
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Ju

ne
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

1/
28

/2
02

5 
11

:4
0:

49
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Highly efficient o
aCancer Research UK Newcastle Drug Discove

Environmental Sciences, Newcastle Universit

NE1 7RU, UK. E-mail: mike.waring@ncl.ac.
bDepartment of Discovery Chemistry, Genent

CA 94080, USA
cHit Discovery, Discovery Sciences, R&D, Ast
dExscientia, Schrödinger Building, Oxford Sc

† Electronic supplementary informa
10.1039/d1sc03007h

Cite this: Chem. Sci., 2021, 12, 9475

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 3rd June 2021
Accepted 16th June 2021

DOI: 10.1039/d1sc03007h

rsc.li/chemical-science

© 2021 The Author(s). Published by
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DNA encoded libraries (DELs) represent powerful new technology for finding small molecule ligands for

proteins and are increasingly being applied to hit finding in medicinal chemistry. Crucial to the synthesis

of high quality DELs is the identification of chemical reactions for their assembly that proceed with very

high conversion across a range of different substrates, under conditions compatible with DNA-tagged

substrates. Many current chemistries used in DEL synthesis do not meet this requirement, resulting in

libraries of low fidelity. Amide couplings are the most commonly used reaction in synthesis of screening

libraries and also in DELs. The ability to carry out highly efficient, widely applicable amide couplings in

DEL synthesis would therefore be highly desirable. We report a method for amide coupling using micelle

forming surfactants, promoted by a modified linker, that is broadly applicable across a wide range of

substrates. Most significantly, this works exceptionally well for coupling of DNA-conjugated carboxylic

acids (N-to-C) with amines in solution, a procedure that is currently very inefficient. The optimisation of

separate procedures for coupling of DNA-conjugated acids and amines by reagent screening and

statistically driven optimisation is described. The generality of the method is illustrated by the application

to a wide range of examples with unprecedented levels of conversion. The utility of the (N-to-C)

coupling of DNA-conjugated acids in DEL synthesis is illustrated by the three cycle synthesis of a fully

DNA-encoded compound by two cycles of coupling of an aminoester, with intermediate ester

hydrolysis, followed by capping with an amine. This methodology will be of great utility in the synthesis

of high fidelity DELs.
Introduction

DNA-encoded libraries (DELs) are an emerging technology for
the discovery of chemical start points for drug discovery and for
probe molecules in chemical biology.1–3 Typically, screening
libraries are constructed from a DNA-conjugated monomer,
oen termed the “headpiece”, which is elaborated using
multiple rounds of split-pool parallel synthesis. Each step is
coupled with the appending of a DNA-codon, unique to each
building block, such that every nal compound in the library is
conjugated to a unique DNA sequence, which serves as
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a barcode for the chemical structure.4 By carrying out multiple
cycles of synthesis, with hundreds of parallel steps in each cycle,
libraries of millions to billions of compounds can be prepared,
something that is beyond the capacity of traditional chemical
synthesis. These libraries can be screened against a protein
target by affinity selection followed by PCR amplication and
DNA sequencing to identify binders, which are then synthesised
“off-DNA".5–10

A signicant limitation of the approach currently is the range
and efficiency of the chemical reactions that can be carried out
on DNA-tagged molecules, i.e. reaction media (traditionally
aqueous) must be compatible with DNA and must not employ
reagents that react with DNA.11 As a result, acids, strong bases,
oxidants and reactive alkylating/acylating agents are typically
excluded. Most reported methods for on-DNA synthesis, whilst
having been proven to be effective, typically only proceed with
moderate efficiency across a range of substrates. In most cases,
the reaction efficiencies of individual transformations,
although referred to as yields, actually correspond to percentage
conversion from starting material to product, neglecting the
common formation of side products. Even then, the level of
Chem. Sci., 2021, 12, 9475–9484 | 9475
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Fig. 1 Structures of headpieces: carboxy-PEG4-hexylamido-DNA 1,
carboxy-C14-hexylamidoDNA 2 and amino-C11-hexylamidoDNA 3.

Table 1 Conditions: 2 (10 nmol), DIPEA (1.2 M) or 2,6-lutidine (1.5 M),
coupling agent (0.5 M), 30 ml total volume, 16 h; remaining material is
starting material except for a14% and b33% of an unidentified side
product

Coupling agent Base Temp/�C

% Product

a b c d

HATU DIPEA 20 57 15 45 —
EDC/HOAt DIPEA 20 0 0 0 —
DMT-MM DIPEA 20 0 0 0 —
HATU DIPEA 40 90 10 90 10
HATU Lutidine 40 97 92 56a 42b
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conversion is typically moderate. Hence, there is a signicant
interest in new technological approaches for DEL synthesis.12–14

We have recently reported a procedure for the on-DNA
Suzuki–Miyaura coupling, which is promoted by the vitamin E
derived micelle-forming surfactant TPGS-750-M.15 The reaction
proceeds with unprecedented levels of conversion (>98% on
average across a range of substrates) with minimal side reac-
tions. We hypothesised that the micellar surfactant would
promote the reaction by solubilising the organic reactants and
potentially protect the DNA by localising the reactants to the
organic portion of the molecule. With the successful applica-
tion of the micellar surfactants to Suzuki couplings, we were
interested in exploring the application of micellar promoted on-
DNA chemistry to other reaction types.

Amide coupling is the most commonly employed reaction in
the synthesis of drug-like screening libraries16,17 due to the
number and diversity of building blocks that are readily avail-
able, coupled with the desirable properties imparted by amide
functionality in the products.

Amide bond formations have been reported under micellar
conditions off-DNA.18 Amide couplings on-DNA have been re-
ported but, at least in solution phase synthesis, exhibit the
moderate conversions that are typical of standard DEL chem-
istry. In perhaps the most extensive study reported, it was
shown that in the coupling of a primary amine-DNA conjugate
with 543 carboxylic acids, a relatively small proportion met the
moderate success criterion of >75% conversion (44% for
DMTMM and 78% for EDC/HOAt).19 Moreover, the coupling is
almost always reported with the amine component attached to
the DNA (representing synthesis in the “C-to-N” direction for
peptide couplings) with the acid monomers employed in large
excess.10,20–24 Reports of couplings of DNA-conjugated carboxyl-
ates to amines building blocks (N-to-C) are severely limited25

and, in our hands, we have found extension to drug-like amine
building blocks to be very challenging. A recent study showed
that for a range of amines, on-DNA N-to-C amide couplings only
gave >70% conversion in 30% of cases.26 Accordingly, we
selected amide couplings between DNA-tagged acids and amine
monomers as a highly desirable but suitably challenging
application of micelle-promoted DEL synthesis.

Results and discussion
Initial investigations

Our initial investigations focused on carboxylic acid bearing
headpiece 1 (Fig. 1), which was synthesised by coupling of bis-
acetic acid substituted PEG-4 with a 50-amino-substituted
oligonucleotide. Coupling of 1 with four representative
amines (glycine ethyl ester, aniline, 2-aminothiazole and 2-
aminoimidazole) using HATU and DIPEA in 2% aqueous TPGS-
750-M, resulted in no conversion to product for any of the
amines.

We considered the possibility that the PEG linker of 1 dis-
favoured association with the surfactant due to repulsion
between the polar oxygen atoms of the linker and either the
apolar head groups of the surfactant or its PEG side chain; and
that a more lipophilic linker may promote reaction within the
9476 | Chem. Sci., 2021, 12, 9475–9484
micelles. Accordingly, we synthesised the more hydrophobic
hexadecanoic acid linked derivative 2 and investigated its
coupling to glycine ethyl ester, aniline and 2-aminothiazole
(Table 1). Coupling of glycine ethyl ester, aniline and 2-amino-
thiazole with 2 using HATU27 showed a clear improvement in
reactivity, with formation of the desired amides in 57%, 15%
and 45% respectively. In contrast, use of EDC/HOAt28 or DMT-
MM,29 which are preferred reagents for amide couplings on-
DNA,4,19,30 resulted in no conversion. With HATU, conversion
could be improved by heating at 40 �C for glycine ethyl ester and
2-aminothiazole (90% conversion in both cases) but led to
a slight reduction for aniline. At this stage, we also investigated
the coupling of the less nucleophilic 2-aminoimidazole, which
also resulted in 10% conversion.

These results were encouraging, showing for the rst time
that a DNA-conjugated acid could be successfully coupled to
amines under micellar conditions. For the procedure to be
useful for the synthesis of drug-like DELs, it would ideally need
give high conversion across a range of substrates, including
electron decient anilines and heteroarylamines.31 Hence, we
investigated further optimisation of the reaction conditions.
Screening of 12 different bases (Table S1†) with glycine ethyl
ester and 2-aminoimidazole revealed that 2,6-lutidine was most
© 2021 The Author(s). Published by the Royal Society of Chemistry
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effective, leading to 90% and 42% product respectively. Use of
2,6-lutidine also led to efficient coupling of aniline (92%) but
was less effective for 2-aminothiazole under these conditions
(Table 1).

The conditions were further optimised using factorial
experimental design,15 exploring the effect of temperature (40–
60 �C), surfactant (2–5%) and base concentration (0.5–1.5 M) for
amines glycine ethyl ester and 2-aminoimidazole (Fig. 2). This
revealed maxima within the specied ranges for temperature
and surfactant strength but a suggestion that the reaction
conversion continued to increase at base concentrations above
1.5 M. The design was augmented to extend the range of base
concentration up to 2.5 M, resulting in a maximum within the
experimental range. The experiments revealed interesting 2-
Fig. 2 Optimisation of temperature, surfactant strength (% TPGS) and
base concentration by factorial experimental design, conditions: 2 (10
nmol), 2,6-lutidine, HATU (0.5 M), 30 ml total volume, 16 h; (a) cube
plots showing modelled conversions; (b) % conversion responses for
each parameter; (c) response surfaces showing the 2-dimensional
relationship between conversion and temperature/base concentra-
tion. For full results see Table S2.†

© 2021 The Author(s). Published by the Royal Society of Chemistry
dimensional relationships. For example, high conversion was
favoured at low temperature with low base concentration or at
high temperature and high base concentration (Fig. 2c).
Signicant reduction in reaction conversion could be observed
within the explored parameters, in extreme cases resulting in no
conversion at all (low base, low surfactant strength, high
temperature), highlighting the value of using factorial design to
simultaneously optimise multiple parameters for these types of
reactions. The optimal conditions for glycine a were 45 �C, 3.5%
TPGS and 1.5 M base, whereas 2-aminoimidazole d favoured
higher temperature and base concentration with maxima at
�55 �C and 2.0 M.

To achieve the optimal conversion across a wider range of
amines, conditions intermediate between the optima for the
two amines (45 �C, 3.5% TPGS, 2 M base) were selected. The
coupling conditions were tested across a range of amines of
differing reactivity (Table S3†). The coupling of ester derivatives
of canonical amino acids (glycine, alanine, D-phenylalanine,
leucine and tyrosine) and cyclic amines (azetidine, morpholine
and 4-piperidine acetic acid methyl ester) all coupled with >95%
conversion. Tyrosine (entry 5) also coupled with 96% conversion
without additional protection of the phenol. The conditions
worked less well for benzylamines, anilines and heterocyclic
amines (conversions ranging from 14 to 93%) with appreciable
starting acid remaining and formation of the dimethylamide as
a side product, which we postulate originates from the use of
excess HATU.
Coupling of DNA conjugated amine to acids

Applying the same conditions to the coupling reaction with the
amine component on DNA (C-to-N) using the substrate amino-
C14-hexylamidoDNA 3 proved far more general, leading to high
conversion and product purity (>90% in all cases) (Table 2). Fmoc
protected amino acids alanine, phenylalanine, t-butyl aspartate,
tyrosine and sarcosine (entries 1–5) all coupled with 93–100%
conversion. Benzoic acid and substituted derivatives 3-iodo-, 4-
cyano, 4-methoxy, 4-acetamido-, 4-Fmoc-aminomethyl and 2-
methyl-5-uoro- (entries 6–12) all coupled with 100% conversion.
3-Fmoc-aminobenzoic acid coupled with 94% conversion (entry
13). Heterocyclic acids nicotinic acid and indole-2-carboxylic acid
gave 100% conversion (entries 14 and 15).

The micelle promoted amide coupling performs exceptionally
well for a wide range of relevant substrates and is insensitive to
steric and electronic effects. This level of efficiency is at least as
good as those reported previously as optimised conditions.19

Carrying out the same reactions on carboxy-PEG4-
hexylamido-DNA performed less well. Fmoc protected alanine
and phenyl alanine coupled with 86% and 67% conversion
respectively, compared to 100% with the C11 linker 3 (Table
S4†). Reaction with benzoic acid formed 14% of a side product
(2% with 3), but 3-iodobenzoic acid and nicotinic acid still
coupled well.

The examples studies here, which give >90% conversion in
all cases, provide evidence that this method is advantageous
over previous methods (cf. the published results that give >75%
conversion in 78% of cases19). The comparison with the results
Chem. Sci., 2021, 12, 9475–9484 | 9477
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Table 2 Coupling of amino-C11-hexylamidoDNA 3 with a diverse set
of acids. Conditions: 3 (5 nmol), acid (0.5 M), 2,6-lutidine (2 M), HATU
(0.5 M), 3.5% TPGS, 30 ml total volume, 45 �C, 16 h

Acids % Conversion % Product

1 100 100

2 100 98

3 97 94

4 93 93

5 100 100

6 100 98

7 100 97

8 100 98

9 100 97

10 100 98

11 100 89

12 100 100

13 94 94

14 100 95

15 100 100

9478 | Chem. Sci., 2021, 12, 9475–9484
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obtained with the PEG-linked substrate demonstrate the
enhanced level of reaction efficiency that is imparted by the use
of the more hydrophobic linker.
Coupling of DNA conjugated acid to amines

Whilst these results suggested a highly efficient protocol for
acylation of DNA-tagged amines, the outcome was considered
inadequate for DNA-tagged carboxylates (N-to-C). Further
coupling agents were screened in the coupling of 2 with 2-
aminoimidazole and 2-aminopyridine, which had performed
relatively poorly under the conditions tested previously (Table
S5†).32 COMU promoted coupling, selected due to its effec-
tiveness of off-DNA micellar amide coupling,18 failed to give
the desired product; resulting only in unreacted 2 and
formation of the morpholine amide. BOP and PYBOP also
failed to give desired product with BOP forming appreciable
amounts of the dimethylamide of 2. EDC coupling failed to
give any product but more lipophilic carbodimides DCC33 and
DIC,34 in the presence of HOAt did show product formation
(DCC 23%, DIC 64% and DCC 57%, DIC 74% for 2-amino-
imidazole and 2-aminopyridine respectively). This increase in
reactivity was hypothesised to be due to increased partition-
ing of the less hydrophilic coupling agents and/or resulting
active esters into the hydrophobic environment of the
micelle. In the case of DIC, the level of conversion was slightly
better than that observed for the optimised HATU conditions
and so this coupling agent was selected for further
optimisation.

The DIC/HOAt mediated reaction was investigated using
a further factorial experimental design, assessing the effect of
temperature (40–60 �C), surfactant (2–5%) and base concen-
tration (0.5–1.5 M) (Fig. 3). To determine the best conditions
across the full substrate scope, these conditions were explored
with both glycine ethyl ester and 2-aminoimidazole as used
previously. The most signicant inuences on reaction
conversion were observed for temperature, choice of the amine
and a second order effect between temperature and base
concentration (p values 0.00057, 0.00096, 0.0039 respectively).
Parabolic effects on reaction conversion were seen for both
temperature (peaks occurring at 45 and 52 �C respectively) and
surfactant concentration (peaks at 4.5%). The effect of base
concentration increased linearly across the design space. The
sensitivity of the reaction to changes in parameters is striking,
with some of the combination of conditions (high temperature
and low base concentration) showing very little conversion for
either amine, demonstrating the clear advantage of factorial
experimental design to optimise these types of reactions.
Because the temperature optima were different for the two
amines, it was not possible to select a value for temperature that
would be expected to be universal across the substrate scope. It
was reasoned that in most cases, full conversion for the more
reactive amines would be most desirable, meaning that
a temperature of 45 �C along with 4.5% TPGS-750-M and 1.5 M
lutidine represented the most universal conditions to employ in
DEL synthesis and these were used to assess the substrate scope
(see below).
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Optimisation of temperature, surfactant strength (% TPGS) and
base concentration by factorial experimental design, conditions: 2 (10
nmol), amine (0.5 M), 2,6-lutidine, DIC (0.5 M), 30 ml total volume, 3 h;
(a) cube plots showing modelled conversions; (b) % conversion
responses for each parameter; (c) response surfaces showing the 2-
dimensional effect of temperature and surfactant concentration on
conversion. Data shown are fitted using a least squares model (r2 ¼
0.95, RMSE ¼ 12). For full results see Table S6.†
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In all cases for which full conversion was not achieved, the
only other DNA-containing species observed were the starting
material and a side product of 13 Da higher mass than the
starting acid, consistent with either the methyl amide or the
acylnitroso derivatives of 2. No modication of the DNA strands
was detected. Complete conversion to the same species was
achieved by subjecting 2 to the reaction conditions in the
absence of amine (Fig. S1†), suggesting that it arises from the
coupling agent rather than the amine. We are not aware of
previous reports of this side product in DIC mediated
couplings. It is likely that it results from employing the reagents
in large excess in aqueous solution during DEL synthesis either
from decomposition or trace impurities (although further
purication of the DIC did not alter the outcome).
© 2021 The Author(s). Published by the Royal Society of Chemistry
The optimised conditions performed exceptionally well
across a wide range of amine substrates (Table 3). Amino acid
esters glycine, alanine, D-phenyl alanine, valine, tyrosine,
and asparagine coupled with 100% efficiency (entries 1–6).
Primary and secondary aliphatic amines benzylamine, 4-chlor-
obenzylamine, cyclohexylmethylamine, cyclopropyl methyl-
amine, azetidine, 1-methyl-3-aminoazetidine, piperidine,
4-dimethylaminopiperidine, N-cyclopropylamidopiperazine
and aminoacetonitrile (entries 7–16) also showed 100%
product. Aniline and p-uoroaniline gave 100% product (entries
17–18); o- and p-anisidine and 3-chloroaniline gave 100%
conversion, with the methylamide observed as the only other
species (entries 19–21). Electron poor 5- and 6-membered het-
eroarylamines 2-aminoimidazole, 1-methyl-3-aminopyrazole
and 2- and 3-aminopyridine performed similarly well (entries
22–25). Heteroarylmethylamines (2- ,3- and 4-pyridyl, pyrazinyl
and pyrimidin-2-yl, entries 26–30) also gave >90% conversion
and product. More complex heteroarylamines 6-aminoindazole,
2-methoxy-5-aminopyridine, methyl-5-aminonicotinate and
methyl-6-aminopyridazine-3-carboxylate proceeded with 100%
conversion (entries 31–34). The by-product described above was
the only other detectable species. The most electron poor
amines tended to be those that showed a larger amount of the
by-product, presumably because the desired coupling is slow
with these less reactive substrates.

Overall, this represents an exceptional level of conversion
across a wide range of substrates of spanning the full range of
reactivity and polarity desired for library synthesis. This method
would be expected to be broadly applicable to high-delity DEL
synthesis. A number of these results indicate that the method is
superior to previously published methods, for example, 3-pyr-
idylmethylamine, which gave 98% product (Table 3, entry 27),
was shown to fail completely using optimised literature condi-
tions.26 The observation of the methylamide as the only by-
product is also advantageous in DEL synthesis as it results in
an in situ capping, thus preventing reaction of the carboxylate in
subsequent steps. In the event that higher conversions for
electron decient heteroarylamines alone were required, the
couplings could be carried out at higher temperature (52 �C), as
suggested by the FED.

Carrying out an analogous reaction in the absence of TPGS
performed less well, coupling of benzylamine resulted in only
46% and glycine ethyl ester gave 45% conversion with the
formation of a signicant amount of side products (Fig. S2†).
Both substrates gave clean conversion to 100% product in the
presence of surfactant. These results prove that the surfactant is
essential for high conversions and suggest that the reaction
takes place within the micelles.

Application of the optimised DIC coupling conditions to the
C-to-N amide coupling were inferior to the optimised HATU
method (data not shown). This is consistent with our rationale:
the formation of a more hydrophobic active ester is most rele-
vant for carboxy-linked DNA substrates, in which it is advanta-
geous to protect the active ester (limiting reagent) from the
water. It is presumably less important for amino-linked DNA in
which the active ester is in large excess and a degree of hydro-
lysis can be tolerated.
Chem. Sci., 2021, 12, 9475–9484 | 9479
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Table 3 Scope of the coupling conditions optimised by factorial design. Conditions: 2 (5 nmol), amine (0.5 M), 2,6-lutidine (1.5 M), DIC (0.5 M),
HOAt (0.5 M), 4.5% TPGS, 30 ml total volume, 45 �C, 3 h. Reactions proceeded to full conversion. Percentage of the by-product shown in
parentheses

Amine % Conversion % Product Amine % Conversion % Product

1 100 100 18 100 100

2 100 100 19 100 95

3 100 100 20 100 86

4 100 96 21 100 85

5 100 100 22 100 58

6 100 98 23 98 84

7 100 100 24 91 86

8 100 100 25 98 94

9 100 100 26 93 93

10 100 100 27 98 98

11 100 100 28 98 98

12 100 100 29 94 94

13 100 100 30 98 97

14 100 100 31 100 87

15 100 100 32 100 95

16 100 100 33 100 35

17 100 100 34 100 58

9480 | Chem. Sci., 2021, 12, 9475–9484 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Characterisation of reaction media by negatively stained
transmission electron microscopy. (a) 2.5% aqueous TPGS-750-M; (b)
0.1 mM amino-C11-hexylamidoDNA 3 in water; (c) 0.1 mM amino-
C11-hexylamidoDNA 3 in 3.5% aqueous TPGS-750-M.
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Association of DNA conjugates with micelles

Transmission electron microscopy images of the reaction
solution were collected. Formation of micellar structures was
apparent from a sample obtained from 2.5% TPGS-750-M,
which showed the appearance of nanoparticles of ca. 50 nm
diameter consistent with those reported for TPGS-750-M
micelles (Fig. 4a).35 Images of DNA conjugate 2 in pure water
showed species of sizes consistent with those of the DNA
conjugate, which were white in appearance (Fig. 4b). Samples of
the mixture of 3 with 3.5% TPGS-750-M showed the formation
of larger conglomerates of approximately 200 nm in size and
white in appearance (Fig. 4c). These images provide evidence
that DNA conjugate 3 interacts with the micelle forming
surfactant and suggest that the micelles alter their size and
shape as a result. Taken together with the inferior reaction
outcomes in the absence of surfactant and those obtained with
PEG-linked 1, we believe this provides evidence that the high
levels of conversion obtained in these procedures are attribut-
able to the association of hydrophobic linked species with the
surfactant. Similar phenomena have been described previously,
for instance the association of metal nanoparticles with TPGS-
750-M micelles, referred to as the nano to nano effect.36,37
Scheme 1 (a) Synthesis of representative encoded compound using 3
cycles of sequential amide couplings. Conditions: (i) glycine ethyl ester
(0.5 M), 2,6-lutidine (1.5M), DIC (0.5 M), HOAt (0.5 M), 4.5% TPGS, (30 ml),
45 �C, 3 h, then 0.25 M LiOH (0.25M), 1 h, 63% overall yield; (ii) threonine
methyl ester (0.5 M), 2,6-lutidine (1.5 M), DIC (0.5 M), HOAt (0.5 M), 4.5%
TPGS, (30 ml), 45 �C, 3 h, then LiOH (0.25 M), 1 h, 27% overall yield; (iii) 3-
bromopropargylamine (0.5 M), 2,6-lutidine (1.5 M), DIC (0.5 M), HOAt
(0.5M), 4.5% TPGS, (30 ml), 45 �C, 3 h, 75%. (b) Synthesis of representative
encoded compound using 3 cycles of sequential amide couplings.
Conditions: (i) ligation (primer and BB1 codon), then glycine ethyl ester
(0.5 M), 2,6-lutidine (1.5M), DIC (0.5 M), HOAt (0.5 M), 4.5% TPGS, (30 ml),
45 �C, 3 h, 94% yield for 2 steps; (ii) 0.25 M LiOH (0.25M), 1 h, 100% yield;
(iii) ligation (BB2 codon), then threoninemethyl ester (0.5M), 2,6-lutidine
(1.5 M), DIC (0.5 M), HOAt (0.5 M), 4.5% TPGS, (30 ml), 45 �C, 3 h, then
LiOH (0.25 M), 1 h, 51% yield for 3 steps; (iv) ligation (BB3 codon and
closing primer sequence), then 4-fluoroaniline (0.5 M), 2,6-lutidine (1.5
M), DIC (0.5 M), HOAt (0.5 M), 4.5% TPGS, (30 ml), 45 �C, 3 h, 63% yield for
2 steps. Yields determined by Nanodrop™ spectrophotometry.
Synthesis of a lead-like compound by three sequential
couplings

The N-to-C amide coupling is of great potential in the synthesis
of lead-like and peptidic libraries by sequential amide
couplings. Carrying out the synthesis in this direction poten-
tially allows the use of simple, more readily available amino-
ester building blocks, obviating the need to N-protecting
groups, such as Fmoc, which are necessary for C-to-N coupling.
To illustrate this concept, a representative compound was
prepared through sequential coupling of glycine, threonine and
3-bromopropargylamine (Scheme 1).

Coupling of glycine ethyl ester followed by lithium hydroxide
mediated ester hydrolysis gave the intermediate glycine conju-
gate 4 in 63% yield for the two steps. This was coupled with
threonine methyl ester and saponied to give 5 (27%) and nal
amide coupling with 3-bromopropargyl amine gave the nal
product 6 in 75% yield (13% overall). In all cases, the couplings
proceeded with complete conversion with the desired products
being the only species detectable by QTOF mass spectrometry.
The low yield of the threonine coupling is most likely due to
losses in purication of the more polar intermediate 5, rather
than the reaction itself.
© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 9475–9484 | 9481
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Three-cycle synthesis of a fully encoded compound

To demonstrate the applicability of the reaction to library
synthesis, a fully-DNA encoded compound was prepared in
a manner analogous to that which would be used in a library
synthesis. One obvious application of the amide coupling in
library synthesis is the sequential coupling of amino acid
derivatives akin to peptide synthesis. An illustrative 3-cycle
synthesis involving the sequential coupling and ester hydrolysis
steps as used for 6 with glycine ethyl ester, threonine methyl
ester and 4-uoroaniline was carried out (Scheme 1). In this
case, at each step, a DNA sequence consisting of an 8 base-pair
building block codon and 4 base-pair overhang was ligated and
the overall sequence closed by the addition of a PCR primer
recognition sequence to allow amplication.

Initial DNA ligation and coupling of glycine ethyl ester to 2
using optimised conditions resulted in amide 7 in 94% yield
(Scheme 1). A single band on gel electrophoresis indicating DNA
ligation had occurred efficiently (see ESI Experimental
section†). Ester hydrolysis with lithium hydroxide revealed acid
8 in quantitative yield. Repeating this with a second ligation
followed by coupling of threonine methyl ester and subsequent
hydrolysis gave bisamide 9 in 51% overall yield and as a major
band on gel electrophoresis. Final ligation of the third codon
and closing primer sequence, followed by coupling with 4-u-
oroaniline resulted in the nal triamide 10 in 63% yield. Hence,
the three-cycle coded substrate was prepared in 30% overall
yield.

Gel electrophoresis indicated a major band consistent with
the intended coding sequence of 97 base pair in length. PCR
amplication (40 cycles) of a sample of the resulting product
with NGS elongation primers resulted in a major band of the
expected 148 base pair length, showing that the DNA amplies
efficiently aer the synthesis sequence. Finally, next generation
sequencing of the amplied sample conrmed the integrity of
the coding DNA sequence (>80% of 77 000 reads corresponded
exactly to the expected sequence).
Experimental

Factorial experimental designs and analyses were carried out
using SAS JMP v.14, SAS Institute Inc.
Coupling of acids to amine headpiece 3

An aliquot of acid solution (60 ml, 0.25 M in NMP) was added to
a 50 ml glass insert for a Para-dox™ 96-well micro photoredox/
optimisation plate. The NMP was then removed at 55 �C in
a Genevac for 60 min. To this solution was added 74 the amine
headpiece 3 (30 ml, 5 nmol in 3.5% TPGS-750-M in water), 2,6-
lutidine (6.92 ml, 0.06 mmol) and HATU (5.7 mg, 0.015 mmol).
The vials were vortexed for 30 seconds each to enhance mixing.
The samples were then heated in a Para-dox™ 96-well micro
photoredox/optimisation plate at 45 �C overnight. Mass spec-
trometry was used to analyse reactions. Samples prepared by
adding reaction mixture (1 ml) to water (20 ml) and ltered
through a hydrophilic PTFE lter. To purify each sample, they
were diluted with water (50 ml), DCM (2 � 100 ml) was added to
9482 | Chem. Sci., 2021, 12, 9475–9484
each and the vial vortexed. If an emulsion remained, the sample
was centrifuged to aid separation. The organics were removed,
and aqueous washed with ethyl acetate (2 � 100 ml). Aqueous
sodium chloride (8 ml, 4 M) and ethanol (264 ml) were added and
the mixture incubated at �78 �C for 1 hour. The mixture was
then centrifuged and the ethanol layer removed. The pellet of
DNA was then dissolved in water to give a 1 mM solution.
Coupling of amines to acid headpiece 2

An aliquot of amine solution (60 ml, 0.25 M in NMP) and HOAT
(20 ml, 10 mg per 100 ml in NMP) were added to a 50 ml glass
insert for a Para-dox™ 96-well micro photoredox/optimisation
plate. The NMP was then removed at 55 �C in a Genevac for
60min. To this solution was added the acid headpiece 2 (30 ml, 5
nmol in 4.5% TPGS-750-M in water), 2,6-lutidine (5.2 ml, 0.045
mmol) and DIC (2.2 ml, 0.015 mmol). The vials were vortexed for
30 seconds each to enhance mixing. The samples were then
heated in a Para-dox™ 96-well micro photoredox/optimisation
plate at 45 �C for 5 hours. Mass spectrometry was used to
analyse reactions. Samples prepared by adding reaction mixture
(1 ml) to water (20 ml) and ltered through a hydrophilic PTFE
lter. To purify each sample, they were diluted with water (50
ml), DCM (2� 100 ml) was added to each and the vial vortexed. If
an emulsion remained, the sample was centrifuged to aid
separation. The organics were removed, and aqueous washed
with ethyl acetate (2� 100 ml). Aqueous sodium chloride (8 ml, 4
M) and ethanol (264 ml) were added and the mixture incubated
at �78 �C for 1 hour. The mixture was then centrifuged and the
ethanol layer removed. The pellet of DNA was then dissolved in
water to give a 1 mM solution.
Conclusions

The methods developed here provide a highly efficient and
generally applicable method for on-DNA amide coupling. This
will be of great utility in the preparation of high delity DELs,
especially those based on peptides and drug-like small mole-
cules. The benet of the application of micellar technology to
DELs is demonstrated clearly by this work. The enhancement in
reaction conversion and product purity using micelle forming
surfactants in DEL synthesis will be of signicant benet to the
eld. The combination of more hydrophobic linkers with
micellar conditions demonstrates an additional improvement
in reaction efficiency and provides evidence that reactions can
be improved by increasing the affinity of DNA-linked substrates
for hydrophobic micelles.

The ability to carry out efficient amide couplings, the most
commonly used reaction in DEL synthesis and in medicinal
chemistry more generally, will lead to a large number of higher
quality DELs with wide substrate scope. The development of an
efficient method for N-to-C on-DNA coupling allows the
synthesis of peptide-type libraries from simple amino esters,
obviating the need for Fmoc-protected amino acids that are
required for C-to-N synthesis, thus greatly the accessible scope
of this type of library.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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This work provides further evidence for the benets and
wider applicability of micellar conditions in DEL synthesis
more generally and suggests it could be of further utility for
other chemistries.
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