
Chinese Chemical Letters 35 (2024) 108136

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Design and synthesis of tri-substituted pyrimidine derivatives as

bifunctional tumor immunotherapeutic agents targeting both A2A

adenosine receptors and histone deacetylases

Ruiquan Liua, Wenwen Duana, Wenzhong Yana, Jinfeng Zhanga, Jianjun Chenga,b,∗

a iHuman Institute, ShanghaiTech University, Shanghai 201210, China
b School of Life Science and Technology, ShanghaiTech University, Shanghai 201210, China

a r t i c l e i n f o

Article history:

Received 11 October 2022

Revised 3 January 2023

Accepted 4 January 2023

Available online 5 January 2023

Keywords:

Bifunctional

A2AAR antagonism

HDAC inhibition

Cancer

Immunotherapy

a b s t r a c t

The A2A adenosine receptor (A2AAR) has attracted attention as an emerging immunotherapeutic tar-

get with several antagonists being evaluated in clinical trials. However, A2AAR antagonists show lim-

ited efficacy as monotherapies. Herein, we communicate our design and synthesis of a novel series of

A2AAR/histone deacetylase (HDAC) bifunctional inhibitors, based on the core structure of the A2AAR antag-

onist PBF-509. The new compounds were designed using a pharmacophore-merging strategy and features

a tri-substituted pyrimidine core. The binding affinity for A2AAR and inhibitory activity against HDACs

of all the new compounds were tested. A number of compounds exhibited nanomolar or subnanomo-

lar activity against both targets and some showed equally potent antiproliferative activity against MC38,

CT26 and HCT116 colon cancer lines compared to HDAC inhibitors SAHA and MGCD-0103 in vitro. The

binding poses of compound 5a in both A2AAR and HDAC1 were predicted by molecular docking stud-

ies. Collectively, these results suggest these tri-substituted pyrimidine derivatives are promising leads for

developing A2AAR/HDAC dual-acting compounds as novel antitumor agents.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The development of immunotherapy has been a milestone for

the treatment of cancer. Successful immunotherapeutics include

checkpoint inhibitors targeting the programmed death-1 (PD-1),

programmed death-ligand 1 (PD-L1) and cytotoxic T lymphocyte-

associated antigen-4 (CTLA-4). However, tumor has immune es-

caping mechanisms and the efficacy of existing strategy is limited.

Therefore, the development of novel immunotherapeutics targeting

alternative immune escaping pathways is urgent.

In the tumor microenvironment (TME), the critical mechanism

of tumor immune escape has been shown to be mediated by the

accumulation of extracellular adenosine [1,2]. Among the four sub-

types of adenosine receptors, the A2AAR has been demonstrated as

the major target that mediates the immunosuppressive effects of

adenosine in TME, which is highly expressed on multiple T cells

and natural killer cells [3–6]. Recently, a number of A2AAR antag-

onists have been developed and are undergoing extensive evalu-

ations in clinical trials as potential cancer immunotherapies (e.g.

PBF-509) (Fig. 1) [7,8]. However, A2AAR antagonists show limited

antitumor effects and are more commonly tested in combination
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with cytotoxic drugs or other checkpoint inhibitors [7]. From a

medicinal chemistry point of view, the design of polypharmacolog-

ical molecules would be a better alternative to drug combinations,

with advantages such as the absence of drug-drug interactions and

better patient compliance [9].

The histone deacetylases (HDACs) are validated epigenetic drug

targets, and several HDAC inhibitors have been developed as an-

titumor drugs. Chemical structures of HDAC inhibitors (HDACis),

for example vorinostat (SAHA) and mocetinostat (MGCD-0103), are

commonly comprised of three parts: the surface recognition moi-

ety (CAP), a linker group, and the terminal zinc-binding group

(ZBG) (Fig. 1). These structural features have made HDACs a pop-

ular target for the design of bifunctional antitumor agents. For ex-

ample, DNMT/HDAC [10,11], EGFR/HDAC [12,13], ErbB/HDAC [14],

PI3K/HDAC [15], topisomerase/HDAC [16,17], and JAK/HDAC [18,19],

have been reported. In our previous studies, a bifunctional strat-

egy has been used for the design of novel A2AAR/HDAC dual-acting

agents, which led to the discovery of potent antitumor agents

[20,21]. Recently, based on the clinical agent PBF-509, we have ini-

tiated another campaign to design novel A2AAR/HDAC dual-acting

compounds (Fig. 1).

Among the clinically investigated A2AAR antagonists, PBF-509

features a relatively low molecular weight (Mw=305). To ratio-
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Fig. 1. Structures of the A2AAR antagonist PBF-509, HDAC inhibitors vorinostat and

mocetinostat, and the design of dual A2AAR/HDAC inhibitors.

Fig. 2. Binding poses of PBF-509 in A2AAR predicted by molecular docking. Struc-

ture of A2AAR-StaR2-bRIL562 (PDB ID: 6GT3) is shown in pale gray, AZD-4635 in

salmon, and compound PBF-509 in cyan, respectively. Key residues interacting with

PBF-509 are highlighted. Nitrogen atoms are colored in blue, bromine in firebrick,

fluorine in aquamarine and chlorine in green.

nally design bifunctional compounds based on PBF-509, we first

conducted a molecular docking study using the reported A2AAR-

StaR2-bRIL562-AZD-4635 complex structure (PDB ID: 6GT3) [22].

As shown in Fig. 2, the 2-pyrazole substituent of PBF-509 oc-

cupies a hydrophobic cleft at the bottom of the binding pocket.

The 6-pyrazole substituent occupies the ribose-binding pocket. The

NH2 group makes an H-bond interaction with the side chain of

Asn2536.55. In addition, Phe168 on extracellular loop 2 (ECL2)

forms π-π stacking interactions with the pyrimidine and 6-

pyrazole, and the side chain of Met2707.35 makes a hydrophobic in-

teraction from the opposite side. The NH2 group of PBF-509 points

towards the solvent accessible surface, therefore providing a modi-

fication site for incorporating structural elements of HDACis. Based

on this NH2 group, three types of linker groups were designed:

amide, urea and carbamate.

PBF-509 was prepared according to reported procedures [23],

but coupling reactions of it with aliphatic acids failed to provide

amide intermediates. So the bromo group was removed. Varia-

tions of the aromatic substituents on the pyrimidine core were in-

corporated, based on the results from reported structure-activity

relationship studies [24–26]. As shown in Scheme 1 (details can

be found in Supporting information), starting materials 1a-d were

coupled with a variety of aliphatic acids to produce the key es-

ter intermediates 2a-g. However, cleavage of the amide bond was

Table 1

A2AAR and HDAC bifunctional activity of designed compounds.a

Compound A2AAR (Ki, nmol/L) HDAC1 (IC50, nmol/L) HDAC6 (IC50, nmol/L)

5a 3.7± 1.1 0.64± 0.06 6.1± 1.4

5b 14.3± 3.8 2.0± 0.7 8.2± 1.3

5c 7.9± 0.4 0.60± 0.07 4.1± 0.7

5d 6.8± 0.3 5.7± 0.5 18.4± 7.5

5e 37.1± 6.3 17.9± 8.8 26.2± 5.8

5f 6.7± 2.3 6.6± 1.2 7.0± 2.9

5g 7.8± 1.2 8.1± 2.7 38.5± 1.8

10a 63.9± 30.5 6.6± 0.4 337.0± 216.4

10b 50.0± 16.3 6.5± 2.0 58.0± 19.8

10c 103.3± 51.4 3.2± 1.9 10.8± 3.0

10d 21.2± 2.0 1.5± 0.7 1.5± 0.1

10e 47.6± 5.3 7.1± 1.2 7.9± 1.5

10f 105.8± 37.3 7.8± 2.0 13.1± 4.9

10g 24.5± 3.5 3.3± 0.3 7.7± 0.5

10h 21.0± 6.3 4.7± 1.0 7.2± 0.8

10i 5.9± 0.2 1.2± 0.1 5.9± 1.1

14a 44.1± 17.3 132.0± 86.3 243.5± 36.4

14b 38.4± 5.7 13.9± 4.3 24.0± 7.8

14c 40.6± 1.3 1.8± 0.6 10.7± 2.4

14d 39.8± 5.6 25.5± 12.8 15.5± 3.2

18a 5.0± 0.1 0.72± 0.01 4.1± 0.4

18b 35.5± 5.2 2.9± 0.4 7.7± 0.9

18c 24.9± 13.2 3.0± 0.7 22.1± 7.1

18d 4.0± 1.0 0.89± 0.19 3.0± 0.6

18e 48.0± 4.6 2.7± 0.3 8.0± 2.1

19a 20.5± 6.5 9.7± 1.0 >10,000

19b 45.4± 5.8 54.1± 19.2 >10,000

19c 15.6± 7.8 122.8± 82.9 >10,000

19d 5.1± 1.5 56.8± 34.1 >10,000

PBF-509 12.0± 0.2 [28] NT NT

SAHA NT 14.6± 1.4 18.5± 6.5

NT: not tested.
a Values for n ≥ 2 reported as the mean ± SEM.

observed when these ester intermediates were treated with aque-

ous hydroxylamine under basic condition. Therefore, the esters 2a-

g were first hydrolyzed to acids 3a-g in the presence of LiI and

pyridine [27]. Then 3a-g were coupled with O-(tetrahydropyran-

2-yl)hydroxylamine to give 4a-g, and hydroxamic acids 5a-g were

obtained after de-protection of the pyran group (Scheme 1, I).

To synthesize urea- and carbamate-linked compounds, the ma-

terials 1a-d were first coupled with phenyl chloroformate to pro-

vide intermediates 6a-d, then substituted with a variety of amines

or alcohols to provide the key ureas 7a-i and carbamates 11a-d.

These intermediates were then hydrolyzed to provide acids 8a-

i and 12a-d, coupled with O-(tetrahydropyran-2-yl)hydroxylamine,

and then hydrolyzed to afford the corresponding hydroxamic acids

10a-i and 14a-d (Scheme 1, II and III).

A combination of an urea group and a benzyl linker was also

introduced, and the compounds were synthesized according to

Scheme 2 (details can be found in Supporting information). The

carbamates 6a-d were converted to ester intermediates 15a-e and

then hydrolyzed to acids 16a-e. These acids were converted to

hydroxamates 18a-e using similar conditions as described above.

Acids 16a-d were also coupled with o-phenylenediamine to afford

amide compounds 19a-d.

As shown in Table 1, most target compounds displayed potent

dual-acting activities, with potent A2AAR binding affinity (PBF-509

as a positive control [28]) and HDAC1/HDAC6 inhibition (SAHA as

a positive control), respectively. Among the three types of linker

groups, amide connection provided the best activity (10d versus

5c, 14d). Regarding the length of the alkyl chain, 5c, 10d and 14c

were the best with 6 or 5 carbon chains, while longer or shorter

chains showed weaker activity (5c versus 5a, 5b, 5d; 10d versus

10a, 10b, 10c; 14c versus 14a, 14b, 14d). For ureas, alkyl substi-

tution weakened the activity (10d versus 10e, 10f), and the same

was true for aromatic linkers (18a versus 18e). For the ZBG group,
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Scheme 1. Synthesis of compounds 5a-g, 10a-i and 14a-d. Reagents and conditions: (a) (i) SOCl2, acid esters, benzotriazole, DCM, r.t., 1 h; (ii) pyridine, DCM, r.t., 12 h; (b)

LiI, pyridine, reflux, 12h; (c) 2-(aminooxy)tetrahydro-2H-pyran, HATU, DIPEA, DCM, r.t., 12 h; (d) HCl (4mol/L in 1,4-dioxane), DCM, 0 °C – r.t., 2 h; (e) phenyl chloroformate,

pyridine, DCM, r.t., 12 h; (f) hydroxyl esters or amino esters, DIPEA, THF, CHCl3, reflux, 12h; (g) LiOH·H2O, THF, H2O, r.t., 12 h.

Scheme 2. Synthesis of compounds 18a-e and 19a-d. Reagents and conditions: (a) hydroxyl esters or amino esters, DIPEA, THF, CHCl3, reflux, 12h; (b) LiOH·H2O, THF, H2O,

r.t., 12 h; (c) 2-(aminooxy)tetrahydro-2H-pyran, HATU, DIPEA, DCM, r.t., 12 h; (d) HCl (4mol/L in 1,4-dioxane), DCM, 0 °C–r.t., 2 h; (e) o-phenylenediamine, HATU, DIPEA, DCM,

r.t., 12 h.
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Table 2

Antiproliferative activity in cancer cell lines (GI50, μmol/L).a

Compound CT26 MC38 HCT116

5a 2.5± 0.2 2.3± 0.5 0.15± 0.01

5b 8.4± 0.8 7.9± 1.6 1.92± 0.02

5c 9.8± 0.9 7.9± 1.1 0.63± 0.01

5d 8.0± 0.7 8.0± 1.9 1.8± 0.1

5e 4.8± 0.1 5.0± 0.9 0.74± 0.11

5f 13.9± 0.3 14.2± 4.1 0.21± 0.04

5g 28.1± 2.5 24.6± 4.4 5.2± 0.6

10b 8.1± 0.3 6.7± 1.1 2.9± 0.1

10c 3.0± 0.4 2.7± 0.5 0.17± 0.02

10d 2.0± 0.4 1.8± 0.4 0.22± 0.02

10e 6.9± 1.3 8.0± 1.6 0.44± 0.03

10f 19.0± 3.9 19.7± 5.0 1.33± 0.12

10g 12.5± 0.1 11.0± 2.0 0.62± 0.05

10h 8.1± 0.5 6.3± 1.0 2.7± 0.2

10i 4.9± 0.4 4.8± 0.7 1.2± 0.1

14b 14.7± 0.7 13.2± 1.6 0.74± 0.01

14c 6.1± 1.1 5.8± 1.8 0.21± 0.03

14d 11.6± 1.7 12.4± 3.7 1.3± 0.1

18a 2.4± 0.3 1.5± 0.5 0.25± 0.02

18b 7.9± 0.8 7.0± 0.3 0.90± 0.01

18c 9.6± 0.3 8.2± 2.0 0.51± 0.06

18d >30 >30 7.0± 0.1

18e 8.3± 1.3 8.7± 1.0 0.86± 0.04

19b 8.0± 0.9 7.9± 2.0 0.71± 0.13

19c 27.9± 1.3 28.1± 2.1 3.3± 0.2

19d 27.7± 0.5 19.6± 1.2 2.3± 0.2

PBF-509 >30 >30 >30

SAHA 2.4± 0.2 2.7± 0.1 0.30± 0.23

MGCD-0103 2.1± 0.3 1.8± 0.2 0.53± 0.18

a Values for n ≥ 2 reported as the mean ± SEM.

compounds with 2-amino benzamide as the ZBG showed weaker

HDAC activity than the hydroxamic acids. Finally, the furyl and

pyrazol substituents on the pyrimidine core were replaced with

pyridyl and phenyl groups, and appropriate linkers were incorpo-

rated to synthesize compounds 10g-i, 18b-d, and 19b-d. The ac-

tivity of these pyridine and 2-methoxypyridine-containing com-

pounds was slightly better.

The compounds with potent bifunctional activities were tested

for their antiproliferative activities against both murine and human

colon cancer cell lines (MC38, CT26 and HCT116). The results are

shown in Table 2. Because A2AAR antagonists do not possess di-

rect cytotoxicity against the tumor cells in vitro [29,30], the an-

tiproliferative activity of these compounds were expected to be

correlative to their HDAC inhibition potency. In these assays, com-

pound PBF-509 showed no observable activity (GI50 > 30 μmol/L).

Among the dual-acting compounds, 5a, 10c, 10d and 18a displayed

the most potent activity against the three cell lines, being com-

parable to that of SAHA (GI50 =2.7 μmol/L, 2.4 μmol/L and 0.30

μmol/L for MC38, CT26 and HCT116, respectively) and MGCD-0103

(GI50 =1.8 μmol/L, 2.1 μmol/L and 0.53 μmol/L for MC38, CT26 and

HCT116, respectively). These results showed that through the incor-

poration of HDAC inhibition activity, the bifunctional compounds

acquired very potent antiproliferative activity against tumor cells

in vitro. It worth pointing out that some compounds, for example

18d, showed very weak antiproliferative activity despite very po-

tent HDAC inhibition. This might be due to their poor permeability

properties.

To predict the binding modes of these bifunctional molecules

at both A2AAR and HDACs, compound 5a was selected for molec-

ular docking studies (Fig. 3). The 2-methylfuran substituent of 5a

occupies the hydrophobic pocket, with the dimethylpyrazole sub-

stituent fitting into the ribose-binding pocket deeper inside the re-

ceptor. In addition, Phe168 on ECL2 forms a π-π stacking inter-

action with the pyrimidine moiety. Unexpectedly, the hydroxamate

group makes H-bonding interactions with the side chain of Asp170

Fig. 3. Binding poses of 5a in A2AAR and HDAC1 predicted by molecular docking.

Compound 5a is shown in yellow. Key residues interacting with 5a are highlighted.

Nitrogen atoms are colored in blue and oxygen atoms in red. (A) The predicted

binding pose of 5a in A2AAR. Structures of A2AAR-StaR2-bRIL562 (PDB ID: 6GT3) is

shown in deepblue. (B) The predicted binding pose of 5a in HDAC1. Structures of

HDAC1 (PDB ID: 1C3S) is shown in cyan, and the zinc ion is shown as gray sphere.

and the skeleton of Glu169. In HDAC1, the core structure of 5a lies

outside of the binding pocket, with the alkyl chain inserting into

the pocket and the hydroxamate group chelating with the zinc ion.

The carbonyl group of the amide linker makes an H-bond with the

side chain of His170. The hydroxamate group also makes H-bond

interactions with the side chains of His131 and Gly295. The tri-

substituted pyrimidine core lies on the enzyme surface and forms

an edge-to-face π-π interaction with Phe200. These observations

predicted the structural basis of the bifunctional activity of our

new compounds.

In summary, the incorporation of the key structural element

for HDAC inhibition to the solvent-exposed position of A2AAR has

culminated the discovery of a series of potent PBF-509-derived

A2AAR/HDAC bifunctional inhibitors. Most compounds displayed

nanomolar or subnanomolar inhibitory activity against both A2AAR

and HDAC1. In addition, they exhibited equivalent antiproliferative

activity to that of SAHA and MGCD-0103 against colon cancer cell

lines. Based on the A2AAR/HDAC bifunctional activity of these com-

pounds, they are promising leads for further studies as novel tu-

mor immunotherapeutic agents.
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