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DNA-encoded chemical libraries technology has become a novel approach to finding hit compounds in
early drug discovery. The chemical space in a DEL would be expanded to realize its full potential, espe-
cially when integrating privileged scaffold dihydroquinazoline that has demonstrated a variety of diverse
bioactivities. Driven by the requirement of parallel combinatorial synthesis, we here report a facile syn-
thesis of on-DNA dihydroquinazolinone from aldehyde and anthranilamide. This DNA-compatible reaction
was promoted by antimony trichloride, which has been proven to accelerate the reaction and improve
conversions. Notably, the broad substrate scope of aldehydes and anthranilamides was explored under
the mild reaction condition to achieve moderate-to-excellent conversion yields. We further applied the
reaction into on-DNA macrocyclization, obtaining macrocycles embedded dihydroquinazolinone scaffold
in synthetically useful conversion yields.

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

Medica, Chinese Academy of Medical Sciences.

Nitrogen-containing heterocycles are predominant in many nat-
ural products and pharmaceutical compounds. Statistically, over
75% of FDA-approved drugs contain nitrogen-containing hetero-
cycles [1]. Thus, medicinal chemistry research and development
of nitrogen-containing heterocycles are overwhelming, attracting
a large amount of work toward such skeletons. Among those
nitrogen-containing heterocycles, dihydroquinazolinone (DHQ) is
an important subtype that is broadly found in a variety of bioac-
tive molecules (Fig. 1a). Its structure contains pharmacophores that
forge interactions with specific targets [2]. For instance, compound
1, a Tankyrase 2 inhibitor, forms a bidentate hydrogen bond by the
carbonyl and adjacent NH group with glycine residue of the re-
ceptor protein in the co-crystal structure [3]. Besides, the sp® car-
bon in DHQ contributes to conformational flexibility of the fused
ring system and could serve as an important structural diversify-
ing site. The spiro-locked modification at such a site gives com-
pound 2, an antibacterial agent which exhibits activities against
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two Gram-negative bacterial strains [4]. Consequently, it is of great
value to develop synthetic methodologies to generate DHQ scaffold
for medicinal use [5]. Furthermore, the diverse activities elicited
by the heterocycle convinced us of the significance to construct
a DHQ-focused compound library, especially with a combinatorial
synthetic strategy gaining high chemical diversities.

DNA-encoded chemical libraries (DELs) technology, emerging as
a novel platform for drug discovery, has showcased the great po-
tential for early hit identification [6-9]. Unlike conventional com-
pound libraries, DEL leverages genetic barcoding to record the
structural information of each member in the libraries [10-12].
In a typical DEL workflow, for diverse building blocks (BBs) after
each synthetic reaction stepwise, an amplifiable unique DNA se-
quence as the molecular identifier is tethered via enzymatic lig-
ation. By iterative “split-and-pool” strategies, the unprecedented
size of the encoded libraries is gained (Fig. 1b). DEL technology
enables selecting millions or billions of molecules against protein-
of-interest (POI) simultaneously in a single tube instead of one-by-
one screening [13-17]. Afterward, the chemical information of se-
lected binders is determined by amplification of PCR and decoded
by next-generation sequencing. The merits of cost-effectiveness
and time efficiency render DEL an alternative to high-throughput

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. (a) Bioactive compounds comprising DHQ core. (b) Workflow of DEL tech-
nology. (c) Antimony trichloride-promoted synthesis of on-DNA DHQ scaffold.

screening, and thus DEL is widely adopted in pharmaceutical com-
panies and academia. Recent years have witnessed the discovery
of drug candidates that are derived from corresponding binders
by means of DEL technology, exemplified by the sEH inhibitor and
RIPK1 inhibitor that have entered clinical trials [18].

Structural diversity and chemical space coverage of a library are
critical to the success of selection process since druglike scaffolds
such as nitrogen-containing heterocycles play a crucial role in the
interaction with targets on the basis of the point from medicinal
chemistry. Owing to the existence of DNA tags, synthetic reactions
employed in DEL construction must ensure nucleotide integrity.
Implementation of DNA-compatible reactions should be under mild
and aqueous conditions to provide high-yielding conversions of the
desired products [19-25]. Ideally, from the perspective of diversity-
oriented synthesis, reactions that utilize abundant BBs are pre-
ferred [26-30]. Meanwhile, as the manipulation of DEL construc-
tion is on-plate parallel combinatorial synthesis (Fig. 1b), the in-
volved reactions must be well-tolerated for numerous structural
analog syntheses instead of the need to optimize reaction condi-
tions for each substrate.

The rapid progress of DNA-compatible reactions developed in
recent years has brought deeper chemical space into the DEL field
and expanded the on-DNA synthetic toolbox [31-34]. To the best
of our knowledge, DNA-compatible synthesis of DHQ has not been
achieved yet. Considering the value of dihydroquinazolinone in
medicinal chemistry and drug development, we herein present
the facile synthesis of on-DNA dihydroquinazolinone from alde-
hyde and anthranilamide (Fig. 1c). The reaction was promoted
by antimony trichloride and demonstrated to be utilized in DNA-
compatible parallel synthesis. The resulting on-DNA DHQ deriva-
tives were further easily oxidized into quinazolinones by sodium
periodate in situ. Remarkably, DHQ as a privileged scaffold has
been efficiently integrated into macrocycles via our developed on-
DNA cyclization reaction, to further facilitate macrocycle-focused
drug discovery by DEL selection.

Initially, 2-aminobenzoic acid was coupled with DNA head-
piece (HP) to form DNA-conjugate al, which was then used
in condition optimization to react with 4-nitrobenzaldehyde b1
(Table 1). A trace of desired product c¢1 was detected in methanol-
water co-solvent system after 3h (entry 1). Prolongation of time
raised the conversion to 90% (entry 2). We sought preliminary ex-
ploitation of aryl aldehyde substrate scope, only to find a portion
of the defined substrate set gain good conversions under the above
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Table 1
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Entry Metal salt (equiv.) Co-solvent Time (h) Conversion (%)
1 / MeOH 3 18
2 / MeOH 48 90
3 Zr(DS)4 (500) MeOH 3 25
4 Sby(0Ac); (500) MeOH 3 57
5 SbF; (500) MeOH 3 60
6 SbCl; (500) MeOH 3 >95
7 SbBr3 (500) MeOH 3 75
8 Sbl; (500) MeOH 3 78
9 Sb,(S04)3 (500) MeOH 3 85
10 SbCl; (500) EtOH 3 74
11 SbCl; (500) iPrOH 3 67
12 SbCl; (500) HFIP 3 12
13 SbCl; (500) ACN 3 87
14 SbCl; (500) DMA 3 73
15 SbCl; (500) DMSO 3 85
16 SbCl; (500) DMF 3 84
17 SbCl; (250) MeOH 3 77

condition. However, some substrates beyond benzaldehyde deriva-
tives failed to provide synthetically useful conversions even after
48 h reaction time (Table S1 in Supporting information). The con-
ditions of choice, from the perspective of parallel synthesis and
combinatorial chemistry, should be inherently robust and general
and tolerate highly functionalized building blocks for DEL construc-
tions [35]. Thus, more efforts were made to accelerate the reac-
tion rate and furnish synthetically useful conversions. We antici-
pated that some metal salts as mild Lewis acids would promote
cyclization [2]. Zirconium tetrakis(dodecyl sulfate), Zr(DS),, which
was reported to catalyze ring opening of on-DNA epoxides in wa-
ter [36], was adopted. Compared to entry 1, a slight increase to
25% conversion yield was observed with Zr salt (entry 3). We then
conducted a screening of various antimony salts as the promot-
ers for the cyclization reaction (entries 4-9). Among them, c1 was
obtained with >95% conversion yield after 3h, when antimony
trichloride was applied (entry 6) [37]. The influence of co-solvent
system was further carefully examined (entries 10-16), indicat-
ing that the methanol/water solvent system worked best. Reduc-
ing antimony salt equivalence from 500 equiv. to 250 equiv. re-
sulted in lower conversion (entry 17). The optimal reaction con-
dition (entry 6) was then confirmed by examining the previous
aryl aldehydes (Table S1), and we were delighted to obtain sat-
isfying conversions on some substrates that showed low reactiv-
ity before. Given a new chiral center formation, we attempted
to differentiate the stereoisomers. UPLC-MS as the sole effective
way for analysis was then used, showing only one single peak on
achiral columns [38]. With the desired DNA-conjugated dihydro-
quinazolinone c1 at hand, we attempted further oxidation by the
commonly used sodium periodate in the DNA-compatible chem-
istry [39,40]. Gratifyingly, 4000 equiv. usage of sodium periodate at
25°C yielded the corresponding quinazolinone product with a con-
version of 90%, verified by deconvoluted mass. This direct oxida-
tion would provide a DNA-compatible alternative to prepare quina-
zolinones, while synthesizing such DNA-conjugated quinazolinones
by use of other BBs was reported [41,42]. A co-injection experi-
ment was then implemented to validate on-DNA DHQ product and
its oxidative state quinazolinone structure. (Figs. S8 and S9 in Sup-
porting information).

Encouraged by these results, we first began the inves-
tigation of aldehyde scope by utilizing DNA conjugate al
(Scheme 1). Aldehydes are commercially available as building
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Scheme 1. Synthesis of on-DNA DHQ scaffold using diversified aldehydes and isatins.

blocks, thus contributing to structural diversity in DEL construc-
tion [41,43]. Mono-substituted benzaldehydes (b2-b18) were ex-
amined to give moderate-to-excellent conversions. Notably, prod-
uct ¢11 resembles Tankyrase 2 inhibitor 1 in Fig. 1a, implying that
these synthesized molecules could be potentially screened against
Tankyrase 2 [3]. Likewise, these DHQ-focused members might also
interact with tubulin, as the small-molecule part in the synthe-
sized DNA-conjugated c¢5 was reported to be a potent tubulin-
targeting inhibitor (Fig. 1a) [44]. Pleasing results were also ob-
served in di-substituted and tri-substituted aldehydes. Notably, a
variety of functional groups including amine (b4), phenol (b6, b16,
b22, b23, b26, b30), halogen (b11, b12, b24-b29), alkyne (bh9),
alkene (b10), trifluoromethyl (b13), boronic acid (b33) and car-
boxylic acid (b14, b18, b21, b23, b24, b27) were tolerated. Some
of these substrates bearing an additional handle for diversifica-
tion are ideal since increasing dimensional parameters will boost

the library size. And thus, we performed a Suzuki-Miyaura re-
action by using ¢12 and heteroboric acid to obtain the desired
coupling product (Fig. S4 in Supporting information). Aldehydes
featuring drug-like heteroaryl rings (thiazole, thiophene, pyridine,
quinoline) and fused rings were also compatible in the reaction.
Moreover, we also tested alkyl aldehydes, since they are more sp3-
rich, an important factor that is frequently precluded in the se-
lection of building blocks for DEL construction [45]. To our de-
light, different chain-length aliphatic aldehydes including natural
products like citronellal (b47) and melonal (b48) yielded desired
DHQ products. The scope was further expanded to b51-b53. Be-
sides, alicyclic aldehydes (b54-b57) regardless of ring size reacted
with al to afford the corresponding DHQ scaffolds in high con-
versions. Attracted by these aldehyde-derived DHQ scaffolds, we
performed an oxidation reaction on some of the products at hand
to convert them into corresponding quinazolinones and included
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Scheme 2. Synthesis of on-DNA DHQ scaffold using DNA-conjugated anthranil-
amides.

the results in Scheme 1. Collectively, moderate-to-excellent conver-
sions were received among 22 tested DHQ-containing compounds,
demonstrating good tolerance for functional groups like hydroxyl
(b16 and b26) and carboxylic acid (b14, b32 and b39).

[satins as precursors form a unique kind of spiro-locked archi-
tecture when reacting with other reagents, and thus they have
been widely used in DNA-compatible chemistry [43,46]. While
substrates d7, d9, and d15 impeded the reaction to give rela-
tively low conversions, most of the tested isatins afforded accept-
able conversions by the prolongation of reaction time to 40h.
Particularly, product e8 was successfully obtained, implying that
structurally similar compounds with potential antibacterial activ-
ity could be parallelly synthesized [4]. Taken together, our on-DNA
synthesis of DHQ core would possibly facilitate ligand-based hit
identification in a rational DEL design.

We continued to investigate the scope of DNA-conjugated an-
thranilamide by using b2 in Scheme 2. DNA-conjugated Anthranil-
amides bearing different groups were obtained by treatment of
corresponding isatoic anhydride with HP. Electron-deficient sub-
strates with halogen (a2-a4, a7-a9, a13-a15) or nitro (a10) fur-
nished well, while compounds equipped with electron-donating
groups like methoxy (al1) and phenol (a12) gave inferior conver-
sions. Moreover, we varied the linker between HP and distant an-
thranilamide and assumed that it was the first-dimensional diver-
sifying site. The DHQ formation reaction was conveniently imple-
mented on these substrates (a17-a20) to provide desired products
in great conversions. We further extended the linker length by
synthesizing a peptidic molecule a21 to better mimic the real li-
brary construction step, since peptide-focused DELs have attracted
the interest of researchers [47]. This DNA-conjugated peptide dec-
orated with a distant anthranilamide delivered the corresponding
DHQ product in 93% conversion, highlighting the feasibility of our
developed reaction in a late-stage modification to install privileged
DHQ scaffold into molecules.

DNA-tethered aldehydes were reversely prepared via amide
coupling reaction to further evaluate substrate scope. As illustrated
in Scheme 3a, benzaldehydes with distinct substituents and het-
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eroaryl aldehydes proceeded smoothly to afford desired products,
noting that hindered substrates led to poor conversions. Similarly,
subsequent oxidation of DHQ-containing products delivered the
corresponding quinazolinone partners in good conversions, indicat-
ing that two drug-like moieties could be conveniently constructed.
In total, 16 out of 22 DNA-conjugated aldehydes provided conver-
sions over 70% under the optimal reaction condition.

Considering that structurally diverse building blocks are respon-
sible for broadening chemical space in DNA-compatible reactions,
we attempted to expand the scope of anthranilamide in Scheme
3b. First, six substrates (a23-a28) reacted readily with f1, giving
the cyclized products in satisfactory conversions. We envisioned
that N-substituted anthranilamide that increased chemical com-
plexity could be from substituted isatoic anhydrides with abundant
amines via ring-opening reaction [48]. To our satisfaction, these N-
substituted anthranilamide derivatives achieved good transforma-
tions in the DHQ formation reaction except a34. Although it is not
convenient to synthesize N-modified products by substitution in a
DNA-compatible manner, using previously decorated N-substituted
anthranilamide substrates provides synthetic feasibility in obtain-
ing products g29-g35. Besides, carboxylic acid in a31 highlighted
its great potential in DEL construction by permitting further diver-
sification via amide coupling. Collectively, anthranilamide as a type
of commercially available building block enables structural cover-
age of DHQ formation reaction.

The feasibility of our developed reaction in DEL construc-
tion was then validated in two aspects. First, we tested its DEL-
encoding compatibility by performing enzymatic ligation assays.
Since the DNA sequence is the sole barcode to record structural in-
formation of linked small molecules, it is vital to maintain DNA in-
tegrity after each chemical transformation. As shown by the poly-
acrylamide gel electrophoresis (PAGE) analysis, no signs of DNA
damage were observed (Fig. S12 in Supporting information), in-
dicating DNA integrity. Second, we evaluated the DEL-synthesis
compatibility of the reaction. Parallel synthesis on a 96-well plate
was performed by using 12 small-molecule aldehydes and 8 DNA-
conjugated anthranilamides (Fig. S7 in Supporting information).
Following the standard protocol, we obtained the satisfying re-
sult that 86 of the total 96 wells furnished over 70% conversions.
Notably, alkyl and alicyclic aldehydes, together with other func-
tional group decorated aldehydes, were well-tolerated. Aldehydes,
which showed inferior conversions under the reaction condition
(Table S1), gave better chemical transformations under the anti-
mony trichloride-promoted DHQ formation reaction. This agreed
with previous findings in that a general reaction condition should
be evenly feasible for a broader substrate scope. Encouraged by
the delightful result from 96-well plate data, we further conducted
subsequent diversification based on DHQ products bearing an ad-
ditional aldehyde handle, delivering double-heterocycle products
with excellent conversions (Figs. S2 and S3 in Supporting informa-
tion) [41]. Moreover, a preliminary scalable reaction at 5nmol un-
derwent smoothly with high conversion maintained (Figs. S10 and
S11 in Supporting information). Collectively, antimony trichloride-
promoted DHQ formation reaction has been proven to be amenable
for DEL synthesis.

Macrocyclic compounds, bridging the gap between small
molecules and biomacromolecules, represent a class of promising
ligands that are advantageous in interacting with protein targets
[49,50]. Among the strategies that have been developed to discover
new macrocycles, DEL technology is featured the rapid synthesis
of macrocycle library by means of combinatorial chemistry. The
crucial step in the construction of a macrocycle library is macro-
cyclization [51]. Currently, prevalent methods in DNA-compatible
macrocyclization are amide bond formation [52], Cu-catalyzed
azide/alkyne cycloaddition [53-56], Wittig olefination [57], ring-
closing metathesis [58,59], and others [60-64]. Although these ap-
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Scheme 3. (a) Synthesis of DHQ scaffolds using diversified DNA-conjugated aldehydes. (b) Synthesis of DHQ scaffolds using diversified anthranilamides.

proaches demonstrate robustness and efficacy, seeking more chem-
ical diversity during macrocyclization remains unexplored. We en-
visioned that DHQ formation has several merits. First, it would ac-
complish a privileged scaffold into the rigid macrocycle to con-
sequently yield druglike properties, advantageous over most used
amide bond formation. Second, an increase in molecular weight
after the reaction eases analytical monitoring, in contrast to the
CuAAC method. As shown in Scheme 4, we implemented our
method onto DNA-conjugated linear peptides carrying a free amine
and a distant aldehyde, by using isatoic anhydride via a “one-pot”
synthesis. To our delight, macrocycles (m1-m5) with different ring
sizes and chemical compositions were achieved with moderate-
to-good conversions (40%—80%). DNA-tethered oligopeptidic S1-S5,
regardless of amino acid replacement influence including alpha-
amino acid (m3), beta-turn unit like proline (m4), and adjacent
hindrance (m5), all gave desired macrocycles. The product struc-
tures, unlike ordinary macrocycles generated by methods discussed
above, are featured a medium macrocycle fused with a small DHQ
cycle which could serve as a pharmacophore. Moreover, we would
gain more structural diversity after the cyclization reaction if more
decorations are installed on the ring of isatoic anhydride. Since

reductive amination reaction is also feasible in cyclization when
there is a free amine group and a free aldehyde group in the sub-
strate structure [65], we conducted macrocyclization of m1 pre-
cursor via reductive amination to make a comparison between
these two methods. The desired macrocycle was obtained with
an inferior 40% conversion, and by deconvoluted mass analysis,
the main by-product was probably the product of aldehyde re-
duction (Fig. S6 in Supporting information) [66]. This implies that
to some extent our antimony trichloride-promoted DHQ formation
reaction improved macrocyclization efficiency. Overall, antimony
trichloride-promoted DHQ formation reaction can be readily em-
ployed in DNA-compatible macrocyclization, with merits of high
efficiency and simultaneous chemical diversity introduction.

In summary, the present work describes a mild, rapid syn-
thetic protocol to form on-DNA DHQ heterocycle featured with
antimony salt-promoted cyclization. The antimony trichloride has
proved to shorten the reaction time and improve conversions.
The broad substrate scope of small-molecule aldehydes includ-
ing both commercially available (hetero)aryl and alkyl deriva-
tives was well-explored, allowing the introduction of structural di-
versity. Moreover, DHQ-containing spirocycles were obtained by
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Scheme 4. On-DNA macrocyclization by utilizing DHQ formation reaction.

employing isatins as the replacement for aldehydes. With the
reversely-prepared DNA-conjugated aldehydes, a broad range of
anthranilamides were tested to be well-tolerated with moderate-
to-excellent conversions, affirming the robustness and generality
of the optimal condition in parallel synthesis. Furthermore, quina-
zolinone moiety was achieved by mild oxidation of DHQ with
sodium periodate. Remarkably, we applied the reaction into DNA-
compatible macrocyclization, where the incorporation of drug-
like scaffold DHQ into the cyclic architecture would leverage the
macrocycle products in the DEL selection. We expect our devel-
oped method can readily expand the coverage of unprecedented
chemical structures to fulfill the potential of DEL technology in
drug discovery.
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