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ABSTRACT: DNA-encoded libraries are a very efficient means of identifying ligands for protein targets in high throughput. To fully maximise their use, it is essential to be able to carry out efficient reactions on DNA-conjugated substrates. Arylamines are privileged motifs in drug-like molecules and methods for their incorporation into DNA-encoded libraries is highly desirable. One of the preferred methods for their preparation, the Buchwald-Hartwig coupling, does not perform well on-DNA conjugates using current approaches. We report the application of our recently developed micellar technology for on-DNA chemistry to the Buchwald-Hartwig reaction. Optimisation of conditions led to a robust, high yielding method for the synthesis of DNA-conjugated aryl and heteroarylamines, which is broad in substrate scope for both the arylamine and the DNA-conjugated aryl halide and is fully compatible with DNA-encoding and decoding procedures. This method will enable the preparation of diverse, high fidelity libraries of biarylamines.
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Introduction
The Buchwald-Hartwig cross-coupling reaction between an amine and an aryl halide is one of the most prominent methods for C-N bond formation.1–4 Aromatic amines are widely used in medicinal chemistry, notably in the discovery of kinase inhibitors. They feature prominently in top selling marketed drugs, for example, osimertinib, palbociclib and rilpivirine (Figure 1).5–9 Consequently, their synthesis has attracted much attention in recent years. Although classical methods to construct arylamines, such as nucleophilic aromatic substitution10 and Cu-catalysed aminations,11 are still prominent, these approaches are limited in scope; nucleophilic substitution requires a suitably electron poor aryl halide, for example. In recent years, palladium catalysed amination of aryl halides (Buchwald-Hartwig reaction) has emerged as one of the most direct and viable methods to synthesise aromatic amines. Accordingly, arylamine forming reactions are commonly used in parallel synthesis for the generation of lead-like screening libraries.12,13
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Figure 1. Example FDA approved drugs possessing an aromatic amine.
DNA-encoded Libraries (DELs) have attracted much attention in recent years as an efficient means to identify hit compounds for a drug discovery campaign.14–17 DELs are mixtures of DNA-tagged small molecules, in which the DNA tag is unique to the chemical structure that it encodes. Typically, these libraries are typically synthesised using multiple cycles of split and pool combinatorial synthesis, in which each chemical monomer coupling is accompanied by the attachment of an encoding DNA oligomer that is unique to each monomer (Figure 2). In this way, the final composite DNA tag serves as a unique barcode for each final compound in the library. The resulting libraries can then be screened by affinity selection against an immobilised protein coupled with PCR amplification and DNA sequencing to reveal hits.
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Figure 2. Preparation of a DNA-Encoded Library via split and pool synthesis.
The success of DELs in hit identification depends on the quality of the libraries, which stems from the efficiency of transformations that are used in their construction. Reactions on DNA-conjugated substrates are required traditionally to be carried out in aqueous medium at high dilution using reagents that do not react with the DNA tag (thus precluding, for example, high temperatures, oxidants and acids).18 To ensure high fidelity of the libraries, the reactions must proceed cleanly with high conversions across a range of substrates. There are a wide range of DNA compatible reactions that have been reported, however these typically proceed with moderate conversion and have limited substrate scope. Consequently, the fidelity and chemical diversity of the libraries that these reactions produce will be compromised. As the field of DELs continues to grow, there is considerable attention devoted to developing new, efficient on-DNA reactions.19–21 
One solution to the challenge of performing reactions in aqueous media is to use micellar surfactants.22 We have reported the use of the surfactant TPGS-750-M23 to promote on-DNA Suzuki-Miyaura24 and amide coupling reactions.25 Both reactions proceed with excellent conversion to the desired products with minimal side reactions.
Several groups have reported C-N bond forming reactions on DNA, however the conversions reported are suboptimal. In three pioneering previous studies, greater than 70% conversion was only achieved for a limited number of the substrates screened (3% of primary aromatic amines with aryl iodides,26 45% of heteroaromatic amines with aryl iodides and bromides27 and 53% of arylamines with aryl iodides, bromides and chlorides28). This shows that many substrates do not proceed with good conversion to the product, resulting in the starting aryl halides or undesired side products being retained in the product mixtures. This is clearly problematic in multistep library synthesis, in which products cannot be readily purified, meaning that resulting libraries are low fidelity and making hit identification problematic. Hence the development of a robust method for on-DNA Buchwald-Hartwig reactions that is broadly applicable across a range of drug-like substrates, particularly heteroarylamines, is highly desirable. We applied our micellar promoted approach to the development of such a process.

RESULTS AND DISCUSSION
Our investigations into micelle promoted Buchwald-Hartwig reactions on DNA started with a brief exploration of the coupling between 2-aminopyridine and aryl iodide bearing headpiece 1 to form biarylamine 2 (Scheme 1). We selected [(cinnamyl)PdCl]2 and di-tert-butyl(2,2-diphenyl-1-methyl-1-cyclopropyl)phosphine (cBRIDP), as the catalyst system based on its literature precedent in surfactant promoted C-N bond forming reactions.23,29–31
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Scheme 1. Conditions: 1 (5 nmol), 2-aminopyridine (0.1 M), tBuOK (0.2 M), [(cinnamyl)PdCl2 (1 mM), cBRIDP (2 mM), 30 µL total volume, 2% TPGS-750-M, 80 °C, 1 h 45 mins.
During our investigations, we observed that the addition of DMF significantly improved the amount of product formed in the reaction and supressed the amount of dehalogenation (Table S1). It is established that the addition of co-solvents can influence the outcome of micellar promoted reactions off-DNA.32 In this case, however, we reasoned that the coordinating solvent may also play a role in stabilising the intermediate aryl palladium species, therefore we screened further co-solvents with varying coordinating ability (Table 1).32,33 This revealed improved reaction efficiency with the more strongly coordinating DMPU and HMPA. Hence, further reactions were carried out in the presence of 5% DMPU.
Table 1. Coupling of 1 with 2-aminopyridine using different co-solvents. Conditions: 1 (5 nmol), 2-aminopyridine (0.1 M), tBuOK (0.2 M), [(Cinnamyl)PdCl]2 (1 mM), cBRIDP (2 mM), 2% aq. TPGS-750-M, 5% co-solvent, 30 µL total volume, 80 ˚C, 30 mins.
	Entry
	Co-solvent
	Product (%)

	1
	None
	12

	2
	DMF
	68

	3
	DMA
	24

	4
	DMSO
	28

	5
	NMP
	68

	6
	DMPU
	87

	7
	HMPA
	88



To further optimise the conditions, a factorial experimental design (FED) was undertaken using 2-aminopyridine and 2-aminopyrimidine in parallel. We hypothesised that if the conditions could be optimised for these electron-deficient amines then they should be applicable across a wide range of coupling partners. The FED explored the effect of amine (0.1 – 0.4 M), palladium (0.5 mM – 5 mM) and TPGS-750-M (1 – 3.5%) concentrations.
In an initial full FED (four centre points, 20 reactions, Table S3), the centre points were not well predicted by the best fitted model, indicating one or more of the factors were exhibiting non-linearity. Augmenting the design with eight additional experiments (Table S4) revealed second order effects with respect to the concentration of palladium. Taking this consideration into account, the output from the model predicted the reaction outcomes well (Figure 3a).
The most significant effects were palladium and amine concentration (Figure 3b). There was a clear nonlinear dependence on palladium concentration, evidenced by a quadratic relationship with palladium concentration in the model. The optimum conditions for the two amines were the same (Figure 3c and d); 0.4 M amine, 3.45 mM palladium and 3.5% TPGS-750-M. These afforded high conversion for both 2-aminopyridine and 2-aminopyrimidine (95% and 72% product respectively). Since there was a linear dependence on the amine concentration, we investigated higher concentrations, revealing that 1.0 M amine afforded 100% product for both 2-aminopyridine and 2-aminopyrimidine and was thus selected as optimum.
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Description automatically generated]Figure 3. Optimisation of concentration of Pd, concentration of amine and surfactant strength (%TPGS) by factorial experimental design, conditions: 1 (5 nmol), tBuOK (0.2 M), Pd:L (1:2) 5% DMPU, 30 µL total volume, 80 °C, 30 mins; a) Comparison of predictive model with the experimental data for % product, red line shows line of best fit, red shaded areas shows the 95% confidence region for the fit, r2 = 0.88, RMSE = 10; b) Significance of effects; c) Cube plots of modelled % product for 2-aminopyridine and 2-aminopyrimidine; d) % Product responses for each parameter for 2-aminopyridine and 2-aminopyrimidine.

The optimal conditions were applied to the coupling of 1 with 20 diverse arylamines (Table 2). The optimal conditions could be used to couple five and six membered (hetero)anilines, as well as bicyclic systems. All 20 of the amines coupled with greater than 80% conversion to the desired product and all but one proceeded with 100% consumption of the starting material.
Aniline, p-anisidine and 3-(oxazol-5-yl)aniline gave 100% product, whilst electron-deficient p-nitroaniline gave 97% product and 100% conversion (entries 1-4). Methyl 4-aminobenzoate gave 94% product and 100% conversion (entry 4), however the ester was partially hydrolysed under the basic conditions, as reported by other procedures.27 o-Anisidine was the only amine out of this subset that didn’t couple with full consumption of the starting material (91% conversion, 85% product, entry 6). Disubstituted 3,4-dimethoxyaniline gave 100% product (entry 7), as did 2-, 3- and 4-aminopyridine (entries 8-10). Trisubstituted aminopyridines also gave 100% conversion (entries 11 and 12). 3-Methyl-5-(methylthio)pyridin-2-amine (entry 11) also shows that the reaction is tolerant of thioethers, which are potential catalyst poisons. Electron deficient 2-aminopyridazine and 2-aminopyrimidine both gave 100% product (entries 13 and 14). 4-Amino-2-methoxypyrimidine (entry 15) gave 90% product and 100% conversion. The optimised conditions gave 93% product with 1-methyl-2-amino-benzimidazole (entry 16) with 100% conversion. It is established that Pd-catalysed N-arylation of five-membered aminoheterocycles can be problematic.34 We were encouraged to see excellent conversion with this class of amines (entries 17-20), perhaps most notably, the excellent conversion for 2-aminothiazole (entry 19), an amine that has failed to couple on-DNA before by Pd-catalysed reactions.27 Overall, this represents an exceptional level of conversion across a wide range of substrates of varied reactivity and polarity desired for library synthesis.
These results indicate that the method is superior to previously published methods, for example aniline, 4-methoxyaniline, methyl 4-aminobenzoate and 2-aminopyridine had all been reported to couple with inferior conversions in previously reported studies.27,28 To establish the improvements in reaction efficiency offered by the micellar method, selected aromatic amines exemplified in previous reports were screened (Table 3), which included some from Table 2 (entries 5-8), using iodide 1 and bromide 3. The results further demonstrated that our conditions are superior to previously described conditions in all cases and can be used to couple challenging aromatic amines to on DNA aryl halides.

























Table 2. Coupling between 1 and a wide range of aromatic amines. Conditions: 1 (5 nmol), amine (1.0 M), tBuOK (0.2 M), [(Cinnamyl)PdCl]2 (3.45 mM), cBRIDP (6.9 mM), 3.5% aq. TPGS-750-M, 5% DMPU, 30 µL total volume, 80 ˚C, 30 mins.
	
	Amine
	Product (%)
	Conversion (%)

	1
	[image: ]
	100
	100

	2
	[image: ]
	100
	100

	3
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	100
	100

	5
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	97
	100

	4
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	94a
	100

	6
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	85
	91

	7
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	100
	100

	8
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	100
	100

	9
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	100
	100

	10
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	100
	100

	11
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	93
	100

	12
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	100
	100

	13
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	100
	100

	14
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	100
	100

	15
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	90
	100

	16
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	93
	100

	17
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	100
	100

	18
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	81
	100

	19
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	88
	100

	20
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	100
	100


aIndicates the sum of desired product and the product of ester hydrolysis.

Table 3. Comparison of reaction performance for the micellar promoted reaction with literature procedures. aReported reaction conversions from Ref. 24. bReported reaction conversions from Ref. 25. cReported reaction conversions from Ref. 26.
	
	Amine
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	This work
	Literature
	This work
	Literature

	1
	[image: ]
	98
	81a,
79b 
	96
	51b

	2
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	100
	N/A 
	100
	75b

	3
	[image: ]
	100
	84b
	96
	80b

	4
	[image: ]
	100
	69a,
46b

	100
	77b

	5
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	100
	90b,
100c
	100
	100c

	6
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	100
	80b 
	100
	75b

	7
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	100
	84c 
	100
	85c

	8
	[image: ]
	94
	92b
	86
	86b



We further tested the coupling efficiency between seven DNA-coupled aryl halides (3-9) and five representative aromatic amines (Table 4). Overall, we observed excellent conversions, with most reactions resulting in greater than 95% of the desired product for iodides (4,5), bromides (3,6) and chlorides (8,9). The coupling between ortho-substituted bromide 7 failed to give product with any of the five amines, as with previous literature procedures.27,28 Moderate conversions were only observed between 4 or 5 and 1-methyl-2-aminobenzimidazole. Reactions between chloride 8 and aniline or 1-methyl-pyrazol-3-amine required 15% co-solvent to increase their conversion to desired product. This work demonstrates that the method is applicable to varied on DNA components; efficient coupling can be achieved between (hetero)aromatic amines and on-DNA (hetero)aryl iodides, bromides or chlorides, which increases the available building blocks that can be used.
 

Table 4. % Product for coupling between DNA-linked substrates 3-9 with selected aryl amines.
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	97
	95
	100
	100
	0
	85a
	100
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	100
	100
	100
	100
	0
	100
	100

	[image: ]
	98
	100
	100
	100
	0
	100
	100
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	63
	45
	97
	100
	0
	100
	100
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	100
	100
	100
	100
	0
	96a
	100


a15% DMPU was used with 8
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Figure 4. Comparison of reaction outcomes for a range of DNA-conjugated halides and arylamines in the absence of surfactant, DMPU or both, pie charts show the distribution of biarylamine product (green), starting material (blue) and dehalogenated starting material (red).
Carrying out analogous reactions in the absence of the surfactant, DMPU or both, further demonstrated the importance of both components. Coupling of substrates 1, 3-6 and 9 with varied arylamines performed significantly less well in the absence of surfactant, or the absence of both surfactant and DMPU, in all cases (Figure 4). In the absence of DMPU alone, all but substrate 5 were less efficient, resulting in appreciable amounts of starting material, dehalogenated substrate or both. In some notable cases, no product formed at all (eg. 3 without surfactant and 9 without DMPU). 
Using the optimised conditions, we prepared a fully-DNA encoded compound in a manner analogous to that which would be used in a library synthesis. This would confirm that the reaction could be employed in a synthetic sequence and that the DNA ligations, PCR amplifications and sequencing were compatible with the synthetic operations. We therefore carried out a 2-cycle library synthesis protocol involving the sequential coupling of 11 with 4-iodobenzoic acid to give aryl iodide 12, followed by coupling of 2-aminopyridine to give the biarylamine 13 as the final product, with a tandem codon ligation at each step (Scheme 2). Gel electrophoresis confirmed the product 13 was successfully encoded, with a major band at corresponding to the expected 97 base pair oligonucleotide conjugate. PCR amplification (40 cycles) of a sample of 13 resulted in a major band of the expected 148 base pair length. Next generation sequencing of the amplified sample showed that the only major sequence corresponded exactly to that which was expected (73% of total reads for both substrate and complementary strands, Table S4). Hence the amination conditions are fully compatible with library synthesis protocols and DNA encoding / decoding.

[image: ]
Scheme 2. Synthesis of representative encoded compound. Conditions: (i) Ligation (primer and BB1 codon); (ii) a. Ligation (BB2 codon), b. p-Iodobenzoic acid (0.027 M), DMT-MM (0.027 M), 70 µL total volume, rt, 16 h; (iii) a. Ligation (BB3 codon and closing primer sequence), then 2-aminopyridine (1 M), tBuOK (0.2 M), [(Cinnamyl)PdCl]2 (3.45 mM), cBRIDP (6.9 mM), 3.5% aq. TPGS-750-M, 5% DMPU, 30 µl total volume, 80 ˚C, 30 mins. Overall yield 11%. Yields determined by Nanodrop™ spectrophotometry.
Conclusions
The optimised micelle mediated conditions provide a highly efficient method for carrying out Buchwald-Hartwig coupling of DNA-conjugated aryl halides with a range of aromatic amines. The method shows broad functional compatibility and substrate scope for both reaction components, particularly for the coupling of medicinally relevant monomers, such as heterocyclic systems. Direct comparison with literature substrates demonstrates that this method is superior to previously disclosed approaches to this coupling, which has been historically problematic with regard to broad applicability. The addition of the coordinating solvent DMPU, in combination with the micelle-forming surfactant is shown by leave out experiments to be critical to the reaction efficiency. The broad substrate scope, coupled with the synthesis of a multicycle fully DNA encoded compound establishes that this method is of great utility in the synthesis of DELs.
Experimental
Coupling of on DNA aryl halides to amines
To a 50 μL flat bottom glass insert was added amine (20 μL, 1.6 M in MeOH) and the MeOH was removed at 60 ˚C using a Genevac. To this was added water (2.0 μL), 5% TPGS-750-M (21 μL), DNA (5.0 μL, 1.0 mM, aq.), and tBuOK (2.0 μL, 3.0 M, aq.), followed by [(cinnamyl)PdCl]2 (0.75 μL, 145 mM in DMPU)§ and cBRIDP (0.75 μL, 290 mM in DMPU). The reaction vial was vortexed for 30 seconds to enhance mixing, then the sample was heated in a pre-heated Para-dox® micro 24-position photoredox plate at 80  ̊C for 30 mins. The reaction was allowed to cool, sodium diethyldithiocarbamic acid (6.0 μL, 1.0 M, aq.) was added as a palladium scavenger and the reaction was heated at 60 ˚C for a further 30 mins. The reaction was allowed to cool, water (100 μL) was added and was washed with EtOAc (200 μL). The aqueous layer was removed and filtered with a hydrophilic PTFE syringe filter, then the reaction product was characterised by mass spectrometry.
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