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High-throughput chemistry (HTC) and direct-to-biology (D2B) platforms allow for plate-based compound

synthesis and biological evaluation of crude mixtures in cellular assays. The rise of these workflows has

rapidly accelerated drug-discovery programs in the field of targeted protein degradation (TPD) in recent

years by removing a key bottleneck of compound purification. However, the number of chemical

transformations amenable to this methodology remain minimal, leading to limitations in the exploration of

chemical space using existing library-based approaches. In this work, we expanded the toolbox by

synthesising a library of degraders in D2B format. First, reaction conditions are established for performing

key medicinal chemistry transformations, including reductive amination, SNAr, palladium-mediated cross-

coupling and alkylation, in D2B format. Second, the utility of these alternative reactions is demonstrated by

rapidly identifying developable PROTACs for a range of protein targets.

Introduction
Targeted protein degraders such as proteolysis targeting
chimeras (PROTACs) and molecular glues offer significant
promise as a novel drug modality. As a reflection of this,
currently there are more than 20 PROTAC candidates that
have entered clinical development.1 These targeted degraders
exhibit a therapeutic effect by forming a ternary complex with
a protein-of-interest (POI) and an E3 ligase, leading to
ubiquitin transfer onto a POI and subsequent degradation by
the proteasome.2 With a catalytic mechanism that hinges on
the induced proximity between POI and E3 ligase rather than
occupancy-based inhibition, degraders offer several
advantages over small-molecule inhibitors. These include
enhanced selectivity, through the strategic selection of E3
ligases with localised tissue expression that may allow for use
of PROTACs in precision medicine,3–7 the ability to target
proteins with weak or no functional ligands,4,8,9 and the
potential for lower doses or dosing frequency.10 However,
PROTACs and molecular glues have complex discovery efforts

with nuanced structure–activity relationship (SAR) profiles
that are unpredictable, thus an empirical approach is often
required to identify new degraders.

High-throughput chemistry (HTC) and direct-to-biology
(D2B) approaches have become increasingly popular in the
last five years and have already shown huge potential in
accelerating the discovery of PROTACs and molecular glues.11

Applications have included identifying an appropriate exit
vector for a POI or E3 ligase ligand,12 choosing the optimal
linker length and ligand structures,13 and optimising initial
hits by using more rigid linkers to improve physicochemical
properties to target oral bioavailability.14 Defining desirable
physicochemical characteristics for PROTAC synthesis and
downstream development has further been aided by the
expansion of assays that are applicable to crude reaction
mixtures, from degradation readout, to E3 ligase binding
assays14 coupled with measurements of chromatographic log
D (chromlogD) and exposed/experimental polar surface area
(ePSA).15 Whilst D2B has already substantially improved the
throughput of degrader synthesis, transformations beyond
amide couplings are yet to be well-represented.

Screening of crude reaction mixtures in cells following
bioorthogonal transformations such as copper-catalysed
azide-alkyne cycloaddition (CuAAC) click chemistry16 and
sulfur(VI) fluoride exchange (SuFEX)17,18 have been widely
reported for small molecules. In 2018, Merck expanded on
these reaction types by using transition metal catalysis for
kinase inhibitor synthesis, followed by evaluation by affinity

RSC Med. Chem., 2025, 16, 1141–1150 | 1141This journal is © The Royal Society of Chemistry 2025

aModality Platform Technologies, GSK, Stevenage, SG1 2NY, UK.

E-mail: david.j.battersby@gsk.com, afjal.h.miah@gsk.com
bDepartment of Pure and Applied Chemistry, University of Strathclyde, Glasgow,

G1 1BX, UK
cDiscovery Biology and Screening, GSK, Stevenage, SG1 2NY, UK

† Electronic supplementary information (ESI) available: All experimental
procedures, analysis and compound characterisation data. Plots showing HiBiT
data for key compounds, including spiking pure PROTACs with excess reagents.
See DOI: https://doi.org/10.1039/d4md00760c

Pu
bl

is
he

d 
on

 2
3 

 2
02

4.
 D

ow
nl

oa
de

d 
on

 2
8.

02
.2

6 
17

:2
8:

57
. 

View Article Online
View Journal  | View Issue

http://crossmark.crossref.org/dialog/?doi=10.1039/d4md00760c&domain=pdf&date_stamp=2025-03-18
http://orcid.org/0009-0002-4675-058X
http://orcid.org/0000-0001-8923-6121
http://orcid.org/0000-0002-4896-113X
http://orcid.org/0000-0003-3602-324X
http://orcid.org/0009-0006-8159-9423
http://orcid.org/0000-0002-9592-7495
https://doi.org/10.1039/d4md00760c
https://doi.org/10.1039/d4md00760c
https://pubs.rsc.org/en/journals/journal/MD
https://pubs.rsc.org/en/journals/journal/MD?issueid=MD016003


1142 | RSC Med. Chem., 2025, 16, 1141–1150 This journal is © The Royal Society of Chemistry 2025

selection mass spectrometry (ASMS),19 but to our knowledge
this chemistry is yet to be used in a cellular context. A wide
range of amide coupling conditions that are applicable to
cellular assays have been used for either small molecule or
PROTAC synthesis in D2B format, including the use of
coupling reagents such as HATU, or alternative precursors
such as N-hydroxysuccinimide (OSu) esters.14,15,20,21 Other
transformations include hydrazone and phthalimidine
formation,13,22,23 and multi-component reactions,24 yet
they remain limited in scope and breadth of
applicability, either requiring highly specific starting
materials or yielding a restricted chemical space in their
products.

A 2016 analysis from Brown and Boström at AstraZeneca
found that the five most commonly used reactions in
medicinal chemistry were: 1) amide coupling; 2) SNAr; 3) Boc
protection and deprotection; 4) ester hydrolysis; and 5)
Suzuki–Miyaura coupling.25 N-Alkylation, heterocycle
formation and reductive amination were also identified
within the top-ten, and are highly valuable transformations
for PROTAC synthesis. However, these reactions with the
greatest utility have not been incorporated in the D2B
platform methodology.

The chemical composition of the linker has been
shown to be important for PROTAC potency by Ciulli et al.
who observed stabilising interactions between the PEG
linker and VHL E3 ligase in the ternary complex crystal
structure of BRD4 degrader MZ1.26 Beyond the role of the
linker in ternary complex stability, linker choice is a
crucial component in PROTAC optimisation and is key to
identifying developable compounds that can be quickly
progressed. For example, a recent paper by Wang et al.
showed that in the discovery of an oral CBP/p300 PROTAC
switching from a linker containing a piperidine amide to
a cyclohexyl ring increased both degradation activity and
oral bioavailability.27 Furthermore, introduction of a
piperidine or piperazine linker through reductive
amination or alkylation chemistry could provide a basic
centre that acts as a solubilising group. To investigate this,
Goracci et al. performed an analysis of pKa values across a
range of PROTAC molecules and found that basicity and
protonation state could be tuned significantly by making
small changes to neighbouring atoms.28 Whilst amide
bond formation is a highly valuable transformation to
medicinal chemists, amide linkages can suffer from
hydrolytic instability,29 especially at the linker attachment
point in PROTAC molecules,30 and thus the ability to
synthesise a range of different linker types in an initial
optimisation campaign is highly valuable. These literature
examples indicate the importance of alternative
transformations for PROTAC assembly and the opportunity
to improve physicochemical properties for oral exposure.
Development of these new transformations in a D2B
format will enable the simultaneous identification of more
developable PROTACs whilst validating degradation of new
POI targets.

While the ability to synthesise and evaluate amide-linked
PROTACs using previously reported D2B approaches has
offered significant acceleration to the discovery of new
degraders,12,14,15 the PROTACs in clinical evaluation typically
do not contain amide bonds in the linker. These advanced
molecules are typically linked by moieties such as aromatic
or saturated heterocycles, but crude reaction screening in
cell-based assays following reductive amination, SNAr,
alkylation or cross-coupling chemistry has not been reported
to our knowledge. As such, we envisioned that the
development of new transformations for D2B, especially
those that are crucial to every medicinal chemist's toolbox,
would be a valuable addition to the scientific literature and
applicable to a wide range of medicinal molecules beyond
PROTACs (Fig. 1). Additionally, these transformations will
increase the changes of identifying developable PROTACs
using high-throughput approaches, ultimately reducing the
timelines to reach orally bioavailable candidate molecules.

In this manuscript, we describe an automated HTC
platform using 1536-well plates to access novel PROTAC
designs where the reaction to join POI binder and E3 ligase
binder components are formed by reductive amination,
alkylation, SNAr and a multistep synthetic route involving
palladium-mediated cross-coupling chemistry.

Results and discussion
Key considerations in reaction development for D2B

Several criteria were established prior to setting up our D2B
platform. Firstly, the reaction conditions must be compatible
with different scaffolds and tolerant of existing functionality.
Secondly, the reactions used to form PROTACs must be

Fig. 1 A) Previous PROTAC direct-to-biology (D2B) work in the
literature; B) this work describes the expansion of PROTAC D2B to
additional chemical transformations with multiple protein-of-interest
(POI) targets; C) approach to identifying new reaction conditions for D2B.
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efficient with minimal by-product formation, providing
sufficient purity to determine representative biological
activity. This is especially crucial given that the cell
permeability of the starting materials may not be equivalent
to that of the products, and thus chemical analysis of the
reaction mixture may not be representative of the
concentration of each component in the cellular
environment. Furthermore, the reagents or any by-
products must be non-toxic to cells, determined
using a cell viability assay such as CellTiter-Glo®
(CTG). Lastly, the reaction precursors will ideally have
common functionality that is commercially available and
may also enable the use of one library for multiple sets of
compounds through different chemical transformations.

Alongside the chemical factors, engineering controls are
also important, for example the chemical compatibility of the
plate to the reaction conditions and choice of solvent. It
should also be noted that a set of reaction conditions for a
given transformation may not translate well from batch scale
to plate scale, especially in 1536-well format, thus a
validation set should be used initially to validate the
chemistry in plates followed by LCMS analysis of reaction
mixtures. Analysis of the cell viability with reagents alone will
also be valuable to assess the suitability of reagent choice.
Following the D2B chemistry and direct biological evaluation
in a degradation assay, hits across a range of potencies
should be resynthesised as purified samples and assessed for
correlation with the crude samples.

We first looked to validate three new transformations for
D2B format using the BRD4 ligand I-BET469 as a proof-of-
concept to synthesise and test BRD4-targeting PROTACs.

Exploration of reaction conditions for PROTAC synthesis

Reductive amination to synthesise BRD4-targeting
PROTACs. Currently, all of the disclosed structures for
PROTACs in clinical trials possess a basic centre in the linker
that could be synthesised using reductive amination
chemistry, and so this was considered to be a key addition
for the toolbox of future PROTAC D2B transformations.1

Typically, reductive aminations are carried out using
borohydride or borane reducing reagents.31 A range of
commonly used reductive amination conditions were
considered: sodium cyanoborohydride and related derivatives
were avoided due to the potential to release hydrogen cyanide
into the glovebox environment; the effect of titanium
tetrachloride-based conditions on the subsequent assays were
unclear; and hydrogenations were impractical in 1536-well
plate format.

Starting this optimisation, a small set of eight amine-
functionalised BRD4 ligands were chosen for reaction with
three aldehydes based on ligands for E3 ligases, VHL and
cereblon (Scheme 1A). The commonly used reagent sodium
triacetoxyborohydride (STAB) was trialled first due to its wide
commercial availability and release of acetic acid as a by-
product which could be quenched by buffer solution in the

assay. However, poor conversion was observed by LCMS with
significant formation of side products and low conversion to
the desired PROTAC. Addition of acetic acid to the reaction
mixture did not aid conversion.

Picoline borane was trialled next due to its bench stability,
ease of weighing, and higher level of solubility in DMSO. Full
conversion to the desired PROTAC by LCMS was observed for
13 of the 24 examples (54%) and whilst this was initially
considered a modest success rate, the PROTAC purity for the
complete reactions was between 50 and 80% by LCMS. It is
worth noting that picoline borane is also visible by LCMS
and thus these purity values represent full conversion from
the respective starting materials with formation of no
significant side products. PROTAC purity was measured by
percentage area by UV trace utilising LCMS without
correction, and reactions with full conversion were deemed
successful. Any successful reactions were then tested
assuming 100% conversion to desired PROTAC, with no
additional dilutions steps to adjust according to observed
purity before biological assay.

These compounds were tested in a HiBiT cellular
degradation assay using an N-terminal HiBiT tagged-BRD4
cell line derived by CRISPR/Cas9 genome editing of parental

Scheme 1 A) Reductive amination library carried out in D2B; B)
exemplar resynthesised hits from library.

Fig. 2 A) Correlation between crude and purified samples; B) curves
from HiBiT and CTG assays for D2B samples (N = 1), purified samples
(N = 2), and spiking experiments of purified PROTAC with picoline
borane (PicB) (N = 2). Error bars represent SEM.
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HEK293 cells. Seven hits were resynthesised on batch scale
and showed excellent correlation with the D2B values for
pDC50 and Dmax across a 2–3 log-unit range in compound
potency. A drop in Dmax was observed for only one D2B
sample (compound 2), which is consistent with literature
reports (Fig. 2A).14

To thoroughly investigate the impact of these reaction
conditions on the HiBiT degradation assay, spiking
experiments were carried out where reagents were added to
the purified PROTACs to mimic the components of the D2B
samples (Fig. 2B, more curves shown in ESI†). Spiking the
purified PROTACs with picoline borane at a D2B-relevant
concentration did not alter the curve shapes or pDC50 and
Dmax parameters in the HiBiT assay. Impressively, a 10-fold
excess of picoline borane also had no effect on the assay
readout, giving confidence that these conditions were robust
for crude reaction screening.

Synthesis of this compound set by reductive amination
D2B allowed the identification of trends in degradation SAR.
Several novel BRD4 PROTACs with picomolar potency were
identified, possessing more constrained linkers than most
literature examples (Scheme 1B). PROTACs recruiting
cereblon such as compound 1 and S1–4 were typically more
potent than VHL examples. VHL-recruiting PROTAC 2 was
several log units less potent than the cereblon examples
shown but a subtle change in the linker to give compound S5
recovered the potency significantly.

Nucleophilic aromatic substitution to synthesise BRD4-
targeting PROTACs. Recognising the appearance of a
3-substituted aminopyridazine motif in clinical candidate
ARV-110, we surveyed nucleophilic aromatic substitution (SN-
Ar) conditions for PROTAC synthesis applied to D2B format
in 1536-well plates.

To identify suitable conditions, it was crucial to find a
suitable choice of base. Typically SNAr reactions are carried
out with organic bases such as triethylamine or Hunig's
base32,33 but previous studies had identified that these bases
were not miscible with DMSO, and this was a key
consideration for the optimisation. Organic superbases such
as phosphazene (P2-Et) and 7-methyl-1,5,7-triazabicyclo[4.4.0]
dec-5-ene (MTBD) have found uses in ultra-high throughput
chemistry due to their non-nucleophilic nature and solubility
in most organic solvents, which was ideal for our
purposes.19,34 Since reaction dosing for D2B is performed
using a mosquito® liquid handler, a range of these
superbases were trialled for the SNAr reaction and guanidine
base MTBD was identified as a suitable choice due to its high
reaction conversion rate.

Six E3 ligase ligands containing a heteroaromatic ring,
either pyrazine, pyrimidine or pyridazine, were synthesised
and reacted with a set of eight BRD4 ligands possessing a
short linker plus amine, at 60 °C with MTBD in 5 μL of
DMSO (Scheme 2A). Quantitative conversion was observed by
LCMS with all 48 examples, giving a library success rate of
100%, and indicating that MTBD was a suitable choice of
base for plate-based SNAr chemistry. Three PROTAC examples

were resynthesised and purified samples were tested in the
HiBiT assay for comparison with the crude samples (Fig. 3A).

For two of the three samples, close correlation was
observed, but compound 3 demonstrated a loss in potency
when resynthesised. The appearance of occasional
discrepancies between crude and purified samples highlights
the importance of hit resynthesis and the authors
recommend synthesising purified samples for 5–10% of every
library across a range of potencies. Spiking experiments of
purified PROTAC with MTBD were performed to mimic the
D2B conditions and pleasingly a 10-fold excess of MTBD
resulted in no change in the degradation profile by HiBiT
assay for any of the compounds, giving confidence that these
reagents are suitable for direct use in cellular assays (Fig. 3B,
more curves shown in ESI†).

Pd-mediated C(sp2)–C(sp3) cross-coupling to synthesise
BRD4-targeting PROTACs. To explore the fifth most
commonly used transformation for medicinal chemists, a
Suzuki–Miyaura cross-coupling was investigated for use in
multistep D2B workflows. We envisioned that a multistep
approach would be valuable for medicinal chemistry teams

Scheme 2 A) Nucleophilic aromatic substitution (SNAr) library carried
out in D2B; B) exemplar resynthesised hits from library.

Fig. 3 A) Correlation between crude and purified samples; B) curves
from HiBiT and CTG assays for D2B samples (N = 1), purified samples
(N = 2), and spiking experiments of purified PROTAC with MTBD (N =
2). Error bars represent SEM.
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as single step D2B transformations rely heavily on pre-
investment into libraries of E3 ligase ligand-linker
intermediates which reduces the accessibility of the
methodology. In contrast, assembling the three separate
components of the PROTAC in these experiments could in
theory reduce the requirement for existing libraries, whilst
enabling multi-dimensional analyses of the SAR surrounding
the three parts of the PROTAC simultaneously.

Consistent with our aim to identify more developable
PROTACs using the D2B approach, our ideal multistep
workflow would replace double amide-linked linkers that are
typical in the literature, with single amide linkages. In order
to achieve this, we envisioned that a Pd-mediated C(sp2)–
C(sp3) cross-coupling performed in small vials would provide
initial diversification of the POI binder, followed by Boc
deprotection and amide coupling with a large library in plate
format. This approach would be well suited to the use of
cartridge clean-up after the first step due to the potential
cytotoxicity challenges associated with use of metal catalysts
within cellular assays.35 However, the throughput would not
be limited by the use of cartridges as the final diversification
step would be carried out in 1536-well plates using an
automated workflow to rapidly assess SAR.

We chose to perform the first cross-coupling step in small
microwave vials, as the use of inorganic base and a high
catalyst loading was required for the challenging
transformation, and this was deemed unsuitable for 1536-
well plate format. However, we envision that simpler cross-
coupling transformations, such as between two sp2 partners,
would be amenable to the use of organic bases and a lower
catalyst loading, and thus could be performed in plates.

To explore the applicability of this sp2–sp3 cross-
coupling transformation, we used our previously reported
system where our prior work utilised purified

intermediates from the cross-coupling in a deprotection-
amide coupling sequence,12 and investigated the tolerance
of the three-step process to cellular assay without
chromatographic purification (Scheme 3). As E3 ligase
ligand libraries containing elaborated precursors for cross-
coupling chemistry were not commercially available, we
envisioned that a multistep approach would be highly
valuable for the development of cross-coupling chemistry
in a D2B format.

Bromobenzimidazole BRD4 binder 6 was subjected to
Pd-mediated sp2–sp3 cross-coupling conditions to attach
a N-Boc protected azetidine with methylene spacer as
the first part of the linker. Following the reaction, the
intermediate was split into four batches for varied
purification processes: HPLC, celite cartridge, solid-phase
extraction (SPE) cartridge, and aqueous work up. Several
by-products were observed in the cross-coupling
reaction, including homo-coupled and des-bromo BRD4
binder, as well as carbazole released from the Pd G3
precatalyst.

Despite the formation of these by-products, 7 was the
major product by LCMS following the four purification
procedures: HPLC, celite cartridge (59% purity), SPE
cartridge (70% purity) and aqueous work up (72% purity).
However, LCMS is only capable of capturing UV-absorbent
species and thus a full picture of the reaction mixtures is
not accurately depicted due to the presence of residual
palladium. Accurate quantification of palladium levels on
this scale represents a significant challenge, which requires
further development of appropriate analytical techniques.
Each batch was subsequently deprotected with TFA, passed
through a strong cation exchange (SCX) cartridge to give the
free amine, and coupled to an E3 ligase ligand-linker library
of carboxylic acids using previously described conditions.12

Scheme 3 A) Multistep process carried out in D2B; B) exemplar resynthesised hits from library; C) correlation between biological evaluation data
obtained for different purification methods, where ‘purified’ data represents entirely purified samples, and other methods indicated correspond to
purification method after the sp2–sp3 cross-coupling reaction; D) curves from HiBiT and CTG assays for D2B samples corresponding to each
purification method (N = 1) and purified samples (N = 2). Error bars represent SEM.
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Following all three steps the LCMS purities of the desired
PROTAC products were found to be approximately 20–40%
across the library. Assessment of the full library by HiBiT
assay indicated that of 49 samples, 94% of the pDC50 values
lie within one log unit of the HPLC batch and 84% within
half a log unit, which was deemed to be within assay error
(see ESI† for further analysis of the set). These results are
consistent with findings from AstraZeneca where mixtures
of starting material and PROTAC product were tested in
different ratios to mimic partial reaction conversion.15

Whilst pDC50 values were largely unaffected by partial
conversion, Dmax values for the non-HPLC batches were
found to be consistently lower when comparing across the
full set of 49 samples (see ESI†), indicating that the effect
on Dmax is greater than on the pDC50, presumably due to
competition of the PROTAC with other reaction
components.

When comparing four examples, 8–9 and S6–7 with
fully purified samples, the correlation was good to
excellent (Scheme 3C). For PROTAC S6, a reduced pDC50

was observed when purifying with celite after the Pd-
mediated cross-coupling and reduced Dmax was observed
for the SPE cartridge and aqueous work-up examples.
However, it is worth noting that despite these
discrepancies, the trend in potency remained the same
regardless of the purification method chosen, indicating
that this is a valuable workflow for hit identification or
initial hit optimisation.

These findings suggest that whilst low purity samples can
reliably provide accurate pDC50 values, Dmax is likely to be
reduced, and thus should not be used for ranking hit
compounds following multistep workflows. Accurate Dmax

values should be obtained by resynthesising compounds of
interest and obtaining degradation data for the purified
samples.

Nucleophilic aromatic substitution to synthesise AR-
targeting PROTACs. With three new sets of conditions for
PROTAC D2B in hand and strong correlation observed
between crude and purified samples for BRD4 degraders, we
looked to apply the chemistry to other more challenging
targets.

Given that clinical candidates ARV-110 and ARV-766
inspired us to find appropriate SNAr conditions for D2B, we
synthesised androgen receptor (AR) binder analogues to
directly apply this new transformation on clinically relevant
PROTAC molecules.

For BRD4 examples, a small library of E3 ligase binders
containing heteroaryl chlorides in the linker were
synthesised. In this example the position of the functional
groups were reversed so that a library of 19 E3 ligase ligands
with amine-bearing linkers could be used. An advantage to
this approach is the flexibility to use either library depending
on precursor availability to minimise the requirement for
bespoke synthesis.

An AR binder based on literature PROTAC ARV-110 was
synthesised with a series of attached heteroaryl chlorides.

Increasing the reaction temperature to 90 °C allowed the
inclusion of a pyridine scaffold in this set alongside
pyrimidine, pyridazine, and pyrazine (Scheme 4A). High
library success rates of 74% to 95% were observed for the
scaffolds with minimal variation between choice of heteroaryl
chloride: 14 of 19 for pyridazine, 18 of 19 for pyrazine, 15 of
19 for pyridine, and 18 of 19 for pyrimidine.

A set of 6 PROTACs were resynthesised and excellent
correlation between crude and purified samples was observed
across a range of potencies (Fig. 4A). Spiking experiments of
excess reagent with purified PROTAC were also consistent
with observations from the BRD4 assays, and 10x excess
MTBD gave no interference in the AR HiBiT assay readout

Scheme 4 A) Nucleophilic aromatic substitution (SNAr) library carried
out in D2B; B) exemplar resynthesised hits from library.

Fig. 4 A) Correlation between crude and purified samples; B) curves
from HiBiT assay for D2B samples, purified samples, and spiking
experiments of purified PROTAC with MTBD – data is N = 2 and error
bars represent SEM.
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(Fig. 4B). Matched pairs 12, 13 and 14 demonstrated
comparable activity regardless of the ring present, whilst the
loss of a second saturated ring in the case of 10 resulted in a
significant loss of potency. PROTAC 11 bearing a comparable
linker length to 10 was several log units more potent,
potentially due to use of a different exit vector from the
cereblon binder.

Alkylation to synthesise RIPK2-targeting PROTACs. With
three new D2B transformations in hand for the synthesis of
BRD4 and AR-targeting PROTACs, we next looked to further
expand the D2B toolbox of transformations to enable the
identification of degraders for non-nuclear targets. Kinases
are one of the most extensively studied drug targets,36 and
kinase ligands have been incorporated into a range of
PROTACs for degradation of targets such as Bruton's tyrosine
kinase (BTK), focal adhesion kinase (FAK), and cyclin-
dependent kinases (CDKs).37

The receptor-interacting protein kinase 2 (RIPK2) was used
as a case study for developing D2B chemistry as RIPK2 ligand
16 had previously been incorporated into IAP and VHL-based
PROTACs.38,39 However, previous optimisation efforts
suffered from lengthy synthetic routes where each unique
analogue required up to seven synthetic steps to prepare
from intermediate 16. This challenge is underpinned by the
presence of two reactive functional groups on the POI ligand,
a phenol and a diarylamine. It was envisioned that a selective
alkylation of the binder would be highly advantageous for
exploring degradation SAR.

Furthermore, the potential to differentiate between two N-
and O-linked PROTACs simultaneously adds an additional
exploration element to a D2B experiment without further
synthetic derivatisation of the binder. This approach would
also enable the exploration of amide-free linear linkers with a
range of different lengths, without the requirement for any
pre-functionalisation of RIPK2 ligand 16.

Utilising the knowledge gained from SNAr development,
organic superbases were trialled for the reaction between
RIPK2 ligand 16 and a series of VHL ligands with linear PEG-
or C-linkers bearing alkyl chlorides at 90 °C (Scheme 5A).
Interestingly, the choice of base was found to be crucial to
the alkylation selectivity and close-running isobaric products
were detected in LCMS of the reaction mixtures (Scheme 5B).
In microtitre plates, two chemoselective libraries were
prepared using MTBD and P2-Et, where one major product
was formed in each well, with minor formation of the
alternative regioisomer.

The degradation activity of these two isomeric libraries
was assessed by RIPK2 HiBiT assay and analysis of the D2B
data revealed that PROTACs synthesised with MTBD i.e.
alkylation at the phenol O- were typically more potent,
indicating that this exit vector was well tolerated. Assessment
of the library also indicated that linker lengths of 8 to 12
atoms were well tolerated in the compounds tested and
results from the D2B experiment highlighted that these
should be the focus of any future optimisation efforts for
RIPK2 PROTACs.

Comparison of the degradation profiles of the D2B and
purified samples for O-alkylated PROTAC 17 showed
comparable degradation activity and curve shape, which was
not altered when stress tested with 1× and 10× spikes of
excess MTBD base (Scheme 5C). This proof of concept
demonstrated the feasibility of a selective POI binder
alkylation in D2B format. The addition of these new
conditions to the reaction toolbox offers significant
opportunity for the acceleration of PROTAC projects via an
alkylation approach.

Conclusions

Reductive amination, SNAr, Pd-mediated cross-coupling
and alkylation are four of the top chemical
transformations for any medicinal chemist. In this work,
these key reactions have been developed for nanoscale
synthesis in 1536-well plates, adding them to the toolbox
of chemistry for PROTAC D2B experiments. Whilst the
power of this approach lies in the ability to synthesise
hundreds of compounds simultaneously, here we exemplify
proof-of-concept for a range of new transformations in

Scheme 5 A) Alkylation library carried out in D2B; B) selective
alkylation observed by LCMS when using P2-Et and MTBD as bases in
1536-well plate format; C) curves from HiBiT and CTG assays for D2B
samples (N = 3), purified samples (N = 2), and spiking experiments of
purified PROTAC with MTBD (N = 2); error bars represent SEM; D)
structure of RIPK2 PROTAC 17.
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1536-well plates. For each transformation described,
excellent correlation between pure and crude samples has
been exemplified and the effect of the reagents is shown
to be minimal on degradation readout, showing that the
chemistry is robust and can reliably identify new hits.
Furthermore, the PROTACs synthesised in these
transformations are not only identified as potent hits, but
offer developable structures for the lead optimisation
stages of a medicinal chemistry campaign. These examples
highlight the key value in using D2B as a tool in the
drug discovery process; compounds which are identified
as potent degraders when tested as crude reaction
mixtures can be resynthesised and then be progressed to
follow up studies, whilst limiting the resource that would
be required to carry out bespoke synthesis for all
examples.

Several key learnings were identified during this work.
Although the increased throughput for hit-finding using
these D2B approaches is advantageous, it is not advisable
to use them as a replacement for all bespoke synthesis.
Dmax values were reduced when increasing the number of
synthetic transformations, resulting in lower purity samples,
likely due to suppression of degradation level by
competition with reactants or side-products. As such, it is
important to remain cautious in selecting top compounds
of interest for resynthesis based on Dmax values rather than
pDC50. In contrast, reduced purity had a negligible effect
on pDC50, presumably due to its logarithmic scale, and
thus in a set of PROTACs with LCMS purities of 20–40%,
84% of compounds gave pDC50 values that were within
assay error.

PROTACs targeting a range of POIs have been identified
using single-step reductive amination, SNAr and alkylation
chemistry. A case study for the multistep synthesis of BRD4
PROTACs including a Pd-mediated cross-coupling with no
chromatographic purification has also been demonstrated,
and further expanding the scope of conditions and scaffolds
for metal-mediated cross-couplings without purification
before cellular assay remains an area of interest, and we
anticipate that additional multistep D2B workflows will be
developed in future.
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