
 

 

Development of a series of quinazoline-2,5-diamine derivatives 

as potent hematopoietic progenitor kinase 1 (HPK1) inhibitors 

Huanyu Shia,c,#, Haotian Tangb,c,#, Yan Lib,c,#, Danqi Chena, Tongchao Liua, Yuting 

Chena,c, Xin Wanga, Lin Chena, Ying Wanga, Hua Xieb,c,d,*, Bing Xiong a,c,* 

a Department of Medicinal Chemistry, Shanghai Institute of Materia Medica, Chinese 

Academy of Sciences, Shanghai 201203, China 

b Division of Antitumor Pharmacology, State Key Laboratory of Drug Research, 

Shanghai Institute of Materia Medica, Chinese Academy of Sciences, China 

c University of Chinese Academy of Sciences, Beijing 100049, P. R. China 

d Zhongshan Institute for Drug Discovery, Shanghai Institute of Materia Medica, 

Chinese Academy of Sciences, Zhongshan 528400, China  

#These authors contributed equally. 

*Corresponding authors. 

Email address: bxiong@simm.ac.cn (B. Xiong), hxie@simm.ac.cn (H. Xie). 

  



 

 

Abstract 

Hematopoietic progenitor kinase 1 (HPK1) is a serine/threonine kinase that serves 

as the negative regulator of multiple immune signaling pathways. Genetic studies using 

HPK1 knockout and kinase-dead mice suggested that inhibiting HPK1 either alone or 

in combination with immune checkpoint blockade could be promising strategy in 

cancer immunotherapy. Herein, we report the design, synthesis and structure–activity 

relationship (SAR) study of a series of potent HPK1 inhibitors bearing quinazoline-2,5-

diamine scaffold. Three rounds of SAR explorations led to the identification of 9h, the 

most potent compound in this series which harbors a 2-methyl-1,2,3,4-

tetrahydroisoquinolin-7-yl substituent. Further biological studies using human immune 

cells demonstrated that 9h could strongly inhibit the downstream phosphorylation, 

augment the IL-2 secretion and reverse the PGE2-induced immune suppression. 

Overall, 9h can serve as a tool compound to help with demonstrating the 

pharmacological role of HPK1 kinase inhibition, and our investigation provided a 

reliable reference for the later development of HPK1 inhibitors. 

Keywords: Cancer immunotherapy; SAR study; HPK1 inhibitors; Quinazoline-2,5-

diamine; IL-2 secretion.  



 

 

1. Introduction 

In the last decade, immunotherapy has significantly changed the landscape of 

cancer treatment[1, 2]. As representatives, antibodies targeting immune checkpoints, 

such as programmed cell death-1 (PD-1) inhibitors and programmed cell death-ligand 

1 (PD-L1) inhibitors, have won great clinical success in treating various cancer 

indications[3-7]. However, due to the complicated immune resistance mechanisms, 

these immune checkpoint inhibitors can only benefit a subset of patients[8-10]. Thus, 

there is an urgent need to search for other immune negative regulators that can serve as 

complementary or alternative drug targets[8, 11-13]. 

Hematopoietic progenitor kinase 1 (HPK1), also termed as mitogen-activated 

protein kinase kinase kinase kinase 1 (MAP4K1), is a serine/threonine kinase that 

mainly expressed in hematopoietic cells[14, 15]. As an immune negative regulator, 

HPK1 suppresses the transduction of multiple signaling pathways in immune cells, 

among which the regulatory role in T cell receptor (TCR) signaling pathway was mostly 

studied[16-21]. Upon TCR stimulation, successive phosphorylations on Tyr381, Ser171 

and Thr165 lead to the full activation of HPK1. Fully activated HPK1 then 

phosphorylates Src homology 2 domain containing leukocyte protein of 76 kDa 

(SLP76), a component of TCR signalosome, at Ser376. This process further causes the 

destabilization of TCR signalosome, and as a consequence, the transduction of TCR 

signaling is attenuated[14, 15]. Early knockout studies demonstrated that HPK1-

deficient mice showed enhanced T cell proliferation, increased T helper type 1 (Th1) 

cytokine (e.g., IL-2, IFN-γ) production, and improved dendritic cell-mediated antigen 



 

 

presentation[16, 21]. Later studies using HPK1 kinase-dead mice emphasized the 

predominant role of HPK1 kinase activity in regulating T cell function, and co-blocking 

the kinase activity of HPK1 and PD-1/PD-L1 axis could bring a synergetic antitumor 

effect in murine colon adenocarcinoma model[18]. Furthermore, T cells from the 

genetic engineered mice were resistant to immune suppression mediated by PGE2 and 

adenosine[17, 19]. Given these compelling evidences, together with the numerous 

successful cases in kinase drug discovery, HPK1 has been proposed as a promising 

target in cancer immunotherapy. 

Discovery efforts paid by the pharmaceutical industry and academia have 

translated into the emergence of clinic HPK1 inhibitors. So far, five small-molecule 

compounds have advanced into clinical trials, however, their structures are 

undisclosed[22-27]. Meanwhile, a few ATP-competitive HPK1 inhibitors have been 

reported in recent literatures (Fig. 1). Reverse indazole compound 1 from Merck was 

well balanced between potency and kinase selectivity, but its efficacy in immune cells 

was not mentioned in the article[28]. Spiro-azaindoline inhibitor 2 discovered by 

Genetech displayed high binding affinity HPK1, and it could dose- dependently 

increase the IL-2 secretion of human pan T cells[29]. Diaminopyrimidine carboxamide 

derivative 3 from Merck exhibited excellent IC50 values in biochemical and cell-based 

assays, but unfortunately, the unsatisfying pharmacokinetic (PK) property might 

impede it from oral administration[30]. Aminopyridine compound ZYF0033 (4) 

presented good in vitro activities, and it was effective in vivo when dosed 

intraperitoneally as well[31]. Finally, isofuranone derivative 5, a potent and orally 



 

 

active HPK1 inhibitor developed by Bristol-Myers Squibb, could markedly enhance the 

efficacy of PD-1 antibody in murine tumor model[32]. 

 

Fig. 1. Representative HPK1 inhibitors that reported in literatures. 

Thus, for the development of HPK1 inhibitors, referable information is still limited, 

especially the detailed structure–activity relationship (SAR) explorations and biological 

evaluations of other chemotypes. Herein, we describe our efforts on the development 

of potent HPK1 inhibitors bearing quinazoline-2,5-diamine scaffold. We hope that our 

SAR explorations and the related biological evaluations will contribute to the drug 

discovery targeting HPK1. 

2. Results and discussion 

2.1. Rational design of quinazoline-2,5-diamine HPK1 inhibitors. 

When investigating the literature-reported HPK1 inhibitors (Fig. 1), we found that 

there were usually large gaps between the enzymatic and cellular activities, which could 



 

 

result from the low apparent ATP Km of HPK1 (reported as 8.9 μM)[28, 33]. Thus, high 

potency might be of great importance for a HPK1 inhibitor to compete with high 

concentrations of cellular ATP so as to attain adequate target engagement. In light of 

this, we turned our attentions to a set of highly potent isoquinoline-3,8-diamine HPK1 

inhibitors, which were previously disclosed in Genetech’s patent and later reevaluated 

by Lacey et al[33, 34]. To better understand the binding mode of this chemotype, we 

selected compound 6 (Fig. 2A) as a representative and applied it to a molecular docking 

study. As Fig. 2B depicts, the docking model suggested a type Ⅰ (DFG-in) binding mode, 

the isoquinoline-3,8-diamine hinge-binding motif could form classic 

donor−acceptor−donor hydrogen bonds with hinge residues Glu92 and Cys94, the 

nitrogen atom in 4-methylpyridine moiety could also interact with Lys46, and the 

cyclopropanecarbonyl group was positioned near the solvent-exposed region. Inspired 

by this amino-6,6-heterocyclic bicycle, we embedded a nitrogen atom in isoquinoline-

3,8-diamine and generated the quinazoline-2,5-diamine skeleton (Fig. 2C). The 

subsequent SAR explorations would be performed at 2-amino group (substituent 

designated as R1) and C7 position (substituent designated as R2). 



 

 

 

Fig. 2. (A) Chemical structure of compound 6. (B) Predicted binding mode of 6 in the ATP-binding 

site of HPK1 (PDB code: 7L25). Hydrogen bonds are illustrated with yellow dash lines. (C) Design 

strategy for quinazoline-2,5-diamine HPK1 inhibitors. 

Initially, to test the compatibility of carbonyl group with our quinazoline-2,5-

diamine core, we synthesized 7a—the quinazoline-2,5-diamine analogue of 6 (Table 

1). Disappointingly, while the IC50 value of compound 6 was measured as 3.1 nM in 

our internal ADP-Glo kinase assay, 7a exhibited an extremely low HPK1 inhibitory rate 

at 100 nM. To find out the intrinsic cause of such a great activity drop, we carried out a 

molecular modeling study using energy–dihedral angle scan, and the later result 

suggested a distinct conformational difference between 6 and 7a. While the lowest 



 

 

energy conformer of 6 harbored a trans-amide that identical to the predicted bioactive 

conformer (Fig. 3A and Fig. 3B), 7a preferred to adopt a cis-conformation in its amide 

moiety (Fig. 3C). More importantly, conversion between the lowest energy 

conformation and bioactive conformation of 6 was free owing to the high similarity, 

however, the energy barrier was nearly 11.6 kcal/mol for 7a to accomplish such a 

conformational change, which means the energy penalty for the binding of 7a to HPK1 

was much higher than that of 6 (when calculating, we assumed that the conformations 

of cyclopropanecarboxamide moiety in the bioactive conformer of 6 and 7a were 

identical; see Fig. S1 for the contour plot of potential energy of 6 and 7a). We speculated 

that this conformational difference was attributed to repulsion of lone pair electrons 

between quinazoline N1 atom and amide O atom. 

 

Fig. 3. (A) Bioactive conformation of 6 that predicted in the docking study, φ1 and ψ1 were measured 

as 27.2° and -1.7° respectively. (B) Lowest energy conformation of 6 that calculated in the energy–

dihedral angle scan, φ2 and ψ2 were measured as -5.0° and -0.1° respectively. (C) Lowest energy 

conformation of 7a that calculated in the energy–dihedral angle scan, χ1 and ω1 were measured as 



 

 

164.9° and 165.0° respectively. Definitions of dihedral angles φ, ψ, χ and ω: φ: C4−C3−N−C’, ψ: 

C3−N−C=O, χ: N1−C2−N−C’, ω: C2−N−C’=O. 

2.2. Preliminary exploration of R1. 

In order to mitigate the lone pair repulsion and meanwhile maintain the carbonyl 

π bond property, we replaced the cyclopropanecarbonyl group with six- or five-

membered heterocycles (Table 1). The activity of 2-pyridyl compound 7b received a 

markable improvement since the probability of the repulsion was cut by half (the 

repulsion take place only when the pyridine N atom turn towards the quinazoline core). 

To thoroughly avoid the lone pair repulsion, we shifted this N atom to the meta- or 

para- position, and as expected, the resulting 7c and 7d displayed a single-digit 

nanomolar IC50 against HPK1. As representatives of five-membered rings, various 

pyrazolyl groups were also introduced. Among them, N-methylpyrazolyl were well 

tolerated (7e and 7f), but prolonging the N-alkyl chains by one carbon unit could 

slightly erode the potencies (7g and 7h). Furthermore, adding a methyl group to certain 

positions of the pyrazole ring could bring detrimental effects (7j vs 7e, 7k vs 7f), and 

the activity was completely lost when the pyrazole ring was dimethylated (7l), which 

could be imputed to steric hindrances of the methyl groups that impeded the pyrazole 

ring from adopting the optimal conformation. Interestingly, during the subsequent 

examination on the more active 1H-pyrazol-4-yl group, we found that attaching bulkier 

alkyl groups to the pyrazole N atom could recover the strong inhibitory effects (7m and 

7n), especially the cyclopropyl group (7m, IC50 = 5.7 nM). 

Table 1. In vitro HPK1 inhibitory activities of compounds 7a–7na. 



 

 

 

Cpds. R1 
HPK1 

IC50 (nM) 
Cpds. R1 

HPK1  

IC50 (nM) 

7a 
 

4.7%@100 

nMb 
7i 

 
7.9 ± 1.0 

7b 
 

95.7 ± 3.4 7j 
 

53 ± 15.2 

7c 
 

5.5 ± 2.5 7k 
 

35.7 ± 12.3 

7d 
 

5.7 ± 3.9 7l 
 

7.5%@100 

nMb 

7e 
 

12.7 ± 0.7 7m 
 

5.7 ± 3.4 

7f 
 

7.8 ± 1.2 7n 
 

6.4 ± 3.7 

7g 
 

15.5 ± 3.7 5c - 15.0 ± 6.3 

7h 
 

12.0 ± 8.6 6c - 3.1 ± 1.9 

aHPK1 inhibitory activities were determined using ADP-Glo kinase assay. The IC50 values and 

inhibitory rates are mean values from at least two independent experiments. bHPK1 inhibitory rate 

at compound concentration of 100 nM. cPositive control. 

2.3. Exploration of R2. 

In consideration of the satisfying IC50 of 7m, along with the high synthetic 

accessibility for structural derivatization based on intermediate 28j (see Scheme 4 for 

detailed synthetic route), we tentatively kept R1 as 1-cyclopropyl-1H-pyrazol-4-yl and 

explored the SAR at quinazoline C7 position (Table 2). When comparing the activities 



 

 

of 8a–8d, we noticed an apparent advantage for pyridin-3-yl compound 8c, which 

supported the prediction of forming a hydrogen bond with Lys46. Incorporating a 4-

methyl group to the pyridin-3-yl substituent could further boost the potency, yielding 

8e with an IC50 value of 17.9 nM, and whether shifting or extending the length of this 

methyl group could result in nearly 10-fold decrease in potency (8f–8h). Thus, we 

considered that this methyl might force the pyridine ring to rotate by an angle from the 

quinazoline core, thereby assisting the hydrogen bond formation. As for N-

methylpyrazole derivatives, 8i and 8j displayed moderate IC50 values, but still about 

three-times weaker than the 4-methylpyridine counterpart 8e. 8k and 8l were poor 

inhibitors in comparison with 8i and 8j, indicating that the methyl groups located 

between the activity-essential N atom and the attachment site were not tolerable. 

Table 2. In vitro HPK1 inhibitory activities of compounds 8a–8oa. 

 

Cpds. R2 

HPK1 inhibitory 

rate (%) HPK1 

IC50 (nM) 
1 μM 100 nM 

8a 
 

33.6 1.6 n.d.b 

8b 
 

30.3  -6.9  n.d. 

8c 
 

86.0  56.2  61.4 ± 22.8 

8d 
 

24.1 -3.3 n.d. 



 

 

8e 
 

98.1 87.2  17.9 ± 7.6 

8f 
 

87.6 42.7  n.d. 

8g 
 

85.9 36.2 n.d. 

8h 
 

85.5 36.3 n.d. 

8i 
 

95.8  68.6  50.5 ± 13.0 

8j 
 

90.9  53.6  61.1 ± 4.0 

8k 
 

25.8 -5.1 n.d. 

8l 
 

49.2 23.2 n.d. 

8m 

 
n.d. 80.0  33.2 ± 7.3 

8n 

 
60.6 0.1 n.d. 

8o 

 
n.d. 93.0  10.4 ± 5.1 

7m 

 

n.d. 96.3 5.7 ± 3.4 

5c - 99.7 92.5 15.0 ± 6.3 

6c - n.d. 97.9 3.1 ± 1.9 



 

 

aHPK1 inhibitory activities were determined using ADP-Glo kinase assay. The IC50 values and 

inhibitory rates are mean values from at least two independent experiments. bn.d. = not determined. 

cPositive control. 

To investigate the role of the morpholine moiety in the original bicyclic substituent, 

we synthesized the 5-aminopyridin-3-yl compound 8m, potency of which was doubled 

from 8e. Unexpectedly, the activity dropped sharply when another 6-methoxy was 

introduced (8n), which reminded us that conformational restriction of this freely 

rotatable methoxy group was vital for the potency. The IC50 value reached to 10.4 nM 

when both 4-methyl and 5-amino group were incorporated to the pyridine ring (8o), but 

despite such improvement, the original bicyclic substituent was still the optimal R2 (8o 

vs 7m). 

2.4. Introducing aliphatic amines to R1. 

With the aim of further boosting the potency, we retained the optimal bicyclic R2 

substituent and turned our focus back to R1, and this time, we would give priority to 

aryl substituents in view of their high feasibility for structural derivatization. As the 

starting point of derivatization, 9a bearing a phenyl group as R1 was synthesized (Table 

3), and similar to its pyridyl counterpart 7c and 7d, 9a presented a single-digit IC50. In 

the subsequent docking study on 9a (Fig. 4A), in addition to the anticipated identical 

binding pose to compound 6, we also found that Asp101 near the phenyl ring might be 

utilized to produce an additional interaction, thereby contributing to the activity. To 

build polar contact with the acidic residue, we regarded aliphatic amine as an excellent 

choice because the its basic N atom could be easily protonated and interact with the 

carboxy anion via salt bridge interaction—a noncovalent interaction that stronger than 



 

 

hydrogen bond[35]. 

Table 3. In vitro HPK1 inhibitory activities of compounds 9a–9la. 

 

Cpds. R1 
HPK1 

IC50 (nM) 
Cpds. R1 

HPK1 

IC50 (nM) 

9a 
 

6.2 ± 5.0 9h 
 

2.7 ± 2.2 

9b 
 

5.0 ± 1.5 9i 
 

4.8 ± 0.8 

9c 
 

4.3 ± 0.9 9j 
 

7.3 ± 5.4 

9d 
 

6.0 ± 1.9 9k 
 

6.9 ± 4.3 

9e 
 

5.6 ± 2.6 9l 
 

5.2 ± 0.9 

9f 
 

3.0 ± 1.3 5b - 15.0 ± 6.3 

9g 
 

4.3 ± 0.5 6b - 3.1 ± 1.9 

aHPK1 inhibitory activities were determined using ADP-Glo kinase assay. The IC50 values and 

inhibitory rates are mean values from at least two independent experiments. bPositive control. 

Based on this hypothesis, we designed and synthesized compounds 9b–9l as can 

be seen in Table 3. According to the distances that measured in the docking model (Fig. 

4A), we attached several aliphatic-amine-containing side chains to the 3- or 4- position 

of the phenyl ring, the resulting 9b–9e were slightly more potent than phenyl compound 



 

 

9a. To fix these N atoms to the optimal position, we locked them into six-membered 

rings and obtained tetrahydroisoquinoline compound 9f and 9g, among which 9f 

showed furtherly enhanced potency that comparable to 6 and five-times more potent 

than 5. Moreover, IC50 values were well maintained when these secondary amines were 

methylated (9h vs 9f, 9i vs 9g), and 9h which harbors a 2-methyl-1,2,3,4-

tetrahydroisoquinolin-7-yl substituent exhibited an IC50 value of 2.7 nM. Further 

exploration based on 9h was also conducted, but the activities of 9j–9l revealed that 

bulkier N-alkyl groups or a 6-methoxy group in the tetrahydroisoquinoline moiety were 

not beneficial. Finally, to test our hypothesis of producing an additional interaction, we 

carried out a molecular docking study using the most potent 9h. As Fig. 4B depicts, 9h 

could maintain the key hydrogen bonds that predicted for 6 and 9a, more importantly, 

this model suggested that the tetrahydroisoquinoline N atom could create salt bridge 

contact with Asp101, which provided a molecular explanation for the high potency of 

9h. 

 



 

 

Fig. 4. (A) Predicted binding mode of 9a (wheat) in the ATP-binding site of HPK1 and 

superimposition of 9a with 6 (green). The distances between the phenyl C3 atom and two carboxy 

O atoms were measured as 4.0 Å and 5.3 Å respectively, and the distances between the phenyl C4 

atom and two carboxy O atoms were measured as 4.0 Å and 5.2 Å respectively. (B) Predicted 

binding mode of 9h in the ATP-binding site of HPK1. Hydrogen bonds are illustrated with yellow 

dash lines, measurements are illustrated with light-pink and pale-cyan dash lines, and salt bridge 

interaction is illustrated with magenta dash line. 

2.5. Biological activity of 9h targeting HPK1. 

To further investigate the bioactivity of 9h, we firstly performed target inhibitory 

test using human Jurkat cells coupled with 7m developed in exploration of R1 

substituent. Jurkat cells are widely used in studies of TCR downstream signaling, and 

phosphorylation of SLP76 (pSLP76) at Ser376 is a reliable marker of HPK1 inhibition. 

We verified that Jurkat cell pSLP76 was activated by anti-CD3/28 sharply, and treated 

with a titration of doses of 7m and 9h both exhibited dose-dependent inhibition of 

pSLP76 in Jurkat cells (Fig. 5). It is worth noting that 33 nM of 7m could significantly 

inhibit over 50% of pSLP76 relative to stimulation (Fig. 5A). Whereas 9h boasted 

stronger inhibition of pSLP76 at only 3.7 nM than 7m, and yielded an almost complete 

abolishment at 100 nM (Fig. 5B), defining 9h as a high cellular activity HPK1 inhibitor. 



 

 

 

Fig.5 7m (A), and 9h (B) inhibited pSLP76 S376 on anti-CD3/28 (αCD3/28) stimulated Jurkat cells. 

Representative Western Blots were shown and relative blot intensity of pSLP67/SLP76 from 4 

independent replicates were analyzed and given in mean with SEM. Tubulin served as loading 

control. * P < 0.05, ** P < 0.01, *** P < 0.001. 

As IL-2 production is a key marker indicating T cell activation, we next utilized 

human peripheral blood mononuclear cells (hPBMCs) to test the IL-2 production after 

administration of 7m, 9h and the positive control 6. Under stimulation of anti-CD3/28, 

all 3 compounds elevated IL-2 production of hPBMCs at certain concentrations (Fig. 

6A). Of which, 9h exhibited the most potent activity in triggering IL-2 secretion of 

hPBMCs ranged from 0.03 to 0.3 μM. Notably, a relative low dose of 9h (0.03 μM) 

was enough to boost the IL-2 production significantly (P < 0.01) and overwhelmed the 

promoting effects of 7m and 6 under all doses. 9h reached the peak of pro-IL-2 

production effect at 0.3 μM (P < 0.001) with a near 3-fold increase than the baseline 

stimulation, further proving its strong cellular activity. 

Since hPBMCs derived from different donors usually exhibited discrepant 



 

 

sensitivities, we paired the IL-2 production with or without compound treatment (0.3 

μM) by each donor (Fig. 6B). Similarly, 7m only slightly promoted IL-2 secretion (P = 

0.053), while 9h powerfully triggered IL-2 production (P < 0.001) and was more potent 

than 6. These results indicated the promising activity of 9h targeting HPK1 in hPBMCs.  

Prostaglandin E2 (PGE2), a known immune-suppressive molecule, is able to 

restrain T cell activation and IL-2 production. We therefore tested whether 7m and 9h 

could overcome this repression. It was shown that 5 nM of PGE2 was able to abolish 

the IL-2 secretion of hPBMCs (Fig. 6C). Targeting HPK1 by 0.3 μM of 7m, 9h and 6 

successfully released the abolished IL-2 production caused by PGE2, and reversed the 

IL-2 level back to that of no-PGE2 control, while 9h exhibited a relatively highest effect 

(Fig. 6C). 

 

Fig. 6 IL-2 production in hPBMCs under treatments of 7m, 9h and 6 at indicated concentrations 

(A), and in paired hPBMCs donors (B). Fold change of IL-2 production (relative to no-PGE2 nor 



 

 

compound control) in PGE2 pre-treated hPBMCs under 0.3 μM of 7m, 9h and 6 (C). Data of 9h 

paired effect were from seven independent tests, and the rest results were from four independent 

tests. Data in (A) and (B) were presented in mean with SEM. * P < 0.05, ** P < 0.01, *** P < 0.001. 

Taken together, we verified that 9h is a potent HPK1 inhibitor with high molecular 

activity, which shows promising cellular effects in both target inhibition of Jurkat cells 

and augment of IL-2 production of hPBMCs. 

3. Chemistry 

The syntheses of several key intermediates were carried out as outlined in Scheme 

1. 7-Bromo-2-chloro-5-fluoroquinazoline (14) was prepared by five steps. Benzylic 

bromination of commercially available 10 yielded benzyl bromide derivative 11, which 

then underwent an oxidation using N-methylmorpholine N-oxide followed by nitro 

group reduction to give 13. The 2-nitrobenzaldehyde moiety of 13 was furtherly 

cyclized with urea to construct the quinazoline skeleton, and finally, chlorination of the 

obtained quinazolin-2-ol crude provided the desired Intermediate 14. 1-Cyclopropyl-

1H-pyrazol-4-amine 17 was synthesized via Chan-Lam coupling reaction followed by 

catalytic hydrogenation starting from 4-nitro-1H-pyrazole (15). As for the synthesis of 

bicyclic boronic acid ester 23, SNAr substitution of commercially available 18 furnished 

intermediate 19, which further went through a spontaneous intramolecular cyclization 

during the nitro group reduction to afford 20. Afterwards, the lactam derivative 20 was 

reduced by borane and introduced with a Boc protecting group to produce 22. Lastly, 

Miyaura borylation converted the heteroaryl bromide 22 to boronic acid pinacol ester 

23. 



 

 

 

Scheme 1. Synthesis of intermediates 14, 17 and 23. Reagents and conditions: (a) Benzoyl peroxide, 

NBS, CCl4, 80 ℃, 18 h; (b) N-methylmorpholine N-oxide, CH3CN, rt, 6 h; (c) iron powder, acetic 

acid, EtOH, 0 ℃, 2 h; (d) urea, 140 ℃, 2 h; (e) POCl3, reflux, 6 h; (f) cyclopropylboronic acid, 

Cu(OAc)2, 2,2'-bipyridine, Na2CO3, 1,2-dichloroethane, 70 ℃, 10 h; (g) H2, Pd/C, MeOH, rt, 6 h; 

(h) ethyl glycolate, DBU, 60 ℃, 8 h; (i) zinc powder, acetic acid, EtOH, 100 ℃, 1 h; (j) BH3·THF, 

anhydrous THF, 0 °C to rt, overnight; (k) LiHMDS, Boc2O, anhydrous THF, 0 °C to rt, 2 h; (l) 

bis(pinacolato)diboron, Pd(dppf)Cl2·CH2Cl2, KOAc, 1,4-dioxane, 90 ℃, 2.5 h. 

The synthetic route of 7a are shown in Scheme 2, inspired by the method reported 

by Taylor et al, we also constructed the quinazoline skeleton by conducting a ring-

closure reaction of 4-bromo-2,6-difluorobenzaldehyde (24) with diguanidinium 

carbonate[36]. The subsequent acylation and nucleophilic attack by 2,4-

dimethoxybenzylamine converted quinazolin-2-amine 25 to 28a. Next, Suzuki 

coupling reaction enabled the connection between 28a and boronic acid pinacol ester 

23, and the eventual deprotection using TFA afford compound 7a. When preparing 

compounds 7e–7o, 9a and 9j–9l, acid-promoted SNAr substitutions were utilized for 

the regioselective installations of these aminopyrazoles and arylamines, and the later 

steps were same as that of 7a. 



 

 

 

Scheme 2. Synthesis of compounds 7a, 7e–7o, 9a and 9j–9l. Reagents and conditions: (a) 

diguanidinium carbonate, DIPEA, NMP, 100 ℃, 16 h; (b) cyclopropanecarbonyl chloride, pyridine, 

0 °C to rt, 2 h; (c) for 27b–27l (except 27j): appropriate aminopyrazole or aniline, HCl, EtOH, 

120 °C or 80 °C, 5 h; for 27j and 27m–27o: 17 or appropriate arylamine, HCl, i-PrOH, 85 °C, 4 h; 

(d) 2,4-dimethoxybenzylamine, K2CO3, DMF, 100 °C, 16 h; (e) 23, Pd(dppf)Cl2·CH2Cl2, K2CO3, 

1,4-dioxane/H2O, 80 °C, overnight; (f) TFA, rt, 2 h. 

When R1 substituents were pyridyls or the rest of the aryl groups, an alternative 

route as Scheme 3 depicts was employed. After mono-substitution of 4-bromo-2,6-

difluorobenzaldehyde (24) with bis(2,4-dimethoxybenzyl)amine, the quinazoline 

skeleton was constructed by a similar method to that of 25. Then, a Suzuki reaction 

between the obtained 31 and the boronic acid pinacol ester 23 occurred, followed by 

Buchwald coupling reactions with various aryl or heteroaryl halides to furnish 33a–33k. 

Finally, deprotections of multiple protecting groups yielded the target compounds. 

Starting from intermediate 28j, compounds 8a–8o were efficiently synthesized via a 



 

 

two-step reaction process including Suzuki reaction and deprotection (Scheme 4). 

 

Scheme 3. Synthesis of compounds 7b – 7d, 9b–9i. Reagents and conditions: (a) bis(2,4-

dimethoxybenzyl)amine, K2CO3, DMF, 50 °C, 8 h; (b) diguanidinium carbonate, DIPEA, NMP, 

140 ℃, 16 h; (c) 23, Pd(dppf)Cl2·CH2Cl2, K2CO3, 1,4-dioxane/H2O, 80 °C, overnight; (d) 

appropriate chloropyridine, bromopyridine or aryl bromide, Pd2(dba)3, XantPhos, Cs2CO3, 1,4-

dioxane, 80 °C or 95 °C (for 33j), overnight; (e) TFA, rt, 2 h. 



 

 

 

Scheme 4. Synthesis of compounds 8a–8o. Reagents and conditions: (a) appropriate boronic acid 

or boronic acid pinacol ester, Pd(dppf)Cl2·CH2Cl2, K2CO3, 1,4-dioxane/H2O, 80 °C, overnight; (b) 

TFA, rt, 2 h. 

4. Conclusions 

In summary, inspired by a set of highly potent isoquinoline-3,8-diamine HPK1 

inhibitors, we generated the quinazoline-2,5-diamine skeleton and explored the SARs 

at 2-amino group and C7 position. While carbonyl substituent on the 2-amino group 

was not matched with our quinazoline core, replacing it with five- or six- membered 

heterocycles could bring high inhibitory activities. SAR exploration at C7 position shed 

light on some of the potency determinants. Introducing aliphatic amines as putative 

Asp101-interacting groups to the 2-aniline moiety yielded several 

tetrahydroisoquinoline derivatives with furtherly improved activities, among which the 

most potent 9h displayed an IC50 value of 2.7 nM in our internal ADP-Glo kinase assay. 

In Jurkat cells, 9h could dose-dependently inhibit the phosphorylation of the 

downstream SLP76, and the inhibitory effect could still be observed even at 3.3 nM. 

Results from further evaluations using hPBMCs revealed that 9h could augment the IL-



 

 

2 secretion and reverse the PGE2-induced immune suppression. Taken together, our 

study on these quinazoline-2,5-diamine derivatives provided not only an in vitro tool 

for the community to better understand the HPK1 pharmacology, but also a reliable 

reference for the later development of HPK1 inhibitors. 

5. Experimental section 

5.1 Enzymatic assay 

ADP-Glo™ Assay for bioluminescent detection was used to evaluate the HPK1 

kinase inhibitory activities of inhibitors. HPK1 Kinase Enzyme System was purchased 

from Promega (Madison, USA) and assays were performed according to the 

manufacture’s instructions. First, a 5 μL kinase reaction was performed including 1 μL 

inhibitor or 5% DMSO, 3.5 ng HPK1 Kinase, 10 μM ATP and 0.1 μg/μL MBP substrate 

in 384-well low volume plate, and was incubated the reaction at room temperature for 

60 min. Subsequently, 5 μL ADP-Glo™ Reagent was added for 40 minutes at room 

temperature. Then 10 μL Kinase Detection Reagent was added. After incubating for 30 

minutes, the luminescence values were measured using SpectraMax Paradigm and 50% 

inhibitive concentration (IC50) values were generated by the four-parameter Logit 

method. 

5.2 Western Blot 

Jurkat, Clone E6-1 (Acute T cell leukemia cell line) was acquired from American 

Type Culture Collection (ATCC, USA). Jurkat cells were cultured at 37 °C in a 5% 

CO2-humidified atmosphere, maintaining in RPMI-1640 medium with 10% fetal 

bovine serum (FBS). Jurkat cells were seeded in 12-well plates and treated with 



 

 

indicated concentrations of compounds the next day. After 2 hours of drug 

administration, cells were stimulated with anti-human CD3 (5 μg/mL, Biolegend 

317326) and anti-human CD28 (2 μg/mL, Biolegend 302934) for 10 minutes. After 

stimulation, cells were collected, washed and lysed in lysis buffer contained with 5% 

SDS. Lysate was boiled and analysed by SDS–PAGE (Bio-Rad) and transfer to 

nitrocellulose membranes (Cytiva), which were then blocked with 5% skim milk in 

TBST buffer (150 mM NaCl, 20 mM Tris-HCl pH 7.6, 0.1% Tween-20) for 30 min 

before incubation with primary antibodies at 4 °C overnight. After washing with TBST, 

membranes were incubated with secondary antibody for 40 min and then washed three 

times with TBST before adding the West Pico substrate (ThermoFisher Scientific) for 

detection. Antibodies were phospho-SLP-76 (Ser376) (Cell Signaling Technology 

92711), SLP-76 (Cell Signaling Technology 25361) and alpha-tubulin polyclonal 

antibody (Proteintech 11224-1-AP). Relative band intensity was analysed by Image 

Lab (Bio-Rad). One-way ANOVA with Fisher’s LSD comparisons were used to 

determine the difference of drug-treating groups vs anti-CD3/28 only group. 

5.3 IL-2 production tests of hPBMCs 

Human PBMCs were purchased from Shanghai Hycells Co., Ltd and were 

cultured at 37 °C in a 5% CO2-humidified atmosphere, maintaining in RPMI-1640 

medium with 10% FBS. hPBMCs were seeded in 96-well plate and were treated with 

HPK1 inhibitors for 1 hours. Cells were then transferred into a plate pre-coated with 

anti-human CD3 (0.5 μg/mL), fueling with anti-human CD28 (0.5 μg/mL), and further 

cultured for 48 hours. PGE2 (5 nM) was added together with anti-human CD28 if 



 

 

needed. Culture supernatant was collected after 48 hours and IL-2 was tested by ELISA 

(Biolegend 431804) following the manufacture’s instruction. Two-way ANOVA were 

used to compare effects among several doses of 3 compounds. A mixed-effect analysis 

were used to compare effectes with or without PGE2. Multipule comparisons were 

performed by Fisher’s LSD multipule comparison. Paried t-test were used to analysis 

drug effect of individual hPBMC donor. 
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