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Automated Synthesis Hot Paper

Combining High-Throughput Synthesis and High-Throughput Protein
Crystallography for Accelerated Hit Identification
Fandi Sutanto+, Shabnam Shaabani+, Rick Oerlemans, Deniz Eris, Pravin Patil, Mojgan Hadian,
Meitian Wang, May Elizabeth Sharpe, Matthew R. Groves, and Alexander Dçmling*

Abstract: Protein crystallography (PX) is widely used to drive
advanced stages of drug optimization or to discover medicinal
chemistry starting points by fragment soaking. However, recent
progress in PX could allow for a more integrated role into early
drug discovery. Here, we demonstrate for the first time the
interplay of high throughput synthesis and high throughput
PX. We describe a practical multicomponent reaction ap-
proach to acrylamides and -esters from diverse building blocks
suitable for mmol scale synthesis on 96-well format and on
a high-throughput nanoscale format in a highly automated
fashion. High-throughput PX of our libraries efficiently
yielded potent covalent inhibitors of the main protease of the
COVID-19 causing agent, SARS-CoV-2. Our results demon-
strate, that the marriage of in situ HT synthesis of (covalent)
libraires and HT PX has the potential to accelerate hit finding
and to provide meaningful strategies for medicinal chemistry
projects.

Introduction

Paul EhrlichQs Corpora non agunt, nisi fixata is the maxim
of modern receptor pharmacology.[1] Protein crystallography
(PX) like no other biophysical method contributed to the
understanding of ligand receptor interactions.[2] Hydrogen
bonds, charge–charge interactions, pi stacking interactions,
halogen bonds, and shape complementarity of receptor and
ligand can be “seen” at atomic resolution.[3] Over the last
decades PX has changed the face of drug discovery. Many
industrial and academic drug discovery projects are supported
by PX with cocrystallized ligands. However, in most cases PX
plays an auxiliary but not a leading role: hits from HTS are

optimized to leads and sometimes crystal structures are
performed and used retrospectively to explain SAR (Fig-
ure 1A). However, novel technologies increased the pace of
PX: bottlenecks of HT PX, such as improved synchrotron
radiation,[4] improved detectors,[5] microcrystal delivery sys-
tem for serial femtosecond crystallography,[6] parallel soaking
of compound libraries,[7] crystal fishing and mounting,[8] data
analysis of low occupancy compounds,[9] were developed over
the last decade and a sizable library of compounds can be
screened in only a couple of weeks.[10] HT soaking of static
fragment libraries is nowadays routinely offered to clients at
synchrotrons (Figure 1B).[10, 11] These advances have been
driven by the work of thousands of members of the structural
biology community globally.[12] On the other hand there are
tremendous developments in miniaturization and automation
of synthetic chemistry.[13] Reaction optimization is performed
in an automated fashion in 1536 well plates and large libraries
of classical and novel chemistries can be rapidly produced
nowadays using nano dispensing technologies.[14] Hence, its
seems to be time to truly integrate HT synthesis with HT PX
into the early drug discovery cycle (Figure 1C).

Here, we show the synergy between HT synthesis and HT
PX with the SARS-CoV-2 main protease 3CLpro, a cysteine
protease that plays a critical role in CoV replication,
displaying a very low mutation rate, and making it an
attractive drug discovery target to combat COVID-19.[15]

The majority of described 3CLpro inhibitors bind covalently
to the active site cysteine, as is the clinically tested PF-
07321332.[16] Here we focused on the synthesis of acrylamides
and acrylic acid esters to create diverse libraries of electro-
philes which we screened by HT PX. Owing to our long-
standing experience in multicomponent reaction chemistry,
we designed a one-pot pathway to diversified libraries of
highly substituted acrylamides and -esters.[17] We hypothe-
sized that acrylic acid might be employed in Ugi (U-4CR) and
Passerini (P-3CR) style reactions (Figure 1). However, acrylic
acid is a very reactive molecule, readily undergoing polymer-
ization reaction, as are acrylamides and -esters. Moreover,
ammonia was often described in the literature as an inferior
or non-functional substrate in the Ugi reaction.[18] Thus, it was
a priori, not clear if our reaction design will lead to a successful
outcome.

Results and Discussion

We initiated our work with the 0.5 mmol reaction of
isobutyric aldehyde A and equivalent amount of acrylic acid
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B, tert-butyl isocyanide C, and aqueous ammonia D in 0.5 mL
trifluoroethanol (Scheme 1). We chose trifluoroethanol as
a non-nucleophilic solvent, which seems to have beneficial
properties in the suppression of side reactions.[19] Surprisingly,
the expected product E1 precipitated and could be isolated by
simple filtration at an acceptable 72% yield and excellent
purity.

Next, we aimed to create a library of acrylamides using
parallel synthesis techniques (Figure 2A; S2-S7). We per-
formed the reactions using 96-well glass plates (1.5 mL per
well) equipped with small stirring bars. We used 16 different
isocyanides and 24 different aldehydes (Figure 2B; Support-
ing Information, Figure S1). The stock solutions of the
building blocks (0.1 mL of each, 5 M in trifluoroethanol)
were added by using single, 8-, and 12-channel pipettes. The

order of addition was ammonia in water, followed by the
aldehyde component, followed by acrylic acid and isocyanide.
The 96-well plate was sealed and stirred overnight at room
temperature (Figure 2 C, Figure S2).

Then, 0.5 mL diethyl ether was added to all wells and
stirred for another 15 min. A total of 45 wells (47 %) showed
considerable precipitate (Figure 2D). The non-precipitated
wells were stored in a@20 88C refrigerator, and four additional
products precipitated after 4 h (4 %). Forty-seven wells
resulted in no precipitation (49%). The precipitates were
transferred into a 96-well filter plate using a multichannel
pipette. Using an in-house constructed vacuum manifold, the
filtrate was removed, and the precipitate was washed further
with two times 0.5 mL diethyl ether (Figure 2 E). The filter
plate with the precipitates was dried under vacuum in

a desiccator. To our surprise, the quality
of the compounds, as measured by NMR,
was very good (S88-S237). The yields
varied from 22% to quantitative, with an
average of 62%. Ten of the remaining
forty-seven unprecipitated reactions
were purified by flash chromatography,

Figure 1. Protein crystallography and drug discovery. A) In many hit to lead projects protein crystallography is only sporadically used to confirm
binding and enable faster SAR. B) Fragment soaking to find medicinal chemistry starting points. C) The high-throughput synthesis performed
herein combined with high throughput crystallography has the potential to accelerate early drug discovery.

Scheme 1. Conditions and yield of the Ugi product (E1).
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and these products could be obtained in yields from 35% to
80% (average 58 %).

The diversity of the building blocks working in this
reaction is noteworthy. Aliphatic, bulky (C16), linear (C1, C2)
and cyclic (C10), aromatic and aliphatic heterocyclic isocya-
nides included thiophene (C7), tetrahydrofuran (C6), and
benzodioxolane (C14) worked well. Tested compatible func-
tional groups in the isocyanide included alkene (C8), ether
(C2, C12), nitrile (C9) and halo substituted benzenes (C3, C5,
C13). The diversity of the aldehyde component is also
remarkable, ranging from simple aliphatic (A13, A14, A22,
A24), to cyclic (A15), to aromatic (A1–3, A5–8, A10–A12,
A19) and heteroaromatic (A9, A23). Tested compatible
functional groups in the aldehyde building blocks included
alkene (A4), halo (A5, A7, A11), nitrile (A6), and ether (A3,

A10). Other compounds note-
worthy from further plates are
E2–6. E2 Is a phenylalanine
derivative, E3 and E4 are
phthalimide derivatives, and
E5 has a flexible indoyl ethyl
amide moiety (Scheme 2).

An advantage of our meth-
od is that a majority of the
products precipitate from the
crude reaction mixtures, thus
providing high-quality acryla-
mides using a straightforward
filtration procedure.

Lipophilicity is the single
most crucial descriptor affect-
ing potency, distribution, and
elimination of a compound in
the body. Highly lipophilic
compounds tend to be insolu-
ble in water, have high plasma
protein binding, and are un-
able to reach the target at
a high enough concentration
to affect a biological re-
sponse.[20] With an average
cLogP of 2.56 varying from
@1.2 to 5.8 our 96-well library
represents a good range of
lipophilicity. Also, the average
molecular weight of 335 Dal-
ton is not too high to create
unnecessary problems in a fu-
ture modification of any hits to
increase potency. Even more
hydrophilic compounds also
incorporating heterocyclic
and natural product moieties
are shown in Scheme 2. Com-
pound E7 is an excellent ex-
ample of the superior func-
tional group compatibility of
the reaction. Unprotected sug-
ars and amino sugar, a,b,g,d-

unsaturated ketone double bonds and a macrocyclic lactone
structure present in the antibiotic starting material tylosin are
not affecting the selectivity of the reaction and the product is
formed in 62% yield.

Another critical descriptor of an acrylamide inhibitor is
the substitution pattern around the double bond, which can be
used to fine-tune the reactivity towards nucleophiles. For
example, different substituted acrylamides have been used to
optimize the reactivity of the clinical RAS covalent inhibitor
MRTX849.[21] Thus, we set out to synthesize exemplary
substituted acrylamides to show the versatility of our method
(Scheme 2). Once more, the reactions were performed on
0.5 mmol scales and resulted in satisfactory to excellent yields.
Noteworthy, the acrylamide moiety in E12 was also used in
the covalent kinase inhibitors afatinib, neratinib, and daco-

Figure 2. 96-Well parallel set-up of acrylamide syntheses on a 0.5 mmol scale. A) General reaction scheme.
B) 2D structures of building blocks, and yields of isolated products. Wells with precipitated products
during the reaction, precipitation after refrigeration, and wells without precipitations are shown in green,
blue and white, respectively. C) Efficient, parallel reagent transfer using multi pipettes. D) Picture of the
96-well reaction with partially precipitated products. E) Easy isolation of precipitated products by simple
vacuum filtration in a 96-well format manifold.
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mitinib. Finally, we investigated the method scalability
beyond the 0.5 mmol mark by preparing the acrylamide
compound I-H8 on a multigram scale following the procedure
described above, obtaining 9 g of pure product, which
corresponds to a 56 % yield (Figure 3).

Similarly, we applied our HT synthesis to the creation of
a Passerini reaction library using acrylic acid, aldehydes, and
isocyanides (Figure 4, Figure S3). In contrast to Ugi reactions,
the Passerini reaction favors aprotic, apolar solvents. More-
over, the products are less prone to precipitate from the
reaction mixture due to one less amide group in the scaffold.
After some experimentation, we found n-pentane to be
a suitable solvent where 13% (12 wells) of the products of
a 96-well plate precipitated with excellent purity (Supporting
Information). The 96-well plate was based on the reaction of
71 different isocyanides (S9), 85 different aldehydes (S8) and
acrylic acid, which were combined in a random fashion to

avoid any bias. 1H NMR analysis of the full plate revealed that
all reactions worked well and the purities in all the non-
precipitated cases were greater than 50%, in most cases
greater 80% and higher. Fast and efficient flash chromatog-
raphy purification yielded the non-precipitated products in
high purity. Also noteworthy for the Passerini reaction is the
great functional group compatibility, which can be seen in the
products, for example the range of heterocycles, pyridine (II-
A11), indole (II-F10), and benzopyran (II-D2).

Despite being a convenient one-pot procedure, the above
described 96-well or multigram scales are not useful to create
truly large acrylamide libraries (@ 1000) with limited resour-
ces and in a given time. Therefore, we investigated our
synthetic scheme under nanoscale synthesis conditions (Fig-
ure 5, Figure S4). For this, we used a positive-pressure-based
low-volume and contactless dispensing system (I-DOT), as
recently described by us.[22] Briefly, we used 384-well poly-
propylene destination plates for our syntheses. Each destina-
tion plate was charged with 10 mL (excess amount) of acrylic
acid/ammonium hydroxide mixture (0.5 M) using a multi-
channel pipette. Subsequently, oxo components (0.5 M,
125 nL) and then isocyanides (0.5 M, 125 nL) were trans-
ferred into the corresponding well using an I-DOT nano
dispenser, at a final concentration for the stoichiometric
components of 6 mM. The 384-well plates were filled using an
algorithm developed in-house that allows for random combi-
nations of building blocks to avoid any synthesis bias (Fig-
ure S5).[22b] The total length of the autonomous dispensing
procedure was & 12 min per 384-well plate. We produced
a total of four 384-well-plates. The quality of the reactions on
the nanomole scale was evaluated by direct injection into the
mass spectrometer as recently described by us (Figure 5,
S67).[14f] Accordingly, in 79 % of the reactions, product

Scheme 2. Examples of synthesized acrylamides with amino acid, heterocyclic, extended acrylic acid, and natural product motifs.

Figure 3. Structure of I-H8 synthesized on a 9 g scale.
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formation was observed, while for 21% no product could be
observed (Figure S6, S7, S8). To support our fast qualitative
analysis of the nano synthesis, we reproduced 28 compounds
on a 0.5 mmol scale, including full NMR and HRMS
characterization (Figure 5, S88, S112). Gratifyingly, all 28
compounds precipitated during the upscaling reaction.

We tested our parallel synthesized electrophiles in high
throughput crystallography to elaborate synergies. The
SARS-CoV-2 3CLpro is an attractive workhorse, not only
because it is a covalent drug discovery target to combat
COVID-19, but also because of the uncomplicated access to
large amounts of crystallization-quality enzyme.[15] Thus we
established a high yielding 3CLpro expression/purification
system which allowed us to soak highly concentrated sol-
utions of our herein and previously described electrophile
libraries into preformed crystals in a high throughput mode.[23]

The compounds were selected to represent diversity in
scaffolds and electrophiles. A total of 181 different com-
pounds were soaked. The compounds were prepared as
100 mM stock solutions in DMSO. Large quantities of
3CLpro crystals were grown using the mosquito crystal liquid
handler (SPT Labtech). After initial soak and diffraction tests
to determine optimal DMSO concentrations (10% v/v) and
soak times (3 hours at room temperature), the crystals were
grown for a day and selected for soaking using a software suite
developed in-house at the Swiss Light Source (SLS) as part of
the internal Fast Fragment and Compound Screening (FFCS)

platform. This software suite was used to design the exper-
imental steps of the crystallographic compound screening as
well as to keep track of each 3CLpro crystal from selection to
soaking to harvesting. After crystal selection, compounds
were dispensed accordingly and quickly (< 3 min) with the
Echo 550 Liquid Handler. Following a 3-hour incubation
time, crystals were harvested in a semi-automated fashion
with the Crystal Shifter, which is a motorized, x@y microscope
stage allowing for rapid crystal mounting (& 100 crystals per
hour), before cryopreservation and subsequent data collec-
tion.[8] A single X-ray diffraction data set was successfully
collected for 172 of the soaked crystals at the X06SA, X06DA,
and X10S beamlines at SLS (Figure S9), with the remaining 9
soaking conditions yielding poorly diffracting crystals. In
total, 245 soaking experiments were performed and one
crystal was harvested from each experiment for subsequent
data collection. Generally, multiple datasets were collected
per crystal resulting in a total of 653 datasets collected for 245
mounted crystals. For each unique compound, either the
diffraction data with the best properties or the only process-
able diffraction data was used for further analysis. High
throughput, automated molecular replacement/refinement
was performed on these datasets using the DIMPLE pipe-
line.[24] The resulting electron density maps and structures
were then subjected to PanDDA analysis, a pan dataset
analysis algorithm that can rapidly detect and identify weak
or obscured signals caused by ligand binding or structural

Figure 4. High-diversity parallel synthesis (96-well plate) of acrylic acid ester library using 85 isocyanides and 88 aldehydes in the Passerini-3CR
(A). B) Heat plot with the yields as determined by 1H-NMR. Explicit structures are compounds precipitated during the reactions (white boxed in
the heat map).
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shifts versus a “ground-state” apo structure.[25] Within 4 hours,
all events were identified, with five datasets showing binding
events in the 3CLpro active site (Figure 6B). Three co-crystal
structures (II-F10, II-G11 and F3) were solved and refined
using the regular electron density maps as they had inter-
pretable density. For F1 and F2, which had weaker density in
the active site, PanDDA ensemble modelling and refinement
protocols were followed using the event maps to yield the

refined co-crystal structures. All structures were deposited in
the Protein Data Bank (Table S1).

In agreement with recent HT campaigns the structure
release time of even larger screening campaigns can be as
short as 2 weeks for over 90 different structures.[10] Four of the
hits (II-G11, II-F10, F1, and F2) were found to be covalently
bound to the active site Cys145 (Figure 6B 1–4). They
represent two classes of covalent inhibitors, the chloroaceta-

Figure 5. Nanoscale, automated acrylamide synthesis. A 384-well heat map indicating MS-based analytics is shown. Shown below are the
resynthesized compounds on a 0.5 mmol scale with isolated yields. III-C6, III-J24, and III-N17 are shown in blue because of I-DOT reagent transfer
failure. However, their resynthesis showed medium product formation, indeed.
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mides and acrylic esters, both classes that have shown to be
promising covalent inhibitors of multiple protein targets.[23,27]

They bind in a variety of modes, mainly interacting with the
S1’, S1 and S2 subsites, primarily making p-p interactions with
His41 and hydrophobic interactions with the sidechains of the
S1’ site (Figure 6A). F3 was found to be non-covalently
bound to the 3Clpro, with its acrylamide warhead orientated
away from the active Cys145. Instead, the phenol moiety
forms a hydrogen bond with His163 and the benzodioxole
forms p-p interactions with His41. In order to verify whether
the hits found by HT crystallography were capable of
inhibiting the 3Clpro activity in vitro, a slightly modified,
established FRET based IC50 assay was performed (S243).[28]

The measured IC50 values ranged from 2.36 mM (F2) to
exceeding 1 mM (F3) (Figures 6C,D and Figure S10). The
fact that F3 does not seem to inhibit the 3CLpro is not
surprising considering the non-covalent mode observed in the
crystal structure combined with the concentration used in
soaking.

Conclusion

X-ray protein crystallography is an important tool in
medicinal chemistry since it gives atomic resolution informa-
tion about drugs binding to receptors which can be used to
refine the compounds.[29] Our study provides several key
conceptual advances in the context of HT synthesis and PX.
This has important implications for an alternative early drug
discovery cycle weighting PX. While the exponential increase

in speed of structure determination is not reflected in the
largely bystander role of PC, integration of HT PX with HT
synthesis of more complex molecules than fragments could
help to advance early drug discovery. We showed how HT
synthesis can advantageously synergize with HT crystallog-
raphy to yield single digit mM hits for the SARS-CoV-2 main
protease with a variety of warheads involved in covalent bond
formation, derived from newly synthesized libraries. This is
conceptually different from the mostly performed approach
of cocrystallizing or soaking existing static fragment libraries
of low complexity.[10, 11] For this, we developed a novel,
general, highly diverse multicomponent method for the one-
pot synthesis of acyl amides and esters, based on the building
blocks acrylic acid, ammonia, aldehydes, and isocyanides.
Noteworthy many substrates with different functional groups
are compatible with the reaction and show good product
formation. The reactions were performed on a 0.5 mmol scale
in 96-well plates, on a nanoscale in an automated fashion
yielding 1.536 reactions, and also on a multigram scale. Thus,
scalability has been established over 6 orders of magnitude. In
the majority of 0.5 mmol and higher scale acrylamide
reactions, the products precipitated, making this a valuable
method for accessing high-quality compound libraries. Fur-
thermore, it highlights that, the 96-well protocol is fast, and
several plates can be produced per week, including NMR and
SFC-MS based quality control. A subset of 180 electrophiles
were applied to high throughput crystallography by soaking of
the main protease of the COVID-19 causing agent SARS-
CoV-2 yielding 5 cocrystal structures. The best compound
featured a 2 mM inhibition of the protease in an enzymatic

Figure 6. High throughput crystallography of covalent library with SARS-CoV-2 3CLpro. A) Active site of 3CLpro (PDB ID 6Y2E).[26] The shape of
the substrate pocket is indicated by the red dotted line. Cys145 is shown as yellow sticks. B) Examples of compounds giving a clear electron
density: chloroacetamide F1 (PDB ID 7NUK); acrylic ester II-F10 (PDB ID 7NT1); acrylic ester II-G11 (PDB ID 7NT2); chloroacetamide F2 (PDB
ID 7NTV); acrylamide F3 (PDB ID 7NT3); C) Table of inhibitions of cocrystallized compounds measured using a FRET assay. D) Representative
FRET binding curve of compound F2.
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assay. While previous work describing screening of covalent
libraries by high throughput crystallography was based on
static covalent fragment libraries from commercial vendors,
our herein exercised high throughput library synthesis is
highly dynamic and can be easily adapted to the target of
interest.[10] In another HT PX approach already approved
drugs and drugs in clinical trials were cocrystallized with
3Clpro attempting a repurposing approach.[30] Due to the
shear infinite scaffold and building block diversity applicable
in MCRs, combined with the high throughput miniaturized
synthesis format, many more structural opportunities can be
realized.[31] With continuing technological advances in speed
and scale of chemical synthesis[14a–d,f,32] and macromolecular
crystallography,[29a, 33] it is conceivable that a seamless process
of in situ HT synthesis and HT PX can be performed in
a cyclic fashion to truly guide compound optimization and
complement the “design-make-test-analyze” cycle (DMTA)
in drug discovery. Assuming sufficient access to a synchrotron
beamline and optimization of all working blocks, a cycle time
of 1–2 weeks seems feasible which is comparable to current
cycle times in the DMTA cycle but without crystallographic
information. Clearly, the marriage of high throughput syn-
thesis of small molecule (covalent) libraries and high
throughput crystallography will help to accelerate hit finding
and provide meaningful strategies for medicinal chemistry
projects.
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