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Abstract

Click chemistry, proposed nearly 20 years ago, promised access to novel chemical space by 

empowering combinatorial library synthesis with a “few good reactions.” These click reactions 

fulfilled key criteria (broad scope, quantitative yield, abundant starting material, mild reaction 

conditions, and high chemoselectivity), keeping the focus on molecules that would be easy to 

make, yet structurally diverse. This philosophy bears a striking resemblance to DNA-encoded 

library (DEL) technology, the now-dominant combinatorial chemistry paradigm. This review 

highlights the similarities between click and DEL reaction design and deployment in 

combinatorial library settings, providing a framework for the design of new DEL synthesis 

technologies to enable next-generation drug discovery.

Graphical Abstract

1 Introduction

Early-stage drug discovery in both pharmaceutical industry and academia has driven 

technology development efforts to revolutionize methods for generating and screening large 

collections of compounds for biological activity. What began as amassing compounds for 

robotic high-throughput screening (HTS) has evolved dramatically in recent years with the 

development of DNA-encoded library (DEL) technology.1 DELs—combinatorial libraries of 
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drug-like molecules, each barcoded with a DNA sequence that encodes the attached library 

member’s structure—can be prepared at unprecedented scales of diversity and efficiently 

screened for ligands of a purified protein target. The many published examples of DEL 

screening hits becoming leads or even clinical candidates have in turn spurred intense 

interest in developing new chemistry to generate DELs of ever-increasing structural diversity 

that maximize the probability of successfully discovering additional leads. However, the 

constraints of DEL-compatible reaction development (e.g., in water, quantitative yield, dilute 

reactants, DNA-orthogonal) pose a great challenge to modern synthetic organic chemistry.

A surprising majority of the properties that define DNA-compatible chemistry coincide with 

those of click reactions. As initially described, the click philosophy is a pragmatist’s 

approach to chemistry: achieve diverse chemical function from “a few good reactions.”2 

Click reactions proceed with quantitative yield and with minimal side-product formation in 

aqueous or inoffensive solvent, are broad in substrate scope, and ideally require no 

chromatographic purification. These criteria are also highly advantageous for DEL 

preparation. For example, while 20 or more DEL-compatible reactions have been developed, 

a single DEL generally employs only 2–3 robust reactions to maximize library quality. 

Furthermore, DEL generation often entails parallel synthesis using hundreds (if not 

thousands) of substrates, thus demanding broad scope, and chromatography is impossible 

past the first coupling cycle. The defining elements of click reactions in essence describe the 
ideal reaction for DEL.

In this review we spotlight the remarkable relationship between click chemistry and DEL 

reaction development. In the first part of this review, we begin with a brief description of 

DEL technology and establish a framework for evaluating reaction development. We then 

apply these criteria to analyze six commonly practiced DEL reactions and three emerging 

reaction formats that potentially expand the scope of DEL synthesis. We restrict coverage to 

DNA-encoded synthesis (i.e., the DNA sequence encodes the synthetic history, it does not 

template or direct library synthesis) from 2008–2020, with some relevant background. DNA-

templated3,4 and dual pharmacophore5 libraries are alternative encoded library approaches 

that have evolved significantly over the years and have delivered hits against numerous 

targets.6–8 However, reaction development for these types of libraries diverges significantly 

since they use purified and validated DNA-small molecule heteroconjugates to yield well-

defined combinations of building blocks. Our analysis of prospective strategies for 

expanding DEL synthesis, such as photocatalytic transformations and solid-phase reversible 

immobilization, is speculative as the state of the art is changing rapidly. However, we expect 

that this broader framework for reaction development will guide future efforts to achieve 

higher-quality and more structurally novel DELs, thereby delivering ever more successful 

screening outcomes in drug discovery.

2 Click Constraints Establish a Framework for DEL Design

2.1 DEL Fundamentals

Despite major technological advances in genome sequencing, structural biology, and 

computational drug design, drug discovery remains an empirical science. Screening large 

(100,000–5,000,000) compound collections by HTS is routine in the pharmaceutical 
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industry and a handful of academic centers. These collections vary in composition 

depending on the screening center, but often comprise compounds synthesized in house, 

natural product extracts, and compounds purchased through external vendors.9,10 Advances 

in laboratory automation and analytical instrumentation have delivered the capacity to screen 

> 100,000 compounds per day, but HTS remains a costly endeavor that is limited by the 

chemical diversity inherent to collected compounds.

As HTS took root in industry, the rate of screening began to outstrip the rate at which 

chemical diversity could be generated, driving the development of more efficient chemical 

library synthesis methods. Combinatorial chemistry emerged as a prospective solution to the 

synthesis bottleneck. In contrast to HTS compound collections, which grow linearly with 

acquisition, combinatorial synthesis exponentially diversifies a target scaffold by split-and-

pool strategies.11,12 Combinatorial libraries could be screened against purified proteins or 

against whole cells,13 but limited throughput of analytical methods available at the time for 

determining the hit structures after screening resulted in under-powered experiments.14,15

The advent of DEL technology in 2009 resurrected the field of combinatorial chemistry, and 

gave rise to a powerful new mode of designing and searching chemical space. Originating 

from a seminal thought experiment of Lerner and Brenner in 1992,16 DNA-encoded 

synthesis matured as a technology through disclosures from Neri17 and critically, Morgan,1 

who described DEL as it is widely practiced today (Figure 1). The power of DEL lies in 

linking compound identity with DNA-encoding tags. The DEL can be affinity panned as a 

highly complex mixture against the immobilized protein target of interest and the 

specifically bound fraction is amplified and deep sequenced18 to reveal large collections of 

hit structures en masse. The statistical power of these experiments eclipses that of 

combinatorial chemistry from decades past by many orders of magnitude, simultaneously 

lending high confidence in hit authenticity and revealing detailed structure-activity 

relationship trends.19 The analytical throughput advantages of DNA deep sequencing, 

however, are contingent on the library chemistry yielding solely the intended product while 

minimally compromising the fidelity of the encoding DNA.

2.2 Applying the Click Constraints to DEL

The quantitative yield, bioorthogonality, and other constraints associated with the ideal DEL 

reaction are highly evocative of the broader foundations of click reaction development. To 

the contemporary chemical biologist, click chemistry usually refers to the Cu(I)-catalyzed 

azide-alkyne cycloaddition (CuAAC) reaction for bioconjugation,20–22 but click chemistry 

was originally a pragmatic, philosophical approach to defining a new mode of ligand 

discovery.2 Given that the number of permutations of H, C, N, O, P, S, F, Cl, and Br atoms 

yielding a drug-like molecule is vast (1063)23 compared to pharmaceutical industry 

compound collections (106), the click philosophy suggested looking for leads in the most 

strategically accessible regions of chemical space to expedite the process.2,24

The click ideals for ligand discovery simply restrict all searches to molecules that are easy to 

make.2 As a corollary to this rule, the philosophy strongly advocates creating chemical 

diversity by using only the most efficient “click” reactions for coupling two building blocks 

rather than performing multiple reactions. Even a few reactions with broad scope can yield 

Fitzgerald and Paegel Page 3

Chem Rev. Author manuscript; available in PMC 2022 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



libraries with sufficient diversity by capitalizing on readily available and deep building block 

sets. Aspects of click chemistry that resonate strongly with current practices in the field of 

DEL and underscore important commonalities between the reactions that define the two 

approaches include: 1) broad scope and high yield and 2) viable in water or benign solvent 

under mild conditions. Click chemistry has also evolved, becoming intertwined with 

bioorthogonal chemistry.25 This final aspect of click chemistry also reflects an increasingly 

important consideration in DEL reaction development: 3) DNA-orthogonal reactivity. The 

following sections provide in-depth analysis of recent DEL reaction development efforts in 

the context of these click chemistry constraints.

2.2.1 Maximize Reaction Scope and Yield—High reaction yield is important to all 

chemists but yield requirements and reaction considerations vary with application, such as in 

process chemistry, total synthesis, medicinal chemistry, or combinatorial chemistry. 

Likewise, the importance of yield carries different concerns in click and DEL. The primary 

concern for yield in the context of click chemistry relates to expedient and efficient synthesis 

of individual molecules to populate large compound libraries. In contrast, DEL practitioners 

strive for maximum reaction yield during split-and-pool synthesis to ensure that all intended 

library members are prepared. As the composition of a full DEL cannot be analytically 

measured, nor each member individually purified, DEL generally adheres to the first 

principle of click, employing only high-yielding reactions.

Click reactions are by definition very high yielding. While this was not quantitatively 

defined, originally published click reactions proceeded with > 60% yields, with many 

reactions achieving > 95% yield.2 These reactions produced C-heteroatom functionality 

through four main classes of reactions, including C-C multiple bond addition (epoxidation, 

aziridination, dihydroxylation, Michael addition), nucleophilic ring opening, cylcoaddition 

(Diels-Alder, Huisgen dipolar addition), and non-aldol carbonyl chemistry (formation of 

oxime ethers, hydrazones). Notably, the majority of these reactions are fusion reactions that 

can be conducted stoichiometrically, proceeding to completion without generating undesired 

side products. These few reactions can be combined in just 2–3 steps to generate new 

structures with interesting function (Scheme 1).

A high-yielding reaction with broad scope can be incredibly enabling for discovery science. 

The CuAAC reaction is perhaps the quintessential example. When it was discovered shortly 

after the formalization of click principles,20,21 CuAAC offered significant regioselectivity 

and rate enhancement advantages over the uncatalyzed Huisgen condensation. CuAAC 

became a reaction of choice for large-scale library synthesis due to its high yield, orthogonal 

reactivity, broad scope, and mild conditions.24 In fact, researchers at Lexicon 

pharmaceuticals used CuAAC and the first-generation click reactions to generate a 200k-

member library of individually purified compounds (25–50 mg each).24 Despite comprising 

few reactions, click chemistry has demonstrated the potential to create diverse libraries by 

sampling readily available building block sets24,26–33 and continues to enable access to new 

chemical spaces by virtue of sustained reaction development, such as the recently disclosed 

Sulfur (VI) fluoride exchange (SuFEx) chemistry.34–37
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Like click chemistry, DEL seeks to generate massive diversity expediently from large 

collections of building blocks. For example, the seminal disclosure of DEL technology1 

described two library plans for diversifying a central triazine scaffold with large building 

block pools (32–384 building blocks/cycle), resulting in impressive library diversity (7 × 106 

and 8 × 108 members). However, subsequent computational analysis38,39 has shown that 

these higher cycle number DELs contain large swathes of chemical space that deviate from 

typical drug-like molecules. Increasing the number of synthesis cycles generally increases 

molecular weight and all other relevant physicochemical property distributions (MW, logP, 

TPSA, H-bond donors/acceptors).39,40 These considerations collectively prescribe 

constraining synthesis to 2–3 cycles using large diversity sets. For example, a 2-cycle DEL, 

which is likely the most densely populated with drug-like matter, will require two parallel 

synthesis steps of > 1,000 building blocks per coupling, underscoring the importance and 

scale of reaction scope in the state of the art.

To synthesize such a drug-like library with high chemical diversity, the requisite building 

blocks must be readily available and all members of these large building block sets must 

couple to the growing encoded compound in high yield to ensure interpretable screening 

data. Given the nature of split-and-pool synthesis, the presence and diversity of reaction 

byproducts increases exponentially with the number of additional synthetic steps, while the 

fraction of desired product corresponding to a given sequence decreases exponentially 

(Figure 2). As reaction yield is inevitably variable across building blocks, this means that 

among similarly potent library members, those with higher synthesis yield will be 

preferentially identified as hits during affinity selection. In fact, in computational screening 

simulations of 3-cycle libraries (100 × 100 × 100) that parameterized and modeled the 

outcome of variable synthesis yields (average 60%, standard deviation 20% per step), library 

member enrichment was more highly correlated with synthesis yield than with target 

association constant.41,42 These simulations support the hypothesis that low yielding 

reactions decrease the signal to noise ratio in DEL, potentially leading to false SAR.

Further experimental analysis has substantiated the importance of incorporating high-

yielding reactions. Sixteen DELs were synthesized and screened against a phosphodiesterase 

and a kinase.43 The library that produced the most hit clusters in these experiments was 

generated by employing robust acylation/Fmoc deprotection conditions; library productivity 

did not correlate with numeric size. While this study was limited to Roche’s DELs and only 

two protein targets, it is now routine practice across many groups to screen building block 

sets and exclude monomers that are problematic for DEL synthesis.1,44–49 Notably, both of 

GSK’s DEL-derived clinical candidates were the product of libraries prepared using robustly 

validated acylation or nucleophilic substitution of cyanuric chloride.19,50–53 There is no 

agreed upon yield threshold for including a building block in a DEL synthesis, but standard 

practice seems to suggest that yield > 70% is suitable.1,44–49

Yield determination for large building block sets requires high-throughput, automated 

workflows that are sufficiently sensitive to analyze the rather unusual DNA-small molecule 

heteroconjugate products of DEL synthesis. DEL reactions are usually performed at the 

nanomole scale, and the product of building block coupling typically results in a mass shift 

of ~ 100–300 Da on DNA starting material > 5,000 Da. LCMS accompanied by UV 
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absorbance detection is the gold standard for DEL reaction yield determination. Reaction 

crude is separated and relative abundance of starting materials and products is quantitated by 

the DNA tag UV absorbance (λ = 260 nm), which is the dominant contributor to the molar 

extinction coefficient. The DNA tag also dominates chromatographic character, thus the 

same LC method usually provides adequate separation for all DNA-building block 

conjugates. LC method optimization (heating, hexafluoroisopropanol mobile phase, ion-

pairing reagents, column particle size) has further enhanced separation efficiency and 

sensitivity while reducing analysis time.1,44,54 MS analysis enables facile peak assignment 

and identification of side products; some also favor using MS abundance over UV 

absorbance for quantitation.55 LCMS analysis cannot offer insight into reaction performance 

in a true combinatorial synthesis setting because DELs are too complex, but the workflow is 

routinely deployed for building block validation.

2.2.2 Employ Water- and Air-Compatible Reactions—Just as analytical 

characterization of DEL compounds is shaped by the dominant physical properties of DNA, 

optimal synthesis conditions must also accommodate DNA. DNA’s hydrophilic nature and 

the lability of its glycosidic bonds impose the strictest constraints on DEL synthesis, limiting 

reaction conditions to aqueous solution with organic cosolvent, moderate temperatures (4–

95 °C), and moderate pH (4–10). These coincide with click conditions, which prize simple 

reaction setup using a benign solvent (often water) and insensitivity to water/oxygen.2,24 The 

similarity between click and DEL reaction development becomes even more apparent in the 

context of click-enabled bioorthogonal labeling chemistry (discussed later) where robust and 

selective reaction performance in aqueous conditions is necessary, for example, to preserve 

native protein structure or cell viability.

Using water as the solvent during click chemistry library generation is profoundly and 

counterintuitively enabling. Aqueous synthesis epitomizes ease of implementation and 

water’s physical and chemical properties are favorable for characteristic reactions. While the 

low solubility of many organic compounds in water may seem like a liabilty, low compound 

solubility can be offset by the high free energy of organic compounds poorly solvated with 

water.2 In fact, some reactions perform better in this fashion and some of the very best click 

reactions, such as 1,3-dipolar azide/alkyne cycloaddition, proceed best when reactants are 

“on water.”24 The nucleophilicity of water is also a potential liability, but again is offset by 

water’s behavior specifically in the click context. Water’s polar nature and tendency to form 

H-bonds allows it to facilitate rapid changes in H-bonding required for nucleophilic 

additions (epoxide/aziridine ring opening) that feature prominently in click. Moreover, 

water’s high specific heat capacity (4.18 J·g−1·K−1) allows the solvent to double as a 

heatsink for highly exothermic click reactions. The low volatility and high surface tension of 

water also make it an ideal solvent for automated liquid handling, which facilitates large-

scale parallel synthesis.

Water is similarly ideal and virtually required for solution-phase DEL chemistry because it 

is the only solvent in which the DNA polyanion is appreciably soluble. However, this 

solubility is still minimal (< 10 mM) compared to the concentrations of reactants found in 

traditional organic synthesis (0.1–1 M), which introduces kinetic reaction constraints. While 

click chemistry (as initially envisioned) may be more closely aligned with organic synthesis 
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conditions, click chemistry extended to bioorthogonal labeling is quite reminiscent of DEL. 

Like DEL, bioorthogonal labeling chemistry also faces the challenge of limiting reactant 

concentration in the form of minimal biological reactant (micromolar or lower concentration 

of antibody, native protein, metabolite, etc.). Bioorthogonal chemistry development often 

solves this challenge by designing reactions with large kinetic rate constants, a feature that is 

also desirable for DEL reactions.25,56 Indeed, several routine bioorthogonal labeling 

reactions have been applied to DEL, including CuAAC,47,48,57–63 SuFEx,35 strain-promoted 

cycloaddition,64 and inverse electron demand Diels-Alder reactions.65 Furthermore, using 

high-throughput experimentation and reaction progress kinetic analysis protocols, it is now 

possible to design the highest yielding reactions within kinetic constraints by, for example, 

employing excess small molecule building block, different catalysts and/or ligands, higher 

temperature, solvent admixtures, or some complex combination of these parameters.66 Even 

with these advances, DEL reaction development remains a challenging endeavor, especially 

considering the difficulties associated with designing aqueous reactions.

Water is an enabling solvent for many click reactions, but it is a challenging solvent for most 

of the medicinal chemistry transformations that feature prominently in DEL. Water is 

necessary to solubilize DNA, but organic cosolvent (DMA, ACN, MeOH) is also necessary 

to improve building block solubility, making reaction development an exercise in 

compromise. The suggested percentage of organic solvent that is compatible with on-DNA 

synthesis ranges from < 50%67 to < 80%.66 In our analysis of commonly employed DEL 

reactions, we observe that the majority of reactions are performed with < 50% organic 

cosolvent (Tables 1–6) though certain on-DNA reactions tolerate higher percentages of 

organic solvent.64,68–70 Balancing building block solubility with DNA solubility is a major 

challenge in DEL, so organic solvent percentage optimization is routine. Interestingly, as 

was observed for click reactions, DEL reactions can sometimes proceed even when building 

blocks are not fully soluble.71 Methods for integrating solid-phase synthesis with DEL have 

emerged for circumventing building block solubility issues and for enabling water-sensitive 

reactions (discussed in detail later).

2.2.3 Prioritize High Chemoselectivity—In addition to having broad scope and high 

yield while proceeding in aqueous solvent, click reactions exhibit high chemoselectivity, a 

critical characteristic of DEL reactions. The specific considerations of reaction orthogonality 

are interesting to compare between these applications and even suggest new reactions for 

implementation in DEL. Click reactions used for parallel library synthesis leverage 

orthogonal reactivity to allow for sequential transformations without the need for protecting 

groups or purification. Click reactions used for bioconjugation demand conditions that are 

inert to biological nucleophiles, and in many cases the reaction must occur in the complex 

intracellular milieu. The most useful transformations for DEL often share these elements; 

highly chemoselective reactions allow for multiple sequential building block coupling 

reactions while minimally interfering with the DNA encoding tag.

Avoiding complicated protecting group strategies is a major motivating factor for employing 

click chemistry in library synthesis. This is achieved through orthogonal, high yielding 

chemistry. For example, in the library generation strategy we described earlier (Scheme 1), 

nucleophilic epoxide-ring opening produces a free hydroxyl group and an azide or hydrazine 
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group depending on the nucleophile. This reaction is followed by non-aldol carbonyl or 

cycloaddition reaction for the respective nucleophile. When performed in water, these 

reactions are inert to the -OH group that would otherwise require protection. Similarly, these 

reactions are also inert to most amine nucleophiles, allowing a broad range of building 

blocks.

Reactions in DEL share with click a need for chemoselectivity as both are library synthesis 

strategies involving highly diverse pools of building blocks that display different functional 

groups. As such, orthogonal reactivity in both building block sets and protecting group 

strategies (if used) is critical. For example, the Schreiber lab recently synthesized a 

stereochemically rich, 100,000-member library using orthogonal amidation, N-Boc 

deprotection, reductive amination, sulfonylation, and Suzuki coupling reactions.44 In another 

recent example, researchers at Pfizer synthesized a library using amidation, reductive 

amination, sulfonylation, and carbamoylation coupling reactions while Azide, Fmoc-, and 

Boc-functionalities served as NH2 protecting groups.72

Highly chemoselective reactions are also important in DEL for the critical reason that side 

reactions with the DNA tags can compromise library selection analysis. This is evocative of 

click applied to bioconjugation, such as activity-based protein profiling,73–75 preparation of 

antibody drug conjugates,76,77 and metabolic labeling in cells or animals.78–82 Optimizing 

these reactions to perform under physiological conditions while avoiding reactivity with off 

targets, such as proteins or intracellular thiols, is a challenging endeavor. These concerns, as 

well as avoiding cellular toxicity, make the constraints of bioorthogonal reaction 

development stricter than those for DEL, but DNA still possesses structural features that can 

be problematic. The main structural liabilities present in DNA are the reactive heteroatoms 

of the nucleobases (exocyclic amines and purine N3, N7), the nucleophilic 3′-OH necessary 

for enzymatic ligation, the glycosidic bond, and the phosphodiester backbone.83,84 Several 

reaction conditions, such as low pH and high temperature lead to DNA damage through 

depurination and concomitant phosphodiester strand scission, resulting in loss of encoded 

information. Radical species induce strand cleavage by oxidative abstraction of H from the 

deoxyribose-phosphate backbone and by introducing mutations by oxidation of guanine, the 

most easily oxidized nucleobase.85 The potential pathways that introduce DNA damage are 

diverse and complex, which requires general methods for empirically determining the extent 

of DNA damage from a set of reaction conditions.

Analytical characterization of DNA integrity during DEL reaction development is typically 

performed via LCMS, but these measurements cannot directly report whether the DNA 

remains amplifiable in PCR and intelligible by sequencing. However, analytical methods 

relying on tag ligation and qPCR now provide a reliable assessment of DNA damage.54,86 In 

the first of these approaches, solid-phase DEL reactions are performed in the presence of 

DNA-functionalized “sensor beads,” which are subsequently harvested post-synthesis for 

qPCR analysis to measure the quantity of amplifiable DNA.86 Pfizer adapted this approach 

to the conventional on-DNA DEL synthesis format.54 Their DNA compatibility assay begins 

by coupling building blocks to a DNA construct displaying both an appropriate site for 

coupling and an overhang for enzymatic DNA ligation (Figure 3). LCMS analysis provides 

reaction yield while enzymatic ligation of a qPCR Taqman probe sequence to the overhang, 
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and then analysis of the product by gel electrophoresis and qPCR provides quantitative 

assessment of the amplifiable DNA remaining. DNA-compatible reactions maximize the 

recovery of DNA measured by qPCR.

Using this approach, the Pfizer team demonstrated high yield and DNA compatibility of 

several common deprotection and coupling reactions. Notably, the conditions demonstrated 

for Boc-deprotection avoid trifluoroacetic acid in favor of thermal deprotection conditions 

(250 mM borate buffer, pH 9.5, 18 h, 90 °C).54,67 Pfizer researchers subsequently 

implemented the validated amidation and Boc-deprotection reactions in a library setting as 

discussed above.72 DNA-damage assays using qPCR are generalizable to other reactions as 

well, since both Pfizer and GSK have used this assay format to determine the compatibility 

of photoredox reactions.69,87 Unfortunately, qPCR cannot directly identify the cause of 

DNA damage, but it nevertheless provides a rapid platform for hypothesis testing; qPCR 

assays are readily parallelized (96-well plates) for simultaneous and high-precision analysis 

of standards, controls, and sample replicates.

Although qPCR readily provides a holistic evaluation of post-synthesis DNA integrity, there 

are some liabilities. First, mutagenic damage is silent. Some reactions invoke known 

mutagens (e.g., hydroxylamine44) or induce mutagenesis while leaving the DNA intact (e.g., 

deamination). Incorporation of Sanger sequencing as an additional assay can detect whether 

mutagenesis has occured.44,69 Appropriate encoding language design can also mitigate 

mutagenesis issues by increasing the genetic distance between sequences in the encoding 

sets.62 Second, assigning an exact cutoff point for damage acceptability is difficult since 

systematic studies are still lacking. Nonetheless, these quantitative analyses assist planning 

library synthesis and aid in understanding screening outcomes. Although PCR can amplify 

single molecules from a library, the notoriously low yield of affinity selection means that 

104–106 amplifiable copies of each library member are needed as input to detect signal after 

multiple rounds of selection.88–90 As quantitative assessment of DNA damage by qPCR 

becomes more widely practiced, correlations between overall DNA fidelity and DEL quality 

are likely to emerge.

Regardless of the DNA damage threshold for describing useful DEL reactions, developing 

such chemistry will always be challenging. Reactions must not only be DNA compatible, but 

should also be high yielding for a broad scope of building blocks, enable sequential 

couplings, and proceed in aqueous conditions, evocative of click chemistry development. In 

fact, the strong overlap of reaction conditions between click and DEL suggests that click 

reactions would make excellent starting points for developing DEL-compatible reactions. As 

mentioned earlier, several biocompatible/click reactions have already been investigated in 

the DEL setting, including CuAAC,47,48,57–60,62,63 SuFEx,35 strain-promoted cycloaddition,
64 and inverse electron demand Diels-Alder reactions.65 Additionally, several more common 

click reactions such as Diels-Alder17 and epoxide ring opening91 have also been 

implemented in DEL.

Enzymatic transformations are at the frontier of DEL chemistry development. Enzymatic 

reactions occur in water with limiting substrate concentrations and, by virtue of enzyme 

structure, are highly chemoselective (suggesting DNA compatibility). They are also typically 
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high yielding and feature large kinetic rate enhancements. Thus far, however, these 

advantages have only been explored in a proof-of-concept on-DNA synthesis.92 The model 

reaction sequence began with carbamoylation between DNA-NH2 and nine 2-

ethylaminoglycosides, followed by modification using one of four enzymes (β-

galactosyltransferase, sialyl transferase, trans sialidase, galactose oxidase). Scaling enzyme 

production for DEL synthesis and expensive cofactors may hinder widespread adoption of 

the approach. Narrow substrate scope could also render the approach incompatible with the 

relatively large and structurally diverse building block pools used in DEL. Nonetheless, this 

initial study sets the stage for future DEL synthesis using biocatalysis and, more broadly, 

demonstrates that novel linkages and structures are attainable in DEL using reactions that 

embody virtually all aspects of the click philosophy.

3 Reaction Constraints Applied to DEL Analysis

3.1 Practiced Reactions

We have thus far established a connection between click reaction constraints and DEL 

reaction development to inform and prioritize future DEL design. High-yielding reactions 

simplify hit deconvolution and reduce false negative rates. The physical properties of the 

DNA encoding tag strictly constrains reactions to aqueous conditions, which in turn limits 

the types of reactions that are possible on DNA. Finally, enforcing high chemoselectivity 

reduces the probability of damaging DNA, an emerging constraint of interest in the field as 

new DNA analysis methods emerge (qPCR, Sanger sequencing) and integrate with routine 

measurements of reaction yield (LCMS).

In the following section we apply the click criteria as a framework to overview the state of 

the art in DEL reactions and designs. Vipergen recently enumerated the complete set of 

reactions for DEL.93 In contrast, we focus our discussion on six widely practiced reactions 

and their implementation in libraries. Generally, each section describes the reaction’s 

advantages for library diversification, the evolution of reaction conditions to broaden scope 

and/or utility, and the DNA compatibility of the reaction.

3.1.1 Amide Bond Formation—Amide bond forming reactions feature prominently in 

DEL for their versatility and DNA compatibility. Amidation usually involves the 

condensation of an amine and a carboxylic acid, two of the largest commercially available 

building block pools94 owing to its popularity in medicinal chemistry.95 Further, amide 

chemistry permits ready diversification through heterobifunctional amino acids (another 

large pool of building blocks), which can be fashioned into both linear and macrocyclic 

products. Structurally diverse diamines and diacids that are amenable to decoration via 

amide chemistry provide additional strategies for accessing novel chemical space.1 Finally, 

the routinely high yields and DNA compatibility of this reaction meet many of the click 

criteria.

Amine-terminated headpiece DNA is the most common starting material for DEL synthesis,
39 so amidation with functionalized carboxylic acid building blocks (Fmoc-amine, Boc-

amine, aryl halide, etc.) is a nearly ubiquitous first step of library synthesis.43,93,96 Many 

libraries have also relied on amide formation as critical diversification reaction.53,72 
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Activating agents are necessary reactants for converting carboxylic acids to active esters to 

promote condensation with amines. There is conflicting evidence for which activation 

conditions provide the highest average yields while minimizing DNA damage. Neri 

performed a thorough analysis of 8 different activating conditions for their ability to couple 

carboxylic acids to on DNA amines, finding that the combination of EDC/HOAt/DIPEA 

outperformed all others.97 However, many DEL groups routinely use DMT-MM for 

modification of DNA-conjugated amines49,72 or other coupling reagents.54,98 Reaction 

conditions (organic cosolvent, buffer composition, pH, DNA concentration, and building 

block selection) varied widely between these studies, possibly explaining the diversity in 

optimal conditions.

While amidation of on-DNA amines tends to employ basic buffer conditions (pH 8–9.5) 

amidation of on-DNA carboxylic acids tends to employ acidic buffer conditions.1,98,99 

DMT-MM is the dominant coupling reagent for this reaction. Gillingham’s recent 

comparison of reaction conditions for acylation with 126 amino acids determined that DMT-

MM outperformed EDC/HOAt/DIPEA for coupling amino acids to on-DNA carboxylic 

acids.47

Building block validation is critical for chemistries like amidation that use deep, structurally 

diverse building block pools. To give a sense of scale, some commercial suppliers offer > 

28,000 carboxylic acids alone. Many pharmaceutical companies also curate internal, 

proprietary building block collections.100 As a consequence, broad and novel chemical 

functionalities (aromatic, cyclic, heterocyclic, aliphatic, bridged, etc.) can be added to a 

library using robust acylation reaction conditions. Running contrary to the widespread 

notion that amides are an intrinsic liability, both DEL compounds in late stage clinical trials 

feature amides.19,50–53 The RIP1K candidate consists of a benzoxazipinone linked by an 

amide bond to a benzyl-isoxazole53 and the parent DEL of the sEH candidate was 

synthesized by nucleophilic aromatic substitution of cyanuric chloride with amines/amino 

acids followed by acylation.51

The high yield and broad reaction scope of amidations have lead to the success of these and 

other library screens by tailoring amide bond forming reactions to aqueous reaction 

conditions. Outside of DEL, amide bond coupling reagent development has received 

significant attention within the chemical synthesis community,101,102 but these chemistries 

are not usually designed to accommodate aqueous reaction conditions. DEL addresses the 

challenge of aqueous chemistry by most often employing EDC or DMT-MM as activating 

agents, which likely succeed in aqueous conditions since they are water-soluble cationic 

salts.

Critically, amide formation occurs under mild conditions and does not promote amidation of 

DNA’s numerous nucleophilic sites. Amide formation does not require extreme pH, 

mutagenic reagents, metal catalysts, or high temperature. Moreover, qPCR analysis of 

recovered DNA has shown that amidation conditions minimally affect DNA amplifiability. 

In aqueous reaction conditions, Stress et al. found that acylation of dsDNA with acids or 

amino acids activated by DMT-MM leaves 80% amplifiable DNA remaining,47 and 

Ratnayake et al. found that acylation of headpiece DNA using HATU/DIPEA leaves the 
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DNA completely unharmed.54 Similarly, numerous DNA-compatible conditions now exist 

for removing common protecting groups associated with amidation, such as Fmoc, Boc, and 

azides.54,72,86 Thus, between the array of coupling reagents and orthogonal nucleophile 

protection strategies available, amide formation represents the best-developed reaction class 

in DEL.

3.1.2 Reductive Amination/Alkylation—Reductive animation is another very popular 

reaction in DEL. It is one of the 10 most frequent transformations in traditional medicinal 

chemistry95 and was one of the first reactions to be demonstrated for DNA-templated 

synthesis,105 foretelling its utility in DEL. This reaction furnishes the C-N bonds found in 

many drugs110 and is operationally simple, making it attractive for library preparation. 

Reductive amination reactions are generally high yielding and exhibit broad scope for both 

amine and aldehyde reaction partners (Table 2). While aqueous solvent is traditionally 

avoided for reductive amination,111 reaction adaptation has allowed facile implementation in 

water at library scale. Finally, in the context of DEL, this reaction is reasonably tolerant of 

additional functional groups and reaction conditions are DNA compatible.

Reductive amination/alkylation generally occurs as a sequential one-pot reaction. In the first 

step, a primary or secondary amine reacts reversibly with a carbonyl, resulting in loss of 

water and concomitant imine or imminium ion formation. This species is subsequently 

reduced in the second step—frequently with borohydrides—rendering the reaction 

irreversible through formation of the desired C-N bond. Reagent selection is important 

because strong reducing agents reduce aldehydes and ketones, leading to unproductive 

alcohol synthesis. In more traditional organic synthesis, several reducing agents (NaCNBH3, 

NaBH4, NaBH(OAc)3, etc.) are used in slight excess (2–3 eq),111 but DEL has thus far 

almost exclusively used NaCNBH3, and in large excess (Table 2). The reaction is quite 

attractive for DEL due to the sheer quantity of commercially available amines and 

aldehydes, which also tend to be the most economical.94

Reductive amination of on-DNA aldehydes has been a highly fruitful coupling mode for 

DEL synthesis. This direction of the reductive amination has been implemented in published 

work four times.46,63,92,112 The largest amine sets included 2,259 and 2,341 amines,63,112 

but these publications did not describe building block validation or structural diversity. Of 

the published reductive amination reactions, GSK disclosed the most comprehensive scope 

for this transformation with an evaluation of 813 amines coupling to a model benzaldehyde 

DNA substrate.46 Under the specified reaction conditions, 216 amines achieved yields > 

70% and were subsequently included in the library. Generally, primary amines coupled more 

efficiently than secondary amines and aromatic amines coupled more efficiently than 

aliphatic amines. However, the majority of amines did not couple efficiently, again 

highlighting the importance of building block validation.

Reductive alkylation of on-DNA amines has similarly been a productive reaction for DEL 

synthesis, leveraging abundant commercial collections of amino acids and aldehydes. To 

avoid bis-alkylation during library synthesis, on-DNA amine reactants are often restricted to 

secondary amines, though conditions for mono-alkylation of primary amines have been 

described.67 Conditions for reductive alkylation of the secondary amine of proline-
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conjugated DNA were disclosed in the initial patent describing DEL filed by Praecis 

pharmaceuticals in 2004.108 Since then, reductive alkylation of on-DNA amines in library 

synthesis has been published twice in recent reports from the Schreiber lab44 and X-Chem 

pharmaceuticals/Arrakis therapeutics.113 Schreiber’s conditions achieved broad scope, 

coupling 72 out of 117 aldehydes with an azetidine-DNA substrate in > 70% yield (previous 

studies coupling 20 aldehydes per scaffold, showed little reactivity difference between 

azetidine- and pyrolidine-DNA). However 22 aldehydes were entirely unreactive, suggesting 

that certain classes of aldehydes are not suitable for this chemistry. In the other reported 

application, Litovchik et al. reacted 85 aldehydes, a similar sized building block set, with 

1,024 secondary amine DNA conjugates, but building block validation data were not 

provided. Taken together, these studies substantiate the reaction of aldehydes with on-DNA 

secondary amines as useful for DEL synthesis.

Expanding reductive alkylation reaction scope to include addition of ketones would be 

highly beneficial for generating Csp3 amine bonds. Scripps Research/Pfizer discovered 

aqueous phase conditions for reductive alkylation of on-DNA amines with ketones.114 Nine 

of 14 ketones coupled with a primary amine at yields > 70%. Boric acid was key for this 

transformation, but the reaction also employed significantly higher concentrations of ketone 

and NaCNBH3 (500 mM) than similar transformations with aldehyde building blocks (30–

50 mM, see Table 2). Overall, reaction scope will require further study to confirm suitability 

for library synthesis.

In addition to the high yields achievable by reductive C-N bond formation in aqueous 

solution, these reactions are also orthogonal to other reactions, thereby facilitating more 

complex library design. Multifunctional building blocks can combine amidation reactions, 

reductive alkylation/amination, and Suzuki couplings. Recently, small collections of 

trifunctional building blocks have become commercially available for this purpose 

(Enamine), but so far, library synthesis with trifunctional building blocks has incorporated 

only custom building blocks. In all cases, order of reaction is important. Schreiber suggested 

that reductive alkylation should precede Suzuki coupling to avoid side reactions with the on-

DNA amine, while GSK suggested that Suzuki coupling should precede reductive amination 

to avoid dehalogenation.46 The relative orthogonality of reductive amination enables 

incorporation of other chemistries as well. For example, a recent library featured 

chemoenzymatic installation of aldehyde-labeled sugars, which were subsequently modified 

by reductive amination.92

Like amide formation, reductive C-N bond formation generally invokes reactivity that is 

orthogonal to DNA, and is another feature that makes the chemistry attractive for DEL. 

Quantitative analysis of the DNA compatibility of this reaction is limited to solid-phase DEL 

synthesis methods, but those studies indicated that there is no detectable effect on DNA 

amplifiability.86 Even for untested reaction conditions, though, they are relatively mild, 

suggesting compatibility. For example, although the reaction usually proceeds at pH 5.5, this 

is not sufficiently acidic to promote depurination, which proceeds only sluggishy at pH > 

5.0.115 Similarly, one would not predict redox cross-reactivity of DNA with the commonly 

used borohydride reductants. Finally, the reaction occurs at mild temperature as well, with 
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most < 60 °C. Altogether, reductive amination adheres to the suggested reaction criteria for 

DEL.

3.1.3 Suzuki-Miyaura Cross Coupling—Since its discovery in 1981, the Suzuki-

Miyaura cross coupling reaction has become one of the most popular reactions in medicinal 

chemistry95 and it received a citation for the 2010 Nobel Prize in chemistry. Approximately 

30 drugs contain biaryl C-C linkages,118 suggesting that this reaction has high potential for 

generating suitable chemical matter. While designing Suzuki couplings that are compatible 

with DEL synthesis is particularly challenging, extensive reaction optimization has yielded 

improved scope and the reaction has been implemented in several libraries.

Among the now many DEL-compatible chemistries, the Suzuki cross coupling has been 

unique in its ability to deliver sufficiently robust C-C bond construction as to be useful in a 

library setting. Initially, Suzuki reactions were implemented in DEL using Pd(PPh3)4 as the 

catalyst and the scope was limited to the reaction of on-DNA aryl iodides (primarily) or 

pyrimidinyl bromides (far less explored) with excess boronates to yield the corresponding 

biaryl linkage (Table 3, entries 3,4,6).45,46,63,119 Alternative Pd ligands explored recently 

have provided higher yields for aryl iodide building blocks44 and some ligands catalyze 

cross coupling with challenging aryl chloride-DNA substrates,46,120 and other coupling 

partners,121,122 expanding the scope of Suzuki cross couping in DEL.

The utility of the Suzuki reaction in library synthesis derives from its relatively broad 

substrate scope and its orthogonality with other common bond construction strategies. The 

first disclosed DEL45 that used Suzuki coupling was a 3-cycle library (Table 3, entry 4) 

designed around 44 trifunctional building blocks (Fmoc-protected amine, aryl iodide, 

carboxylic acid). These trifunctional building blocks were used to amidate NH2-DNA, then 

further elaborated in cycles two and three by Suzuki coupling with 265 boronic acids 

followed by amine capping reactions with 2976 electrophilic building blocks (carboxylic 

acids, sulfonyl chlorides, aldehydes, isocyanates, and heteroaryl chlorides). A screen for 

BCATm inhibitors using this 34.7-million-member Suzuki DEL yielded an optimized hit 

compound with IC50 = 2 μM in an enzyme activity assay. A second DEL from GSK used 

these Suzuki conditions in conjunction with trifunctional aldehydes and reductive 

amination46 to yield a 3.5-million-member DEL of biaryls. X-Chem reported similar 

reaction conditions for DEL synthesis, coupling 222 bromoaryl carboxylates by Suzuki with 

667 boronic acids, but yields for this transformation were not reported.63

Further studies of Suzuki reactions in on-DNA synthesis expanded the reaction scope to 

other aryl halide species for accessing other building block pools. Researchers at GSK 

discovered that pre-combining POPd with the Buchwald sSPhos precatalyst (1:2) enabled 

cross coupling to challenging pyridinyl and aryl chlorides.123 To improve operational 

simplicity, Li and Huang reported that the commercially available precatalyst sSPhosPd G2 

also catalyzed the aryl chloride cross coupling reaction.120 In this work, 8 Buchwald 

precatalysts were tested, and only sSPhosPd G2 provided appreciable yield, possibly due to 

its water solubility derived from sulfation; the parent SPhosPd G2 compound lacking 

sulfation (but otherwise identical) did not catalyze the reaction. The optimized conditions 

using the sSPhosPd G2 catalyst were evaluated in a substrate scope study of 6 aryl/
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heteroaryl chloride, one heteroaryl bromide, and one heteroaryl iodide headpiece coupled 

with 84 boronates. For all headpieces tested, > 60% of building blocks coupled in > 50% 

yield, but some boronates (e.g., sterically hindered, chlorinated, fluorinated) remained low 

yielding. Finally, a fluorosulfonate electrophile (accessible via phenols), enabled more 

permissive coupling at lower temperature under ligand-free conditions.121

Despite improvements in ligands and other reaction parameters, Suzuki coupling conditions 

are among the more demanding, and can be quite detrimental for DNA. Suzuki reactions are 

commonly alkaline and require both high temperature and metal catalyst. All of these are 

depurination hazards and, indeed, X-Chem observed that library recovery following Suzuki 

coupling was 3-fold lower than the other reactions used to generate this library.63 Similarly, 

our laboratory observed that Suzuki coupling catalyzed by Pd(PPh3)4 yielded only 30% 

amplifiable DNA after the reaction.86 The potential for Pd species to induce DNA damage is 

well appreciated: several unique library purification strategies have emerged from Pd-

mediated reaction development, such as spin filtration,45 centrifugation,44 and addition of 

metal scavengers, including sodium sulfide67 and sodium diethyldiothiocarbamate.119 

Additionally, ligation analysis45 and Sanger sequencing120 data have provided further 

characterization of the Suzuki reaction’s DNA compatibility. Collectively, Suzuki-Miyaura 

cross coupling is highly advantageous for increasing druglikeness of DELs, but caution is 

necessary, as common reaction conditions compromise DNA fidelity.

3.1.4 Buchwald-Hartwig and Ullmann Cross Coupling—The rise of Suzuki 

coupling in DEL has driven strong parallel interest in C-N cross coupling reactions by way 

of Buchwald-Hartwig (Pd-catalyzed) or Ullmann type couplings (Cucatalyzed). The 

Buchwald and Ullmann reactions forge aryl C-N bonds, which occupy chemical space 

distinct from C-N bonds formed by reductive amination. Buchwald coupling is a particularly 

popular transformation in medicinal chemistry for its simplicity, the prevalence of C-N 

bonds in natural products, and the pharmacokinetic versatility of the secondary amine 

linkage. From a combinatorial chemistry perspective, C-N cross coupling reactions are more 

attractive than C-C Suzuki cross coupling reactions because amines are much more 

commercially abundant than aryl boronates and they are substrates for a wider array of 

reactions. However, the small reaction scale in DEL offers opportunities for exploring 

complementary C-N and C-C cross couplings, modularly increasing library diversity.98,124

Despite the appeal of C-N cross coupling for DEL diversification, discovering suitable 

reaction conditions has proven difficult. GSK’s initial disclosure of C-N cross coupling for 

DNA-linked substrates included both Buchwald- and Ullmann-type reactions with large 

amine sets, but yields were generally low.124 The Buchwald reaction, employing tBuXPhos 

precatalyst G1, was evaluated by coupling 6329 primary aromatic amines to a DNA-linked 

aryl iodide, but for 93% of building blocks, yield was < 50%, highlighting the challenge of 

achieving broad scope. The Cu(I)-catalyzed Ullmann reaction proved fruitful using primary 

aliphatic amines and amino acids, but yields were similarly low. Although these initial 

Buchwald and Ullmann conditions yielded narrow building block scope, both were used for 

library construction (screening yet to be disclosed), paving the way for future reaction 

development.
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The first major improvement to Buchwald coupling in DEL stemmed from the use of third-

generation Buchwald catalysts. Incorporating these catalysts125,126 in DEL49,98,121 

expanded amine and aryl halide scope. In the largest study, Eli Lilly found that 310/867 

primary aromatic amines coupled in > 70% conversion with a model aryl bromide DNA 

conjugate. This compares favorably with GSK’s previous conditions that required higher 

temperature, more base, and more reactive aryl iodide substrate to identify only 177/6,329 

primary aromatic amines coupling in > 70% yield. Direct comparison of 6 reactions under 

both conditions uniformly proceeded in higher yield using Lilly’s method. Lilly’s conditions 

also expanded aryl halide scope to include several aryl bromide building blocks. In a two-

step validation of 471 aryl bromide carboxylates, 225 acylated DNA in > 70% yield and 105 

of these underwent further Buchwald coupling in > 70% yield. The utility of the developed 

conditions was demonstrated when Lilly synthesized a Buchwald DEL that was used in over 

140 selection experiments.

More recent optimization of Buchwald for DEL improved reaction scope through use of a 

pyridine-enhanced precatalyst (PEPPSI) activated by ascorbate.127 The optimized conditions 

required careful PEPPSI catalyst selection, high temperature (95 °C), and DMF cosolvent, 

but expanded both amine and aryl halide scope. While a small number of aryl chloride 

couplings suggested the potential suitability of these building blocks, the major focus of the 

work was identifying suitable aniline and secondary amine coupling partners. To this end, 

197/328 and 123/292 aniline building blocks coupled to aryl bromide headpiece DNA and 

pyridinyl bromide headpiece DNA, respectively. Secondary amines remained challenging 

with 23/92 and 15/92 coupling in > 70% yield to the same aryl bromide and pyridinyl 

bromide headpieces respectively. The aryl halide scope investigation was more limited, but 

the newly developed reaction conditions were nevertheless applied to the synthesis of a 6 × 

107 member library featuring 165 aryl halides in the second cycle followed by 386 anilines 

and 92 cyclic secondary amines in the third cycle.

The Ullmann coupling remains the most promising reaction for coupling aryl halides with 

aliphatic amines. Once again, ligand optimization was critical to enabling Ullmann-type 

couplings for DEL. Whereas commercial catalysts drove Buchwald coupling, Novartis tested 

8 potential ligands, then synthesized 13 derivatives, to arrive at an optimal ligand.68 Using 

this ligand and optimized conditions, 5/8 aliphatic amines coupled to aryl iodide headpiece 

in > 70% yield. In another study, 8 aryl iodide headpiece DNA substrates were reacted with 

12 aliphatic amines. Both aryl iodides with ring-adjacent substituents and sterically hindered 

amines uniformly coupled poorly, but sterically-unhindered aryl iodides and amines 

generally coupled in > 70% yield. While the newly designed catalyst and optimized 

conditions have not yet been applied to library synthesis, they again highlighted the 

importance of catalyst selection.

Although Buchwald and Ullmann reaction conditions often resemble those of Suzuki 

couplings, C-N couplings are in several instances less damaging to DNA. For example, Ruff 

and Berst found that Ullmann coupling (Table 4, entry 2) leaves 65% amplifiable DNA,68 

while Ratnayake et al. found Buchwald (Table 4, entry 6) coupling left 73% amplifiable 

DNA by qPCR.54 In the absence of quantitative data, the DNA compatibility of reactions 

employing PEPPSI precatalyst remains speculative. The higher temperature and increased 
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basicity in PEPPSI precatalyst conditions (95 °C) are likely to increase DNA damage, 

warranting further study. As in Suzuki couplings, Pd species in Buchwald couplings may be 

scavenged post reaction with thiol-containing compounds.49 Cu may be scavenged with 

EDTA.68

Together with Suzuki, Buchwald and Ullmann reactions comprise a suite of highly valuable 

cross couplings that use commercially available and deep building block pools to access 

chemical matter of high druglikeness. Scope has rapidly and dramatically improved, both 

increasing diversification potential and allowing the DEL designer to pull from a collection 

of aryl halides to construct either C-N or C-C bonds. Finally, while DNA compatibility 

appears suitable for all of these metal-mediated couplings, arriving at these conditions has 

been a multivariate battle to enhance reaction kinetics through proper catalyst selection 

while minimizing reaction time. Metal scavenging has also played a crucial role, and one 

that has not been fully characterized to date. Further quantitative studies, particularly of 

Ullmann, will be helpful in establishing a click-like set of cross coupling conditions for the 

field.

3.1.5 Triazine Substitution—Nucleophilic displacement on the cyanuric chloride 

scaffold has yielded diverse published DELs. The seminal disclosure of DEL1 showcased 

this scaffold and chemistry sequence, which uses economical and plentiful amines in 3 

cycles of chemistry for readily accessing numerically large libraries (106–108). Libraries 

employing this chemistry have furnished several novel inhibitors,1,128–131 including the lead 

for GSKs sEH inhibitor.51 Although computational analysis identified potential liabilities,38 

the cyanuric chloride scaffold is still a logical starting material for creating branched 

libraries.

The simplicity of cyanuric chloride functionalization is a major aspect of its appeal for 

library synthesis. Cyanuric chloride is a trifunctional scaffold elaborated through symmetric 

and dynamic site reactivity132 instead of protecting groups or orthogonal functionalities in 

other DEL scaffolds. Synthesis of the Praecis/GSK triazine “DEL A” entailed mild initial 

nucleophilic chloride substitution (1 h, 4 °C), a longer second substitution on the less-

activated ring system (16 h, 4 °C), and an aggressive third substitution on the most 

deactivated ring system (6 h, 80 °C).1

The relatively large scope of nucleophiles that reacts with the cyanuric chloride scaffold is 

also a highly attractive feature of the chemistry. Competent nucleophile classes include 

amines, thiols, and alcohols,132 but amines predominate for their utility in several different 

DEL chemistries. GSK identified 340/1000 amines that performed at least one step of 

substitution in > 70% yield. This reaction tolerated most classes of primary and secondary 

amines including aliphatic, aromatic, or cyclic amines. Substitution with phenolic acids, 

amino acids, or diamines introduces opportunities for a fourth cycle, increasing library size, 

but reducing library member druglikeness.1,38 Incorporation of thiol nucleophiles or using 

the final aryl chloride in a Suzuki coupling poses alternative routes for exploiting the 

versatility of the cyanuric chloride scaffold while retaining druglike character.133
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Despite the common synthesis of libraries focused around cyanuric chloride, quantitative 

understanding of the DNA compatibility of the associated SNAr reactions remains lacking. 

For the first substitution, electrophilic cyanuric chloride reacts with amine-functionalized 

DNA to introduce the core library structure, but has potential for off target reactivity with 

nucleobase amines. The second and third nucleophilic substitutions appear mild, requiring 

low amine concentrations and temperatures < 80 °C. In comparison, Buchwald coupling 

with higher amine concentration, strong base, and metal catalyst leaves 73% amplifiable 

DNA.

The range of lead compounds discovered from triazine libraries is remarkable. Examples 

include metalloprotease inhibitors exhibiting high selectivity between highly homologous 

enzymes,128,129 an LFA1-ICAM1 protein-protein interaction inhibitor,130 and an OXA-48 β-

lactamase inhibitor131 to highlight a few target class firsts for DEL screening. Finally, the 

sEH inhibitor in late stage clinical trials exemplifies a few good reactions (amidation, 

cyanuric chloride substitution) enabling drug discovery through DEL.51

3.1.6 Copper-Catalyzed Azide Alkyne Cycloaddition—The quintessential click 

reaction, CuAAC, has served myriad purposes in encoded libraries. It was first shown in a 

DNA-templated reaction57 and has since been deployed in DEL for introducing diversity 

elements,47,48,58,61 macrocyclization,59,60 coupling DNA to resin for solid-phase DEL 

synthesis,62 and even chemical ligation of encoding tags in place of enzymatic ligation63 

(Table 5). CuACC is altogether convenient for DEL syntheses due to its facile reaction setup, 

broad scope, aqueous compatibility, and chemoselectivity, but commercial abundance of 

azides and alkynes is low relative to most other building block classes.

CuAAC in DELs employs conditions similar to those of bioconjugation. Most often, in situ 

reduction of Cu(II) with ascorbate furnishes the active Cu(I) catalyst, which tris-triazole 

ligands subsequently stabilize. The reaction benefits from sealing after gentle sparging with 

inert gas to protect the catalyst from decomposition by reaction with O2. As is the case for 

bioconjugation,22 an excess of coupling reagent and gentle heating (45–60 °C) enhance 

reaction kinetics. Ligand and solvent optimization generally maximizes reaction rate134–136 

while minimizing oxidative damage to off targets.137 While the majority of DEL 

applications have used TBTA as the ligand, Neri recently explored a more water soluble 

TBTA derivative138and further ligand exploration may prove fruitful.

The chemoselectivity of CuAAC has prompted several innovative applications in DEL 

beyond just building block coupling. For example, CuAAC has been used for encoding tag 

ligation in place of enzymatic methods. X-Chem described library synthesis starting from 

ssDNA functionalized with a 5′-amine for diversification and a 3′- propargyl group for 

CuAAC ligation of encoding tags. Additional ssDNA oligonucleotides functionalized with a 

3′-silane-protected propargyl group and a 5′- azide63,139 enabled efficient chemical tag 

ligation. Klenow fragment could read through DNA triazole linkages, but efficiency was 

low. This strategy enabled split-and-pool library synthesis on ssDNA with encoding tag 

ligation by CuAAC to yield a 334-million-member DEL. Selection of this library identified 

a potent inhibitor of sEH (IC50 = 2 nM). As an additional example of CuAAC enabling 
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novel library design through orthogonality, it has been the reaction of choice for attaching 

DNA headpiece to resin for solid-phase DEL synthesis (see 3.2.2 below).62

Macrocyclization is another important application showcasing the versatility of the CuAAC 

in DEL design. GSK created a 6-mer macrocyclic peptide library with theoretical diversity 

of 2.3 × 1012 peptide backbones cyclized via CuAAC.59 This application depended on the 

high yield and orthogonality of CuAAC. Selection patterns indicated that macrocylic library 

members were more potent ligands than linear counterparts obtained from an aliquot of the 

DEL that was not subjected to CuAAC. A similar strategy using CuAAC to cyclize scaffolds 

was also applied to DNA-recorded peptoid macrocycle libraries.60 While acylation was the 

chosen reaction for macrocylization in a recent library from Stress et al., CuAAC was 

critical for attaching 21 non-peptidic macrocycle precursors to encoding tags.47

Given its roots as a library diversification strategy, CuAAC has appeared in several DEL 

syntheses. In one example, aliphatic and benzylic halides were converted in situ to azides by 

nucleophilic substitution with NaN3, then coupled to propargyl glycine, pyrimidine, and 

benzodiazepine scaffolds.58 Prior to library synthesis, building blocks were validated by 

coupling to a propargylamido-DNA conjugate, identifying 82/102 building blocks that 

coupled quantitatively. In alternative strategies, alkyne building blocks diversified azide-

functionalized scaffolds. Stress et al. coupled 663 alkynes to azido homoalanine-

functionalized library en route to a 1.4 × 106-member macrocycle library,47 Li et al. coupled 

136 alkynes to an azidolysine-functionalized scaffold during synthesis of a 3.5 × 107-

member macrocycle library,48 and Favalli found that 72/115 alkynes coupled to an azido 

iodiphenylalanine ssDNA conjugate in > 75% yield.138

Although CuAAC has seen limited application as a diversification strategy in DEL, synthetic 

methodology development is providing new opportunities for exploration. Perhaps the most 

significant impediment has been the relative paucity of commercially available azides and 

alkynes compared to, for example, amines or aldehydes. Novel azides are accessible from 

alkyl/aryl halide starting materials,58 and drawing on a larger building block set, several 

approaches generate azides from primary amines.140–142 However, on-demand building 

block generation is a fairly recent innovation in the field,55 and deployment in library 

synthesis in not yet published.

CuAAC is generally high yielding and prized for its orthogonality, suggesting high 

compatibility with DNA, but the Cu(I) catalyst introduces known hazards to DNA. For 

example, Cu mediates oxidative DNA damage and radical chemistry.97,143 Measurements of 

DNA damage from CuAAC vary with conditions. Skopic et al. ascribed a loss of 50% of 

amplifable DNA post CuAAC to oxidative damage.58 In a separate study, CuAAC preserved 

74% of amplifiable dsDNA, but only 10% of amplifiable ssDNA remained.47 Avoiding 

oxidative DNA damage is a multivariate problem requiring optimization of Cu, reducing 

agent, ligand, and even solvent. Ligand optimization, particularly as it relates to solvent 

choice, is the likeliest starting point for further investigation.
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3.2 Prospective DEL Reaction Schemes

Emergent synthesis technologies are both rapidly expanding the chemical space that DEL 

can access and enabling new screening modalities that have the potential to unlock 

previously intractable targets. For example, on-DNA photoredox coupling is delivering 

novel structural diversity via radical-mediated reactivity and solid-phase synthesis-inspired 

approaches are circumventing the aqueous reaction constraint of on-DNA synthesis while 

supporting activity-based DEL screening. The framework for evaluating the utility of these 

new technologies remains unchanged: rigorous analytical characterization of reaction yield 

and DNA compatibility are determinants of effective synthesis methodology development 

and building block availability continues to influence adoption prospects. Altogether, this 

section seeks to highlight the potential for new synthesis technologies to expand the scope of 

useful DEL reactions.

3.2.1 Covalent Attachment to Solid Support—Syntheses involving covalent binding 

of library members to solid supports has enabled both novel DEL reaction development and 

screening modalities. Drawing inspiration from conventional automated DNA synthesis, 

protected oligonucleotides attached to controlled porous glass (CPG) solid supports have 

been modified under reaction conditions likely to be incompatible with unprotected DNA to 

yield functionalized ssDNAs for initiating library synthesis. Libraries have also been 

prepared directly on polymeric solid supports using enzymatic encoding tag ligation 

reminiscent of conventional DELs, but circumventing the solubility limitations of DNA 

during chemical synthesis steps. Solid-phase DELs also introduce the unique ability to 

conduct activity-based screening by exploiting the polyvalent library member display on 

each bead.

Recent exploration of DEL synthesis initiated on CPG has suggested that solid-phase 

synthesis procedures can expand the scope of DNA-compatible chemistries. Building on the 

earliest work in DNA-encoded combinatorial chemistry,103 Brunschweiger disclosed 

methodologies for accessing modified heterocycles. Initiating synthesis on CPG-linked DNA 

removes the aqueous reaction constraint and nucleobase protection increases the chemical 

robustness of DNA tags. Linkers composed of only pyrimidines such as hexathymidine 

(“hexT”) or an alternating TC linker were most robust.144,145 Exposure to 10% TFA or 

certain metal ions (Sc(III), Rh(II), Ru(II), Pd(0), and Pd(II)) still resulted in significant DNA 

damage detected by HPLC,144,145 but on-CPG synthesis using protected oligonucleotides 

has nonetheless furnished previously inaccessible DNA conjugates.

On-CPG synthesis has introduced innovative approaches to library coding and access to 

several new chemistries on DNA. Brunschweiger’s procedure begins with nucleobase-

protected ssDNA bound to CPG at its 3′ terminus; the 5′ terminus displays an amine for 

compound synthesis. On-CPG reactions have included acid-catalyzed Pictet Spengler 

reaction to form β-carbolines, and gold-catalyzed pyrazoline and spirocycle formation.
144,146 Several multicomponent reactions, including Zn(II)-catalyzed aza Diels-Alder, 

Povarov, Biginelli, Castagnoli-Cushman, 1,3-dipolar azomethine ylide-alkene cycloaddition, 

and isocyanide reactions have also been developed.61,144–148 After the initial on-CPG 

reaction, products are cleaved from solid support and splint-ligated to the encoding tag. 
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These reactions showcased the ability of on-CPG synthesis to enable otherwise difficult 

transformations that also explore Csp3-rich chemical space.

An alternative DNA-encoded solid-phase synthesis (DESPS) approach has provided 

additional unique opportunities for reaction development and library screening. Drawing 

inspiration from the canonical one-bead-one-compound combinatorial synthesis strategy 

popularized by Lam,12,149 solid-phase DELs are synthesized and screened entirely on 

beads62,104 (Figure 4). Solid-phase technology development in DEL remained largely 

dormant until the 2015 publication of DESPS, which married the enzymatic encoding 

paradigm of DEL with the water-free and automation advantages of solid-phase synthesis.62 

Solid-phase DELs are constructed on a bifunctional linker that supports compound synthesis 

and substoichiometric DNA-encoding tag ligation. Like traditional DEL, split-and-pool 

synthesis delivers exponential diversification of chemical structure, while enzymatic ligation 

of encoding tags records each bead’s synthetic history. Unlike conventional on-DNA DEL 

synthesis, DNA solubility considerations are irrelevant in DESPS, thus building block 

couplings are conducted in organic solvent.

High yield and DNA compatibility remain critical for successful solid-phase DEL reaction 

development. To evaluate chemical reactions for solid-phase DEL synthesis, our laboratory 

developed DNA-encoded reaction rehearsal. Solid-phase reactions of unknown yield or 

DNA compatibility are conducted on synthesis resin that has been mixed with magnetic 

sensor beads displaying a fully constructed DNA tag.86After the reaction, sensor beads are 

separated from synthesis beads. LCMS is used to determine the reaction yield from 

synthesis resin cleavage product and qPCR is used to measure the amount of amplifiable 

DNA remaining on the sensor beads. Several common coupling reactions, such as 

amidation, Suzuki cross coupling, and reductive amination were studied.86 Along with azide 

reduction, protecting group removal (Fmoc, Mtt, and Alloc) proceeded to completion with 

acceptable DNA damage.86 Several more specialized reactions, such as a proline-catalyzed 

aldol reaction,150 Knoevanagel condensation,151 and Mannich reaction152 provide additional 

reactions for library generation. A variety of aldehyde reactions were also found to be both 

high yielding and highly DNA compatible.153 While many DNA-compatible solid-phase 

reactions have been disclosed, only amidation,109 nucleophilic displacement,151,154 and 

Knoevenagel condensation151 have been used to prepare solid-phase DELs.

The primary driver for developing solid-phase DEL technology has been achieving the 

ability to screen libraries in functional assays. As each DEL bead polyvalently displays one 

library member, it is possible to generate high local concentrations of an individual library 

member in the vicinity of the bead for screening. This is in stark contrast to conventional on-

DNA DELs, which are inherently complex, inseparable mixtures. Synthesis of libraries on 

photocleavable linkers and microfluidic compartmentalization of beads allowed automated 

and miniaturized off-DNA screening of solid-phase DELs.155,156 Using this technology, 

activity-based DEL screens identified inhibitors of the phosphodiesterase autotaxin,109 while 

fluorescence polarization competition binding assays identified ligands of the receptor 

tyrosine kinase DDR1.157 By separating the DEL member from the encoding tag, solid-

phase DELs are poised to remove the barrier to investigating nucleic acid binding proteins40 

and enable direct interrogation of cellular signaling.
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3.2.2 Solid-Phase Reversible Immobilization—Sustained interest in performing 

chemical modification of oligonucleotides in organic solvent has also motivated studies of 

solid-phase reversible immobilization to eliminate the DNA solubility constraint. These 

“pseudo solid-phase” strategies leverage the polyanionic phosphate backbone of DNA to 

immobilize it on cationic resin for suspension in organic solvent. Conceivably, this facilitates 

translation of organic synthesis conditions to DNA-encoded synthesis conditions. In 

addition, pseudo solid-phase chemistry offers ease of resin washing to allow rapid exchange 

of reagents and repeat couplings for increasing synthesis yield. Finally, these approaches 

expand the chemical space accessible to DEL by permitting transformations that do not 

tolerate water.

In 2004, Halpin and Harbury described amidation and an extensive suite of deprotection 

strategies for the automated chemical modification of DNA substrates immobilized on 

DEAE sepharose.107,158 This approach enabled repeated cycles of synthesis and selection 

for two 106-member libraries.106 In an investigation of several resin types, DEAE sepharose 

provided optimal DNA immobilization and proof-of-concept experiments demonstrated 

Fmoc-peptide synthesis on immobilized DNA.107 Since then, pseudo solid-phase reactions 

on DNA using DEAE sepharose have been used for amide bond formation,48,58,159,160 

peptoid synthesis,161 reductive amination,116 and CuAAC.58,61,138 Despite clear utility, 

whether DEAE-based synthesis provides yield improvements compared to reactions in 

solution remains unclear.

Subsequent development of pseudo solid-phase synthesis on DNA has focused on 

optimizing resin properties. The DEAE-functionalized sepharose core (Figure 5) displays 

numerous hydroxyl groups that are potentially cross-reactive, the resin retains sufficient 

water to render water-sensitive chemistries inaccessible, and the DEAE becomes 

deprotonated above ~ pH 8, abrogating DNA binding. Two parallel efforts sought to address 

this limitation with an essentially identical solution. Reversible adsorption to solid support 

(RASS)114 and amphiphilic polymer-facilitated transformations under anhydrous conditions 

(APTAC)162 both employed a resin with an organic core (PEG or PS) and quaternary amine 

functionality. These resins lack potentially cross-reactive nucleophiles, the organic resin core 

can be readily dehydrated, and quaternary amine DNA binding is pH independent.

These resin improvements offered renewed incentive to develop pseudo solid-phase 

reactions that were difficult under aqueous conditions. RASS first enabled Ni-catalyzed 

Csp2 − Csp3 cross coupling of an aryl iodide-modified DNA with soluble redox-active esters 

(RAE), providing 82% yield in a model reaction.114 Reactions with an additional 42 RAEs 

proceeded in > 60% yield, while the same reaction on DEAE resin or free in solution was 

unproductive. A Ni-catalyzed electrochemical amination of on-DNA aryl iodide was then 

investigated, yielding 74% conversion in a model reaction, while the corresponding reaction 

performed free in solution phase reaction lead to DNA loss, presumably due to electrode 

absorption. Yields for this reaction were roundly modest in a 21-substrate scope study (19 

reactions < 55%), but this was the first electrochemical modification of DNA substrates. 

Subsequently, RASS afforded novel C–S and S−N bonds.163 Aryl iodide-DNA and thiols/

thiophenols were coupled using a water-sensitive Ni catalyst; 29 thiols reacted with variable 

C–S bond forming yield (19−83%). In a second demonstration, bromohexanamide-DNA 
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was reacted with thiols or sodium sulfinates; 12 sulfinate salts reacted in variable yields 

(29−83%) and 6 thiols/thiophenols all reacted in high yield (> 70%).

The APTAC method has similarly expanded the scope of DEL-compatible chemistry, but 

fewer reactions have been disclosed.162 While Umpolong addition and tin amine protocol 

(SnAP) reactions164 were demonstrated as potential APTAC reactions, these use rare 

building blocks and reaction scope is still unproven. APTAC was explored to enable 

photocatalytic decarboxylative cross coupling, which uses abundant carboxylic acids. Using 

a custom LED-illuminated 96-well photo reactor (λ = 470 nm), APTAC permitted Ni/Ir dual 

catalyst cross coupling between aryl iodide-DNA and 25 aliphatic carboxylic acids. This 

transformation provided high yields (> 70%) for 12 carboxylic acids.

Both RASS and APTAC warrant further investigation for introducing anhydrous reactions to 

library synthesis. These strategies require bead handling, which increases the complexity of 

library synthesis but provides access to new chemical space. Reactions such as 

decarboxylative cross coupling increase Csp3 character and introduce stereochemistry, while 

C-S cross couplings form bonds that are not currently found in DEL. Abundant building 

blocks for these reactions increase their utility for library synthesis, but RASS and APTAC 

do not yet appear in published DELs. An analysis of resin binding capacity, however, 

supports scalability and similar pseudo solid-phase synthesis with DEAE resin has yielded 

several DELs.48,106,160 In summary, solid-phase reversible immobilization seems generally 

promising, granting access to useful functionality through anhydrous conditions. Further 

studies are likely to confirm that these approaches exhibit the requisite high yield, broad 

scope, and DNA compatibility of other canonical DEL chemistry formats.

3.2.3 Photoredox Catalysis—Photoredox reactions have attracted significant attention 

in medicinal chemistry for their ability to generate novel C–C bonds, and they appear to be 

equally promising for DEL bond construction. Photoredox couplings between C-centered 

radicals and alkene groups (Giese coupling or defluorinative alkylation) can produce Csp3 − 

Csp3 linkages. Similarly, dual catalytic photoredox cross couplings between heteroaryl-

halide-conjugated DNA and C-centered radicals can generate valuable Csp2 − Csp3 linkages. 

Photoredox reactions demonstrated thus far have great appeal for DEL synthesis as they 

proceed with fast kinetics despite dilute DNA concentrations, use abundantly available 

building block sets, and generate highly desirable functionality. Also, although radical-

mediated, several studies suggest that these reactions do not significantly affect DNA 

recovery.

Photochemistry was one of the first reaction modes to receive attention for its inherent 

compatibility with DNA. Halpin and Harbury highlighted the use of the nitroveratryloxy-

carbonyl (NVOC) group for mild and selective nucleophile protection in DNA-routed 

synthesis107 and both o-nitroveratryl and o-nitrobenzyl linkers have seen heavy use in 

oligonucleotide synthesis for their ability to mediate mild and chemoselective DNA 

phosphodiester cleavage. Later, Liu’s powerful reaction discovery platform uncovered an 

on-DNA photocatalytic azide reduction,57 and GSK used NVOC deprotection in a triazine 

library,128 setting the stage for implementation of photoredox chemistry in DEL. Drawing 

inspiration from the corresponding off-DNA reactions,165,166 Pfizer disclosed a 
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photocatalytic Giese coupling167 between acrylamide DNA and Boc-protected 

phenylalanine. After optimization, the desired 1,4 product was obtained in 89% yield. Boc-

protected α-amino acids generally coupled in high yield (25/29 conversion > 65%), while 

other radical precursors were only preliminarily investigated. Further, the reaction tolerated 

several radical acceptors; 6/9 alkene-conjugated DNA species coupled with Boc-

phenylalanine in > 65% conversion.

Photoredox catalysis-based reaction development for DEL has continued to be an intense 

area of investigation. Novel dual catalytic reaction cycles for decarboxylative arylation were 

high yielding and DEL compatible.69,162,168 In the dual catalytic approach, photocatalyst (Ir 

or suitable organic dye) generates an α-carbon radical through decarboxylation, which 

inserts in Ni-activated aryl halides to yield the corresponding Csp3 − Csp2 linkages and 

regenerate the catalysts. Reaction conditions varied widely, employing 60% aqueous,168 

20% aqueous with MgCl2 to aid DNA solubility,69 or nearly anhydrous conditions on solid 

support.162 Reaction scope was similarly variable. Pfizer’s conditions were best suited for 

coupling Boc-protected α-amino acids as 26/29 such substrates reacted in > 70% yield while 

10/21 heteroaryl halide DNA conjugates coupled to N-Boc morpholine carboxylic acids in > 

65% conversion.168 Molander’s conditions were simpler as they did not require exclusion of 

air, but yields were generally lower. Only 4 of 15 reactions between various Boc-protected 

α-amino acids and aryl/pyridinyl halides surpassed 60% yield.69 Novartis’s conditions were 

the most intensive, requiring both solid support and water/air exclusion, but provided access 

to aliphatic carboxylic acids (12/25 > 70% converison with aryl iodide substrate).162

Adaptation of cross electrophile coupling has further expanded the scope of photoredox 

chemistry.70,169 Pfizer identified a novel bis(carboxamidine) ligand that provided 92% yield 

in a model reaction between aryl iodide DNA and N-Boc-3-bromopiperidine.169 In a scope 

study of 26 aryl halides reacting with a DNA-linked aryl halide, primary and secondary alkyl 

bromides reacted favorably for many building blocks, but tertiary or sterically hindered alkyl 

bromides coupled poorly. In contrast, Molander developed cross electrophile coupling 

conditions that proceeded under standard atmosphere using 80% DMSO as the reaction 

solvent.169 Optimal conditions included an Ir photocatalyst and a Ni catalyst, but used 

triethylamine as a mild reductant. The optimized reaction coupled 15 alkyl bromides with 4-

bromobenzoic acid-tagged DNA (43–84% yield). Then, 15 heteroaryl bromides/iodides 

were tested against two alkyl bromides (34–74% yield).

Several additional photoredox reactions have been developed, increasing both reaction and 

building block scope. Molander demonstrated defluorinative alkylation using a range of 

radical precursors, including N-Boc/Fmoc-α-amino acids, alkyl 1,4-dihydropyridines 

(DHP), alkyl bis(catecholato)silicates,69 and methyl trimethyl silyl amines.70 Similarly, 

methyl trimethyl silyl amines70 and alkyl DHP radical precursors69 were coupled to aryl 

halide DNA. Finally, Pfizer recently showed photoredox [2+2] cycloaddition as another 

potential reaction for implementation in DEL.169

Altogether, photoredox couplings appear to be one of the most promising additions to the 

DEL repertoire. Certain photoredox conditions, including decarboxylative cross coupling,162 

cross electrophile coupling,87 and [2+2] cycloaddition169 minimally impacted DNA. DNA 
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recovery was 48%, 67%, and 60% post reaction, respectively. Of the available photoredox 

reactions, decarboxylative cross coupling reactions are particularly attractive given that they 

use versatile, stable, and abundant building block sets, introduce attractive library 

functionalities, and complement other cross couplings found in DEL. All photoredox 

couplings introduce unique challenges for optimizing catalytic cycles, designing high-

throughput LEDs, and devising enclosures to exclude air. Both Pfizer and Novartis have 

already designed 96-well plate illuminators for this specific purpose,162,168 hinting that the 

future of photoredox coupling in DEL may be bright.

4 Conclusions

DEL synthesis is a powerful new technology for drug discovery that depends critically on 

reaction development. In this review, we compared click reaction constraints with desirable 

features of DEL reactions, providing an outline for evaluating reaction utility. This 

comparison emphasized both the convenience of aqueous reaction setup and the importance 

of building block validation and quantitative post-synthesis DNA recovery assessment. 

Analysis of six of the most popular reactions in modern DEL as well as emerging synthesis 

technologies demonstrated the utility of the click-inspired framework.

The success of DEL technology is ultimately measured by the quality of lead molecules that 

result from screening. Employing reactions that maximize library quality is critical for 

providing reliable data to discover molecules that can be readily optimized to druglike 

compounds. Additionally, exploring new bond construction is advantageous for pioneering 

new chemical space, particularly for the purposes of investigating increasingly difficult 

targets. Despite the challenges associated with designing robust reactions for DEL synthesis, 

several established reactions have realized dramatic performance improvements in DEL and 

novel reaction development efforts have greatly expanded in recent years. It will be exciting 

to see how future library design influences the next generation of DEL-derived clinical 

candidates and how these new synthesis technologies enable other efforts to circumvent the 

canonical limits of druggability.
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Figure 1. 
DNA-encoded library synthesis and screening. (A) The linchpin “headpiece” DNA molecule 

is a covalently tethered (gray) dsDNA heteroduplex (cyan) displaying a primary amine for 

chemical synthesis, and a 5′–CC–3′ dinucleotide overhang and 5′ phosphate for enzymatic 

cohesive end ligation. (B) Encoded synthesis proceeds in interleaved steps of enzymatic 

ligation and building block coupling. Synthesis begins with ligation of a 5′-phosphorylated 

dsDNA (green) to the headpiece. Coupling of the position 1 building block (R1, purple 

hexagon) and enzymatic encoding (purple dsDNA) follow. Synthesis continues with 

analogous coupling and encoding steps for the position 2 building block (R2, orange square) 

and position 3 building block (R3, magenta bicycle), and a final dsDNA ligation (green). 

Green sequences flanking the synthesis encoding region are constant PCR primer binding 

sites. The product is a small molecule attached to a DNA whose sequence encodes the 

synthesis history of the small molecule. (C) Split-and-pool diversification entails parallel 

position 1 building block coupling and encoding (purple hues) to yield 3 different example 

DEL members. A second encoded split-and-pool synthesis step (orange hues) yields 32 = 9 

different DEL members. (D) Protein target (gray) immobilized to resin captures all 

molecules in the library that are ligands. Washing removes unbound species, leaving the 

bound fraction encoding DNA sequences for PCR amplification, sequencing, and structure 

decoding.
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Figure 2. 
DNA-encoded library synthesis decision tree. Combinatorial synthesis yields exponentially 

increasing diversity of products. The decision tree maps all possible molecular outcomes of 

a 3-cycle DEL synthesis (excluding unanticipated side reactions). The attachment point to 

DNA is shown with a wavy line. The DEL synthesis begins with coupling of a trifunctional 

hub (purple hexagon) and ends with 2 capping groups (magenta, orange). Three successful 

building block couplings lead to formation of the desired product 3-cycle DEL member(bold 

decision branches). Incomplete building block coupling leads to one of five different 

truncate byproducts or, in the case of no coupling, an unmodified DNA results. The scheme 

is representative of the triazine DEL, which are the product of two sequential nucleophilic 

aromatic substitution of a cyanuric chloride hub using amine building blocks. The desired 

product, byproducts and no reaction all share the same encoding sequence. As a 

consequence, schemes with fewer steps employing only high-yielding chemistry universally 

lead to higher fidelity library outputs by maximizing the number of encoding tags that 

display the desired product. Adapted from Ref. 42. Copyright 2016 American Chemical 

Society.
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Figure 3. 
DNA compatibility assay. Comprehensive qPCR and LCMS characterization of DEL 

reactions is critical for preparing high-quality libraries. A candidate reaction is evaluated by 

coupling one or several model building blocks (orange diamond) in an on-DNA reaction 

with an elaborated DNA headpiece. The elaborated headpiece displays the appropriate 

reaction site (purple hexagon) for the candidate reaction and a partial DNA encoding tag. 

The resulting reaction mixture is analyzed by LCMS to obtain the on-DNA % conversion. 

The mixture is also enzymatically ligated (T4 DNA ligase) to dsDNA oligonucleotide 

modules that install binding sites for a Taqman exonuclease probe (purple) and closing 

primer (green). The ligase reaction is analyzed for ligation yield by gel electrophoresis and 

for the molecules of amplifiable DNA remaining by qPCR.The qPCR analysis is also 

conducted on DNA that has experienced control conditions (e.g., incubation in buffer) and 

the result used to calculate % amplifiable DNA remaining after exposure to conditions of 

chemical synthesis. Adapted from Ref. 54. Copyright 2019 American Chemical Society.
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Figure 4. 
Solid-phase versus conventional on-DNA DELs. (A) A conventional 3-cycle DEL member 

contains a DNA-encoding tag that is stoichiometrically conjugated to the encoded small 

molecule. (B) A solid-phase 3-cycle DEL member comprises a bead that polyvalently 

displays the DNA-encoding tag and the encoded small molecule. DNA functionalization is 

substoichiometric to small molecule loading. Solid-phase DELs are prepared using 

analogous encoded split-and-pool combinatorial synthesis.
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Figure 5. 
Solid-phase reversible immobilization-enabled DEL synthesis. The cationic bead surface 

immobilizes DNA conjugates through ionic interactions with the DNA phosphodiester 

backbone. Resin is combined with DNA in aqueous media, washed with water-miscible 

solvent, and then washed with dry solvent to provide near-anhydrous conditions for DNA 

modification. Anion exchange resins used in this process include DEAE sepharose, a 

modified ChemMatrix resin (PEG+), and Strata-XA.
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Scheme 1. 
Structural diversification using a few good reactions. Adapted with permission from Ref. 2. 

Copyright 2001 Angewandte Chemie International Edition.
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Scheme 2. 
Amide bond formation.
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Scheme 3. 
Reductive amination/alkylation.
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Scheme 4. 
Suzuki-Miyaura cross coupling.
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Scheme 5. 
Buchwald and Ullmann cross coupling.
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Scheme 6. 
Nucleophilic substitution.
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Scheme 7. 
CuAAC.
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Scheme 8. 
Photoredox Giese reaction.
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Scheme 9. 
Decarboxylative cross coupling.
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Scheme 10. 
Cross electrophile coupling.
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Table 1.

Amide Formation Conditions

Activating agent Conditions Scope Investigated Library Year

PyBOP/DIPEA
a - AAs L,F,G,K,Y, P 5 1994 103

HBTU/HOBt/ 
DIPEA

0.1M AA/HBTU/ HOBT ; 0.3 M DIPEA (L) AAs R, Q, K, V, and 
T; (D) V

8.2 × 105 (5 cycle) 1994 104

DMT-MM or EDC/
Sulfo-NHS (sNHS)

Templated (60 nM NH2-DNA, 120 nM COOH-
DNA, 50 mM DMT-MM in 0.1 M MOPS buffer pH 
7.0, 1 M NaCl, 16 h, 25 °C

2 NH2-DNA, 4 COOH-
DNA

- 2002 105

EDC/HOAt DEAE immobilization, 50 mM Fmoc-AA/EDC, 5 
mM HOAt, MeOH, 30 min, RT

33 AAs 106 (6 cycle, DNA-
routed)106

2004 107

DMT-MM or HATU/
DIPEA

0.7 mM NH2-DNA, 28 mM DMT-MM/Fmoc-AA 96 AAs (yield not 
reported)

8.4 × 107 

tetrapeptides
2005 108

EDC/sulfo-NHS
a 50 μM NH2-DNA, 4 mM Fmoc-AA/EDC, 10 mM 

sNHS, 70% DMSO, 30% 80 mM TEA pH 9
20 AAs and 200 
RCOOH

4 × 103 (2 cycle) 2008 18

DMT-MM
a 0.7 mM NH2-DNA, 27 mM Fmoc-AA, 27 mM 

DMT-MM, 18% DMF, 82% 130 mM borate pH 9.5, 
18 h, 4 °C

> 192/400 Fmoc-AAs 
(yield > 70%)

DEL A: 7 × 106 (3 
cycle), DEL B: 8 × 
108 (4 cycle)

2009 1

0.44 mM COOH2-DNA, 22 mM amine, 44 mM 
DMT-MM, 111 mM phosphate pH 5.5, 44 mM HCl, 
94% H2O, 6% MeCN, 72 h, RT, 50 additional equiv. 
DMTMM added at 48 h and 60 h

383 amines

9 tested, EDC/HOAt/
DIPEA 

recommended
a

4 μM NH2-DNA, 9 mM EDC, 2 mM HOAt, 9 mM 
DIPEA, 56% MOPS pH 8, 44% DMSO, 16 h, RT

543 RCOOH tested for 
DMT-MM and EDC/
HOAt/DIPEA

- 2016 97

DIC/HOAt
b Resin-bound DNA, resin-bound 1° amine: 40 mM 

Fmoc-AA, 40 mM HOAt, 57 mM DIC, DMF 1 h, 37 
°C; resin-bound 2° amine: 80 mM Fmoc AA/
Oxyma/TMP, 100 mM DIC, 3 h, 37 °C

1 Fmoc-AA 6 × 104 (2 cycle)109 2016 86

HATU/DIPEA
a,b 71 mM Boc-AA/DIPEA/HATU, 43% DMA, 57% 

250 mM borate pH 9.5, 2 h, RT
Boc-Phe-OH - 2019 54

DMT-MM
a,b 60 μM NH2-DNA, 60 mM AA/DMT-MM, 120 mM 

N-methyl morpholine, 58% DMSO 42% 50 mM 
MOPS pH 8.2, 24 h, RT

126 AAs in library 1.4 × 106 

macrocycles
2019 47

DEPBT/DIPEA
a 0.24 mM NH2-DNA, 24 mM COOH/DEPBT/

DIPEA, 100 mM borate pH 9.5, 63% H2O, 37% 
MeCN, 2h, RT

57 N-Boc AAs, 23 nitro 
benzoic acids

7.5 × 107 2019 98

DMT-MM (reverse 
acylation)

0.2 mM COOH-DNA, 20 mM amine/DMTMM, 100 
mM MES buffer pH 5.8, 65% H2O, 35% MeCN, 
ON,RT

183 N-Boc Diamines, 
23 nitro anilines

DMT-MM - Library included 57 N3-
AAs (Fmoc/Boc) and 
1846 RCOOH (used in 
two positions)

6.6 × 108 (3 cycle) 2020 72

a
Analysis of DNA conjugates by HPLC(A260) and LCMS.

b
Quantitative analysis of DNA compatibility by qPCR.
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Table 2.

Reductive Amination Conditions

Reducing 
Agent

Conditions Scope Investigated Library Year

NaCNBH3 60 nM NH2-DNA, 60 nM CHO-DNA, 3 mM NaCNBH3, 
0.1 M MES pH 6.0, 1.5 h, 25 °C

1 NH2-DNA, 1 CHO-DNA or 
one glyoxal-DNA

- 2002 105

NaCNBH3 0.76 mM proline-DNA, 30 mM RCHO/NaCNBH3, 75% 
150 mM Phosphate pH 5.5, 25% DMF, 2 h, 80 °C or 1 
mM CHO-DNA,30 mM RNH2/NaCNBH3, 2 h, 80 °C

Proline-DNA and CHO-DNA - 2005 108

NaCNBH3
a 50 μM CHO-DNA, 500 mM amine/NaCNBH3, 300 mM 

MOPS, pH 7.4, 16 h, 37 °C
12 amines - 2014 116

NaCNBH3 0.63 mM CHO-DNA, 50 mM Amine/ NaCNBH3, 62.5% 
500 mM phosphate pH 5.5, 12.5% H2O/MeCN/DMF, 16 
h, 60 °C

2,259 amines (no validation) 3.3 × 108 2015 63

NaCNBH3 0.5 mM CHO-DNA, 50 mM amine/NaCNBH3, 50% 250 
mM phosphate pH 5.5, 25% DMA/ACN, 16 h, RT

218/831 amines (yield > 70%) 3.5 × 106 2015, 117 

2016 46

NaCNBH3
a 0.63 mM NH2-DNA, 50 mM R-CHO/NaCNBH3, 62.5%, 

25% DMF, 12.5% DMA 250 mM phosphate pH 5.5, 16 
h, 60 °C

636 R-CHO in library, > 50% 
yield in validation with 1° and 2° 
amine-DNA substrates

3.4 × 107 2015 45

NaCNBH3
b Resin-bound 2° amine, 1) 0.5 M R-CHO, 1% AcOH in 

DMF, 10 min, RT; 2) 0.5 M NaCNBH3, 1% AcOH in 
MeOH, 1 h, RT

4-iodobenzaldehyde - 2016,86

NaCNBH3
c 33 μM carbohydrate/CHO-DNA, 333 mM amine/

NaCNBH3, 16 h, 37 °C
1 carbohydrate/CHO-DNA with 
19 RNH2, 7 carbohydrate/CHO-
DNA with benzylamine

- 2017 92

NaCNBH3
a 0.19 mM 2° amine-DNA, 37.5 mM RCHO/NaCNBH3, 

25% NaHCO3, 37.5% 1 M phosphate pH 4.2/DMF, 8 h, 
37 °C

4 NR2H-DNA with 20 aldehydes, 
1 NR2H-DNA with 118 R-CHO 
(72/118 > 70% yield)

1.07 × 106 2019 44

NaCNBH3
a 500 mM ketone, 1 M NaCNBH3, 400 mM B(OH)3, 80% 

NMP, 20% H2O, 20 h, 60 °C
17 ketones - 2019 114

NaCNBH3 100 eq RCHO, 100 eq NaCNBH3, O/N, 60 °C 1347 aldehydes 1.9 × 108 2020 72

a
Analysis of DNA conjugates by HPLC(A260) and LCMS.

b
Quantitative analysis of DNA compatibility by qPCR.

c
Analysis of DNA conjugates by MALDI-TOF.
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Table 3.

Suzuki-Miyaura Cross Coupling Conditions

Catalyst Conditions Scope Investigated Library Year

Pd(PPh3)4
a

1 mM ArI-DNA, 20 mM Ar-B(OR)2
b
, 1 mM Pd(PPh3)4, 40 

mM Na2CO3, 90 min, 80 °C

15 R-B(OH)2, 8 boronic esters, 2 
ArI-DNA, 1 ArBr-DNA, 3 PyBr-
DNA

- 2015 119

Pd(PPh3)4
a

0.73 mM ArI-DNA, 30 mM Ar-B(OR)2
b
, 60 mM Na2CO3, 

0.4 mM Pd(PPh3)4, 5 h, 80 °C,

44 ArI (> 70% yield in 2 step 
valdiation) and 265 Ar-B(OR)2 (> 
50% yield in validation)

3.4 × 107 2015 45

Pd(PPh3)4
a

0.5 mM ArI-DNA, 50 mM Cs2CO3, 40 mM Ar-B(OR)2
b
, 

0.6 mM Pd(PPh3)4, 75% aqueous, 25% DMA, 3 h, 80 °C; 
15 mM NaS2CN(C2H5)2 Pd scavenger

222 ArBr, 667 Ar-B(OR)2 3.3 × 108 2015 63

Pd(PPh3)4
c Resin-bound ArI, 344 mM Ar-B(OH)2, 690 mM DIPEA, 

0.13 mM Pd(PPh3)4, NMP, 7 h, 70° C
4-(iPr)PhB(OH)2 - 2016 86

POPd/sSPHOS 
(Pd2(dba)3, 

POPd1, POPd2)
a

0.83 mM (het)ArCl-DNA, 33 mM KOH, 17 mM Ar-

B(OR)2
b
, 1.7 mM sSPHOS, 0.83 mM POPd, 3 h, 80 °C

3 (het)ArCl-DNA with 8 Ar-
B(OR)2 each

- 2016 123

sSPhos-Pd-G2
a

0.42 mM ArX-DNA, 170 mM CsOH, 42 mM Ar-B(OR)2
b
, 

0.84 mM sSPhos-Pd-G2, 81% H2O, 11% dioxane, 8% 
DMA, 15 min, 80 °C,

8 (het)ArX-DNA with 84 Ar-
B(OR)2 each

- 2018 120

Pd(OAc)2
a 0.19 mM ArSO2F-DNA, 77 mM Ar-B(OH)2, 192 mM 

TEA, 3.8 mM Pd(OAc)2, 60% H2O, 40% dioxane, 2 h, 25 
°C; NaS2CN(C2H5)2 Pd scavenger

33 Ar-B(OH)2 with ArSO2F-
DNA; 8 (het)ArX-DNA with 
PhB(OH)2

- 2019 121

Pd(dppf)Cl2
a 0.13 mM ArI-DNA, 25 mM Ar-B(OH)2, 0.15 mM 

Pd(dppf)Cl2, 20/51/13/16 100 mM carbonate pH 8.2/1 M 
phosphate pH 9.2/EtOH/MeCN, 1 h, 90 °C

241 Ar-B(OH)2 (yield 117/241 > 
85%)

106 2019 44

a
Analysis of DNA conjugates by HPLC(A260) and LCMS.

b
(OR)2 = (OH)2 or pinacol.

c
Quantitative analysis of DNA compatibility by qPCR.
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Table 4.

Buchwald-Hartwig and Ullmann C-N Cross Coupling Conditions

Catalyst Conditions Scope Investigated Library Year

tBuXPhos Pd G1
a 0.4 mM ArI-DNA, 400 mM ArNH2, 400 mM 

CsOH, 0.8 mM tBuxPhos Pd G1, 48% Aq, 
52% DMA, 3 h, 100 °C

1033/6329 1° ArNH2 > 50% 
yield

1.7 × 108 2017 
124

CuSO4, ascorbate, (proline)
a 0.38 mM ArI-DNA, 280 mM 2° amine, 11 mM 

CuSO4/proline/KOH, 14 mM ascorbate, 2 h, 
100 °C

96/557 AAs (yield > 50%); 
300/2776 aliphatic 1° RNH2 

(> 50% yield)

3 × 107

Cu(OAC)2, ascorbate, 2-((2,6-
dimethoxyphenyl)amino)-2-

oxoacetic acid
a

62.5 μM ArI-DNA, 500 mM amine, 25 mM 
Cu(OAC)2, 50 mM ascorbate, 200 mM ligand, 
500 mM K3PO4, 1:3 DMSO:H2O, 3 h, 40 °C

8 ArI-DNA with 12 2° 
amines

- 2018 68

tBuBrettPhos Pd G3
a 0.31 mM ArSO2F-DNA, 62.5 mM ArNH2, 

312.5 mM TEA, 3.1 mM tBuBrettPhos Pd G3
1 ArSO2F-DNA with 24 
ArNH2 and 8 ArSO2F-DNA 
with aniline

- 2019 
121

BrettPhos Pd G3
a 0.25 mM ArX-DNA, 50 mM aniline, 1.25 mM 

BrettPhos Pd G3, 125 mM CsOH, 50/50 
H2O/1-methoxy-2-propanol, 20 min, 80 °C; 
Cysteine Pd scavenger

222 anilines (yield not 
provided)

7.5 × 107 2019 98

tBuXPhos Pd G3
a 0.74 mM ArX-DNA, 112 mM ArNH2, 112 

mM NaOH, 11 mM tBuXPhos Pd G3, 2 h, 60 
°C

867 ArNH2 with one ArI-
DNA and one ArBr-DNA. 
471 ArBr-DNA with 3-fluoro 
aniline.

4 × 107 2019 49

tBuXPhos Pd G3
a,b 0.8 mM ArI-DNA, 63 mM amine, 230 mM 

NaOH, 1 mM tBuXPhos d G3, 1 h, 80 °C
- - 2019 54

Pd-PEPPSI-iPentCl, ascorbate
a 0.25 mM ArX-DNA, 250 mM CsOH, 5 mM 

ascorbate, 0.5 mM Pd-PEPPSI-iPentCl, 15 min, 
95 °C; Cysteine Pd scavenger.

ArBr-DNA with 328 anilines 
and 92 2° amines; PyBr-
DNA with 292 anilines and 
92 2° amines

6.2 × 107 2020 
127

a
Analysis of DNA conjugates by HPLC(A260) and LCMS.

b
Quantitative analysis of DNA compatibility by qPCR.
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Table 5.

CuAAC Conditions

Catalyst Conditions Scope Investigated Library Year

CuCl 2 μM alkyne DNA, 100 mM RN3, 10 mM CuCl, 9:1 
MeCN:H2O

one alkyne-DNA, 2 R-N3 - 2011 57

TBTA, CuSO4, 
ascorbate

0.5 mM alkyne-DNA, 0.5 mM N3-DNA, 1 mM CuSO4, 2 mM 
ascorbate, 0.5 mM TBTA, O/N, RT

3′-propargyl-DNA and 5′-
N3-DNA

3.3 × 108 2015 63

TBTA, CuSO4, 
ascorbate

Solid-phase: 40 mg alkyne-resin (17.2 μmol resin, 4 mM sites), 
16 μM N3-DNA, 4.7 mM CuSO4, 23 mM ascorbic acid, 8 μM 
TBTA, 50% DMSO, 30 mM TEAA, pH 7.5, 0.04% Tween 20, 
4 h, 40 °

resin-bound alkyne, N3-DNA - 2015 62

TBTA, CuBr
a 0.35 mM N3-DNA, 2.9 mM CuBr, 11.4 mM TBTA, 42.9 mM 

alkyne (generated in situ from R-CHO), 16 h, RT
N3-DNA with 4 alkynes (in 
situ generated and 
commercially)

- 2015 67

TBTA, CuSO4, 

ascorbate
a

Pseudo solid-phase: DEAE sepharose, 50 pmol alkyne-DNA 
(400 nM on resin), 200 μM RN3 (generated in situ), 10 μM 
TBTA, 10 μM ascorbate, 0.5 μM CuSO4, O/N, 45 °C; EDTA 
Cu scavenger.

104 RN3 3.4 × 104 2016 58

CuSO4, ascorbate Intramolecular reaction: 1 mM azide-/alkyne-DNA, 3.8 mM 
CuSO4, 3.8 mM ascorbate, 30 min, 60° C

Propargylglycine with azido 
acetic acid linked by variable 
hexapeptide

2.4 × 1012 2018 59

TBTA, CuSO4, 

ascorbate
a

Pseudo solid-phase synthesis: DEAE, 0.7 nmol N3-macrocyde-
DNA, 20 mM alkyne, 10 mM TBTA, 2.5 mM CuSO4, 10 mM 
ascorbate, 4 h, 25 °C

136 alkynes to constant 
macrocyclic scaffold

3.5 × 107 2018 120

THPTA, CuSO4, 
ascorbate

0.13 mM propyne DNA, 12 mM N3-natural product, 10 mM 
THPTA, 10 mM CuSO4, 20 mM ascorbate, 1:1 DMSO:H2O, 
O/N, RT

110 natural products (N3-
labeled by photoreactive 
diazarene linker)

110 2019 121

TBTA, CuSO4, 

ascorbate
a,b

Scaffold attachment: 0.21 mM alkyne DNA, 0.42 mM N3-
macrocylce precursor, 1.1 mM ascorbate, 1 mM CuSO4, 1.1 
mM TBTA, 425mM TEA buffer pH 7.2, 9:1 H2O:DMSO, 20 
min, RT

21 N3-macrocylce 
precursors, 663 alkyne 
diversifying elements

1.4 × 106 2019 47

TBTA derivative, 
CuSO4, 

ascorbate
a

63 μM N3-iodophenylalanine oligonu-cleotide, 2.5 mM alkyne, 
6.3 μM Cu(OAc)2, 26 μM ligand, 630 μM sodium ascorbate, 
530 μM K2CO3, 94% aq, 6% DMSO, 3 h, 35 °C

73/116 alkynes (yield > 
75%)

- 2019 138

THPTA, CuSO4, 
ascorbate

1.6 μM alkyne-DNA, 400 μM RN3 (generated in situ), 200 μM 
THPTA, 200 μM CuSO4, 320 μM ascorbate, 96% H2O, 4% 
DMF, 1 h, 40 °C

pool of 78 alkyne-DNA with 
104 RN3

8.1 × 103 2020 61

a
Analysis of DNA conjugates by HPLC(A260) and LCMS.

b
Quantitative analysis of DNA compatibility by qPCR.
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