocol was tested and verified by re-docking the co-crystallized native 
ligand in the binding pocket, which showed a binding affinity of − 10.27 
kcal/mol with an RMSD-1.32 Å. The 3D and 2D ligand interactions of 
paullone carboxylic acid 8 and the most active PROTAC 23a with CDK1 
are depicted in Fig. 5. Paullone carboxylic acid 8 and PROTAC 23a 
showed binding affinities with dock scores of − 9.13 kcal/mol and − 5.76 
kcal/mol respectively. A detailed analysis of the hydrogen bonding and 
hydrophobic interactions between paullone and the binding site of 

CDK1 revealed the following interactions (Fig. 5A); the side chain of 
LYS-33 forms H-bond electrostatic interactions with the carboxylate 
group of paullone (2.46 Å and 2.28 Å). LEU-83 forms a hydrogen bond 
with the NH of the indole ring (1.89 Å), ILE-10 forms a hydrogen bond 
with the NH of the azepinone ring of paullone (1.73 Å). PHE-82 shows 
hydrophobic interactions through π-π stacking (5.72 Å) and ASP-86 
makes the pi-anion electrostatic interaction with the phenyl ring of 
the ligand. However, LEU-135, ALA-31 and ILE-10 exhibited hydro-
phobic interactions through π-alkyl interactions with ligand. In addition, 
the SER-89, SER-84, VAL-18, VAL-64 and PHE-80 residues participate 
van der Waals interactions with the phenyl ring of the ligand. Likewise, 
PROTAC 23a showed the following hydrogen bonding and hydrophobic 
interactions with the binding site of CDK1 (Fig. 5B); the side chain of 
LEU-83 forms an H-bond with the NH of azepinone ring of paullone 
(2.21 Å) and LYS-88 forms an H-bond with isoindole (2.21 Å). Residue 
PHE-82 showed hydrophobic interactions through π-π stacking in-
teractions (5.87 Å) with the phenyl ring of paullone. In addition to these 
residues ALA-31, ILE-10 and LEU-135 exhibit π-alkyl hydrophobic in-
teractions. Residues PHE-80, VAL-18, VAL-64 and MET-85 participate in 
van der Waals interactions with the phenyl ring of the paullone ligand. 
Furthermore, it has been observed that the thalidomide (E3 ligase 

Fig. 4. Western Blot (CDK1 and Vinculin) after 16 h treatment with 14d.

Fig. 5. 2D and 3D binding interaction images of A) Paullone carboxylic acid 8 and B) Paullone PROTAC 23a in the active site of the CDK1 enzyme (PDB: 6GU6).
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ligand) substituted on the indole ring of paullone through linker extends 
the designed PROTAC into the solvent accessible region, increasing its 
potential to interact with the E3 ligase as depicted in Fig. 5B. The 
hydrogen bond donor/acceptor, hydrophobic and solvent accessibility 
surface (SAS) surfaces were generated within 5 Å of the paullone car-
boxylic acid 8 and PROTAC 23a atoms to obtain unique insight into the 
inner workings of CDK1 and are depicted in Fig. 6A and B.

4.5. Binding free energy estimation using MM GBSA approach

The binding free energy of the CDK1 paullone carboxylic acid 8 and 
paullone PROTAC 23a docked complex was estimated by determining 
the molecular mechanics general born surface area (MM-GBSA) [72]. 
The ΔGbind values of the native ligand, 8 and PROTAC 23a are shown in 
Table 2. The MM-GBSA ΔGbind values of the paullone carboxylic acid 8 
and PROTAC 23a molecules were found to be − 20.84 kcal/mol and 
− 49.06 kcal/mol respectively. However, the binding free energy of the 
native ligand is − 63.10 kcal/mol. These results suggest that PROTAC 
23a forms a more stable complex with CDK1 than does Paullone car-
boxylic acid 8.

5. Conclusion

PROTACs are a promising treatment option for cancer that has drawn 

a lot of interest. We combined synthetic, computational and in-vitro 
protocols to develop novel paullone based PROTACs. We synthesized 
different substituted paullone-based PROTACs and characterized them 
using multiple spectroscopic techniques. These PROTACs were then 
screened against both the MCF-7 and A549 cell lines. In the initial 
screening, we observed that these PROTACs are more effective against 
the MCF-7 and A549 cell lines. Among the synthesized, PROTAC 23a 
and 14d have shown potent antiproliferative activity and thus, were 
subjected to western blot analysis to measure CDK1 degradation. 
Western blotting confirmed that these compounds are CDK1 degraders 
and antiproliferative effects are achieved through downregulating the 
CDK1 protein. Molecular docking of PROTACs at CDK1 also confirmed 
that these compounds have excellent binding affinity for the CDK1 
protein to initiate antiproliferative effects. Our findings suggested that 
PROTAC 23a is an effective paullone-based CDK1 degrader with po-
tential for treating breast and lung cancer. In addition, the PROTAC 
approach utilized in this study will pave the way for the structural 
optimization of more paullone-based PROTACs as anticancer agents. 
Further studies to extend the application of this paullone-based PROTAC 
library toward PROTAC drugs are in progress in our laboratory.
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Fig. 6. (i) Solvent accessibility surface (SAS) (ii) Hydrophobic surface; and (iii) Hydrogen bond donor/acceptor of the CDK1 receptor with A) Paullone carboxylic 
acid 8 and B) PROTAC 23a.

Table 2 
MM-GBSA analysis for binding free energy calculations.

Compounds MM-GBSA (kcal/mol)

Cyclic Dependent Kinase 1 enzyme (PDB: 6GU6)

ΔGbind ΔGbind coulomb ΔGbind lipo ΔGbind vdW

Native ligand − 63.10 − 16.85 − 19.13 − 54.16
8 − 20.84 − 02.42 − 12.11 − 43.45
23a − 49.06 − 14.67 − 16.84 − 61.60

ΔGbind, binding free energy; ΔGbind coulomb, Coulombic interaction energy; 
ΔGbind lipo, lipophilic interaction energy; ΔGbind vdW, Van der Waals interaction 
energy.
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