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ABSTRACT: In DNA-encoded library synthesis, amine-substi-
tuted building blocks are prevalent. We explored isocyanide
multicomponent reactions to diversify DNA-tagged amines and
reported the Ugi-azide reaction with high yields and a good
substrate scope. In addition, the Ugi-aza-Wittig reaction and the
Ugi-4-center-3-component reaction, which used bifunctional
carboxylic acids to provide lactams, were explored. Five-, six-, and
seven-membered lactams were synthesized from solid support-
coupled DNA-tagged amines and bifunctional building blocks,
providing access to structurally diverse scaffolds.

■ INTRODUCTION
DNA-encoded chemical libraries (DECLs) are collections of
combinatorial compounds where each structure is coded with a
DNA sequence.1 This technology seamlessly integrates
efficient compound handling with selection-based screening
methodologies. In recent years, the combination of innovative
DEL synthetic and screening methods has emerged as a
routine platform for the identification of small molecules in
drug discovery in both academic and industrial settings. The
power of DEL technology rests in the efficient handling of
large compound numbers and in the inexpensive and rapid
affinity selection against a wide variety of protein targets for
bioactive compound identification.2 However, the scope of
split-pool and DNA-compatible reactions is limited, especially
with respect to cyclization reactions, calling for reaction
development that makes novel scaffold architectures accessible.
A DEL synthesis route often starts from N-protected amino
acids that are coupled to an amino-modified DNA strand by
using amide coupling reactions. Usually, these building blocks
are then deprotected and N-substituted by carbonyl chemistry
such as amide-bond formation or by nucleophilic aromatic
substitution (Figure 1A).3

Alternatively, DNA-tagged amines could be substituted by
isocyanide multicomponent reactions (IMCRs). The combi-
nation of DEL and IMCR offers a rapid approach to scaffold
diversity in a drug development platform. Structurally diverse
target compounds are accessible through a single reaction step
and simple starting materials (Figure 1B).4 In a recent
publication, Dömling et al. have explored the potential of
IMCRs to provide straightforward access to common bioactive
scaffolds such as isoquinolines or isoindolines and their
application in “scaffold hopping”.5 Furthermore, in the

synthesis of telaprevir, an IMCR is efficiently used to increase
overall atom economy by reducing reaction steps.6 Addition-
ally, they have been used in the synthesis of lactams, a
privileged class of heterocycles in medicinal chemistry and
drug design.7 These scaffolds are part of the core structure of a
large number of natural and non-natural compounds covering a
broad spectrum of antidepressant, antitumor, and anti-
inflammatory biological activities (Figure 1C).8

Our group demonstrated the compatibility of four different
isocyanide MCR chemistries with DNA-encoded combinato-
rial synthesis, leading to a broad scope of pharmaceutically
relevant scaffolds, such as tetrazoles and oxadiazoles, starting
from DNA-tagged aldehydes on solid support (CPG controlled
pore glass) (Figure 1B).9 We opted for initiating DEL
synthesis with CPG-coupled DNA strands because the DNA
is base-protected, conferring greater chemical stability against
deamination reactions, a free choice of solvents for reaction
optimization, and simple washing procedures to remove excess
reagents. Recently, the group of Ding published the synthesis
of DNA-tagged lactams from DNA-coupled isocyanides and
aldehydes via the Ugi-4-center-3-component reaction.10

However, the potential of these chemistries for producing
DNA-encoded libraries was limited by the restricted choice of
starting materials for coupling to the DNA (e.g., bifunctional
carboxylic acid-aldehyde building blocks). To overcome this
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limitation, we explored the possibility of attaching the amine
moiety to the DNA instead, which would expand the range of
reactants to abundantly available amino acids and primary
amines (see the Supporting Information).

Herein, we report our efforts to expand the scope of
reactions on DNA-tagged amines; they included the
exploration of the Ugi-azide reaction (UA-4CR), the Ugi-
aza-Wittig reaction (U-4CR/aza-Wittig), and the Ugi-4-
center-3-component reaction (U-4C-3CR). Both the UA-
4CR and the U-4C-3CR reaction were designed to provide
medicinally interesting five-, six-, and seven-membered lactams
via IMCRs from DNA-tagged amines, thus expanding the
scope of scaffold architectures for DEL design.

■ RESULTS AND DISCUSSION
We started our investigations of UA-4CR on DNA-tagged
secondary amine 1a. Initial exploration with the previously
reported reaction conditions, using methanol as the solvent, an
excess of aldehyde, TMSN3, and isocyanide (1000 equiv each)
at a reaction temperature of 60 °C,9a gave trace amounts of the
tetrazole product (Table 1; entry 2). In order to optimize the
reaction conditions, we first tested different solvents (Table 1;
entries 3−4). The polar protic solvent, methanol, was
exchanged by polar aprotic and nonpolar solvents, such as
dimethylformamide, 1,2-dichloroethane, and chloroform, or
their mixtures. The use of chloroform improved the product
conversions to 34% (see Table 1; entry 4 and Supporting
Information). In order to boost the condensation step,
different equivalents of benzaldehyde were tested (Table 1,
entries 1, 5, 6). Increasing the benzaldehyde concentration did
not improve conversion rates. During the course of our

optimization experiments, it was found that the moderately
polar solvent tetrahydrofuran gave better product conversions

Figure 1. (A) Classical DEL reactions on DNA-tagged amines. (B) Expanded DNA-tagged amine functionalization through the implementation of
IMCRs on solid-phase supported DNA. (C) Examples of biologically active molecules containing a lactam moiety obtained through IMCR.

Table 1. Optimization of UA-4CR on CPG-Coupled
Conjugates 1a and 1b

entry deviation from above conversion (%)

1a none 46
2 MeOH at 60 °C 4
3 DMF 31
4 CHCl3 34
5 100 equiv of 2a in CHCl3 17
6 10,000 equiv of 2a in CHCl3 2
7a 25 °C 28
8a 40 °C 51
9a 45 °C, 5 h in the 2nd reaction step 55

aCPG-bound conjugates 1a (20 nmol) and 2a (1000 equiv), 50 μL of
solvent, rt, 3 h, then 3a (1000 equiv) and TMSN3 (1000 equiv), 50
°C, 16 h. AMA cleavage (30% aqueous ammonia/40% aqueous
methylamine 1:1 vol/vol) at rt for 0.5 h, 10merTC = 5′-TTC CTC
TCC T-3′-CPG, reaction performed using CPG-bound conjugates 1b
and 3b.
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compared to chloroform (Table 1, entry 1). Testing the
reaction temperature, time, and reagent concentration in
tetrahydrofuran increased the product conversion to 55%
(Table 1, entry 9).

Having optimized reaction conditions in hand, we set out to
investigate the reaction scope with a diverse set of aldehydes
(2) that were reacted with the DNA-N-methyl glycine
conjugate 1b (Scheme 1). Aliphatic aldehydes, such as acetal,
propional, and isobutyral aldehydes, gave the target tetrazoles
(4c−e) with good yields, while the sterically hindered
pivalaldehyde did not yield the desired product (4f).
Heteroaromatic 2-picolinaldehyde and 1-methylimidazole-2-
aldehyde were evaluated next, affording products 4i and 4j
with high conversions of 66 and 59%, respectively. Ortho- (4h,
4k) and para-substituted (4l, 4m) benzaldehydes were
generally well tolerated, with a preference for the latter,
which gave higher yields (55 and 51%).

Next, we explored the amine scope of the reaction by testing
five additional DNA-secondary amine conjugates (1a, c−f),
which were all reacted with picolinaldehyde (2h, see the
Supporting Information). The desired products 4o−s were
obtained with moderate conversions ranging from 32 to 45%.

Notably, conjugates 1a, c−f were prepared by nucleophilic
substitution of the respective primary amines on the DNA-
coupled chloroacetate conjugate (see the Supporting Informa-
tion), following a procedure previously reported in the
literature.11 We then turned our interest to the reactivity of
DNA-primary amine conjugates (1g−i; see the Supporting

Information), which were prepared by coupling the respective
α-amino acids to the amino-modified DNA strand. Using the
optimized UA-4CR conditions with picolinaldehyde (2h),
product formation of DNA conjugates 4t−v with moderate
conversions of 14, 34, and 31%, was observed, thus
significantly expanding the reactant scope for the UA-4CR.
Overall, the UA-4CR was successfully performed on 19
examples with DNA-tagged primary and secondary amines.
The focus was shifted to the UA-4C reaction that can be used
to obtain medicinally interesting lactams. We explored the
possibility of obtaining these scaffolds on DNA tags using a
diverse set of DNA-coupled α-amino acids (1g−i, k, l) and
bifunctional aldehydes (2n−p) as reaction partners (see the
Supporting Information). When DNA-tagged glycine 1j was
reacted with methyl 2-acetylbenzoate (2n) under previously
optimized UA-4CR conditions, we observed spontaneous
condensation to the desired isoindolinone (4w) with a
moderate conversion of 38%. Unfortunately, no product was
obtained when using methyl 3-formyl-1H-indole-2-carboxylate
or methyl 4-oxobutanoate (2o, 2p; see the Supporting
Information). Exchanging 1j with a diverse set of DNA-
coupled five α-amino acids (1g−i, k, and l) did not lead to the
formation of the expected lactamization products under UA-
4CR conditions, except for the methionine derivative 4x.

Previously, the U-4CR/aza-Wittig reaction was reported for
DNA-tagged aldehydes. Based on the established reaction
conditions using dichloroethane as the solvent, the possibility
of the formation of oxadiazoles was tested in a small

Scheme 1. Scope of UA-4CR on CPG-Coupled DNA Amine Conjugate (1) with Aldehyde 2 and Isocyanide 3b
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temperature-dependent study (50−80 °C; see the Supporting
Information). Unfortunately, no product formation could be
detected. Instead, a side product is observed by mass
spectrometry that could correspond to a reaction product
among the DNA-tagged amine, the aldehyde, and carboxylic
acid (see the Supporting Information). It was considered that
an excess of aldehyde could inhibit the reactivity of the specific
phospharane-substituted isonitrile (Pinc)12 used in the U-
4CR/aza-Wittig reaction. Having successfully established the
UA-4CR-condensation sequence, we then tested the lactam
formation using U-4C-3CR. Conjugate 1j was reacted with
eight different aromatic carboxylic acid-aldehyde building
blocks (2q−x; see the Supporting Information) in methanol
(Scheme 2).

Three of the tested bifunctional reactants (2q−s; see the
Supporting Information) afforded the expected products in
moderate to very high conversion (5a−c), while for the
remainder, no desired product mass peak was observed by
MALDI-MS analysis (see the Supporting Information). As a
requirement to obtain the final lactam, an intermediate of the
U-4C-3CR reaction has to undergo a rearrangement, which
could be inhibited for particular bifunctional carboxylic acid-
aldehyde building blocks. However, to our surprise, when 1g−
i, k, l were reacted with the bifunctional carboxylic acid-
aldehyde building block 2s and the isocyanide 3b in methanol
(U-4C-3CR reaction conditions), the respective products

(5d−h) were isolated in good conversions ranging from 60
to 82%.

■ CONCLUSIONS
In summary, we have reported the extension of IMCRs for the
diversification of solid-supported DNA-tagged primary and
secondary amines for encoded library synthesis. UA-4CR was
successfully performed on a variety of secondary amines that
can be obtained on DNA-tagged substrates by a simple
nucleophilic substitution. All products gave retention time
shifts in the HPLC traces that allow for isolation of the
products from unreacted starting materials, thus improving
DEL purity. The extension of the IMCR to a diverse range of
DNA-tagged amines introduces a new avenue for synthesizing
a DNA-encoded library on the basis of the CPG-based
strategy. This approach leverages a wide array of commercially
available building blocks, including amino acids, thereby
expanding the scope of library synthesis. Given their relevance
in drug design, we focused our efforts on the preparation of
lactam scaffolds via U-4C-3CR and demonstrated the
successful transformation of DNA-coupled primary amines,
derived from amino acids, to five-, six-, and seven-membered
lactams using bifunctional reagents such as carboxylic acid-
aldehyde conjugates.

■ METHODS
Ugi-Azide Four-Component Reaction on CPG-Bound

DNA. Prior to use, all solid materials were dried in vacuo for 30
min. The aldehyde (1500 equiv, 30 μmol) and the CPG-bound
oligonucleotide conjugate (20 nmol) were dissolved/sus-
pended in 50 μL of dry THF, and the reaction mixture was
shaken at RT for 3 h to effect imine formation. Afterward, the
isocyanide (1000 equiv, 20 μmol) previously dissolved in 20
μL of dry THF and TMSN3 (1000 equiv, 20 μmol) were
added, and the mixture was shaken for an additional 5 h at 40
°C. The CPG-coupled DNA conjugate was filtered over a filter
column, washed three times with each 200 μL of DMF,
MeOH, ACN, and CH2Cl2, and dried in vacuo. Success of the
reaction was controlled by cleaving a small portion of the
CPG-coupled oligonucleotide conjugate (0.7−0.9 mg, ∼20
nmol) with 500 μL of AMA solution (AMA, aqueous ammonia
(30%)/aqueous methylamine (40%), 1:1, vol/vol) for 30 min
at ambient temperature. To this solution, 20 μL of 1 M Tris-
buffer (pH = 7.5) was added, and the mixture was dried in a
SpeedVac and dissolved in 200 μL of distilled water. The crude
was analyzed by RP-HPLC and MALDI-MS. The product was
purified by preparative RP-HPLC.
Ugi Four-Center Three-Component Reaction on CPG-

Bound DNA. Prior to use, all solid materials were dried in
vacuo for 30 min. The bifunctional aldehyde-acid (1000 equiv,
20 μmol) was either directly added to the CPG-bound
oligonucleotide conjugate (20 nmol) and it was filled up to a
final volume of 50 μL with MeOH or the bifunctional
aldehyde-acid (1000 equiv, 20 μmol) was dissolved in 50 μL of
MeOH and then added to the CPG-bound oligonucleotide
conjugate. The reaction mixture was shaken at ambient
temperature for 3 h to effect imine formation. Afterward, the
isocyanide (1000 equiv, 20 μmol) was added and the reaction
mixture was shaken for 16 h at 50 °C. The CPG-coupled DNA
conjugate was filtered over a filter column, washed three times
with each 200 μL of DMF, MeOH, ACN, and CH2Cl2, and
dried in vacuo. Success of the reaction was controlled by

Scheme 2. Expanding the UA-4CR and −3CR Scope via the
Reaction of DNA-Bound α-Amino Acids (1g−i, k, l) with
Carboxylic Acid-Aldehyde Building Blocks (2q−s)

*Newly formed stereocenter, Pbf: 2,2,4,6,7-pentamethyldihydroben-
zofuran-5-sulfonyl.
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cleaving a small portion of the CPG-coupled oligonucleotide
conjugate (0.7−0.9 mg, ∼20 nmol) with 500 μL of AMA
solution (AMA, aqueous ammonia (30%)/aqueous methyl-
amine (40%), 1:1, vol/vol) for 30 min at ambient temperature.
To this solution, 20 μL of 1 M Tris-buffer (pH = 7.5) was
added, and the mixture was dried in a SpeedVac and dissolved
in 200 μL of distilled water. The crude was analyzed by RP-
HPLC and MALDI-MS. The product was purified by
preparative RP-HPLC.
Ugi-Aza-Wittig Reaction on CPG-Bound DNA. Prior to

use, all solid materials were dried in vacuo for 30 min. The
aldehyde (1000 equiv, 20 μmol) and the CPG-bound
oligonucleotide conjugate (20 nmol) were dissolved/sus-
pended in 30 μL of 1,2-dichloroethane. The reaction mixture
was shaken at ambient temperature for 3 h to effect imine
formation. Then, the acid (1000 equiv, 20 μmol) was dissolved
in 80 μL of 1,2-dichloroethane and transferred to
(isocyanoimino)triphenylphosphorane (1000 equiv, 20
μmol), and this mixture was added to the CPG-bound
conjugate. The reaction mixture was shaken for 16 h at the
indicated temperature. The CPG-coupled DNA conjugate was
filtered over a filter column, washed three times with each 200
μL of DMF, MeOH, ACN, and CH2Cl2, and dried in vacuo.
Success of the reaction was controlled by cleaving a small
portion of the CPG-coupled oligonucleotide conjugate (0.7−
0.9 mg, ∼ 20 nmol) with 500 μL of AMA solution (AMA,
aqueous ammonia (30%)/aqueous methylamine (40%), 1:1,
vol/vol) for 30 min at ambient temperature. To this solution,
20 μL of 1 M Tris-buffer (pH = 7.5) was added, and the
mixture was dried in a SpeedVac and dissolved in 200 μL of
distilled water. The crude was analyzed by RP-HPLC and
MALDI-MS.
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