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Activity-directed synthesis (ADS) is a structure-blind, function driven approach that can drive the discovery

of bioactive small molecules. In ADS, arrays of reactions are designed and executed, and the crude

product mixtures are then directly screened to identify reactions that yield bioactive products. The design

of subsequent reaction arrays is then informed by the hit reactions that are discovered. In this study, algor-

ithms for reaction array design were developed in which the reactions to be executed were selected from

a large set of virtual reactions; the reactions were selected on the basis of similarity to reactions known to

yield bioactive products. The algorithms were harnessed to design arrays of photoredox-catalysed alkyl-

ation reactions whose crude products were then screened for inhibition of growth of S. aureus

ATCC29213. It was demonstrated that the approach enabled expansion of a series of antibacterial quina-

zolinones. It is envisaged that such algorithms could ultimately enable fully autonomous activity-directed

molecular discovery.

Introduction

The discovery of bioactive small molecules is a central chal-
lenge in both medicinal chemistry and chemical biology.
Within this context, we have developed activity-directed syn-
thesis (ADS),1 a structure-blind molecular discovery approach2

in which synthetic routes emerge on the basis of the function
of the resulting products. In ADS, arrays of reactions are
designed and executed in which different combinations of
components (e.g. substrates, co-substrates and catalysts) are
explored. Here, “promiscuous” reactions – with multiple poss-
ible outcomes – may be deliberately harnessed in order to
explore diverse chemical space. After evaporation, the crude
reaction mixtures are screened directly for biological function.
Hit reactions – that yield bioactive products – then inform the
design of subsequent reaction arrays. To date, reaction array
design has been human-driven (rather than algorithm-driven).
A range of different underpinning chemistries and assay types
have been harnessed to drive ADS (Scheme 1).3–6 For example,
metal-catalysed diazo chemistry was exploited in the activity-

directed discovery of diverse modulators of androgen receptor
(panel A).3,4 More recently, Pd-catalysed carbonylation chem-
istry, in conjunction with a phenotypic assay (growth inhi-
bition of S. aureus), enabled the expansion of a series of anti-
bacterial quinazolinones (panel B);5 this series had been devel-
oped to target penicillin-binding proteins, and displays prom-
ising activity (minimum inhibitory concentrations [MICs] as
low as 0.003 μg ml−1) against multiple strains of S. aureus.7

We have previously noted1,8 that the integrated and parallel
nature of ADS workflows may facilitate the realisation of fully
autonomous molecular discovery. Such a workflow would
require the design of reaction arrays to be algorithm-driven,
and all experimental activities to be automated and integrated.
In this study, we describe the application of algorithms to
design reaction arrays on the basis of (dis)similarity to reac-
tions that yield known bioactive molecules. It was envisaged
that the reactions would be selected from a large virtual reac-
tion space defined by all possible combinations of heteroaro-
matic substrates 4 (quinazolinones and related substrates)
and aldehyde or ketone co-substrates 5 (Panel C). A
bacterial growth inhibition assay would then be used to ident-
ify photocatalysed alkylations9 that yield products (e.g. 6) with
antibacterial activity. The photocatalysed alkylation9a of quina-
zolinones with both aldehydes and ketones is well prece-
dented. It was therefore envisaged that, by using aryl-substi-
tuted co-substrates, this reaction may enable variation of the
linker between the heterocyclic core and an appended aro-
matic ring.
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Results and discussion
Establishment of a workflow for activity-directed synthesis

Initially, we established a workflow for the activity-directed
synthesis of antibacterials based on photoredox-catalysed
alkylation reactions9a conducted on a 300 μl scale (3 μmol lim-
iting substrate) (Fig. 1). Accordingly, combinations of a quina-
zolinone substrate (S1 or S2; final concentration: 10 mM), an
aldehyde/ketone co-substrate (7, 8 or 9; final concentration:
300 mM), tris(trimethylsilyl)silane (TTMS) (final concen-
tration: 20 mM), TFA (final concentration: 20 mM) and Ir[dF
(CF3)ppy]2(dtbpy)PF6 (final concentration: 0.1 mM) were
assembled in vials from stock solutions in MeCN. The sealed
vials were irradiated (36 W blue LED) at room temperature for
24 h, and the crude reaction mixtures were evaporated and
redissolved in DMSO to give stock solutions (total product con-
centration: 10 mM). Adapted5 standard susceptibility testing
methodology10 was used to assess antibacterial activity against
two independent cultures of S. aureus ATCC2921311a at 10 μM
total product concentration in 99 : 1 Iso-Sensitest Broth12

(ISB)−DMSO. Crucially, the combination of S2 and aldehyde 8
(which would yield 3a 5) resulted in >99% growth inhibition,
whereas the other five substrate/co-substrate combinations did
not inhibit bacterial growth. In addition, the individual sub-
strates (S1 and S2), co-substrates (7–9), catalyst, TTMS and TFA
were all subjected to the workflow at the appropriate concen-
trations, and the resulting crude mixtures were shown to not
inhibit (<2%) bacterial growth (see ESI†). The workflow thus
enabled both the synthesis of 3a, and the detection of its anti-
bacterial activity in a crude product mixture; and was deemed
to be suitable for the activity-directed synthesis of
antibacterials.

Algorithm-driven activity-directed synthesis: Round 1

Initially, we defined a set of 20660 virtual reactions based on
all possible combinations of 20 substrates and 1033 co-sub-
strates (Fig. 2). The substrates S1–S20 included analogues of
quinazolinones in which the benzo ring had been substituted
or replaced with a heterocyclic variant (see ESI† and Fig. 4); 16
of the substrates were prepared from four commercially-avail-
able isotoic anhydrides, and the remaining four substrates
from 2-amino nicotinic acid.13 The possible aldehyde and
ketone co-substrates were extracted from a set of commercially-
available compounds, and were filtered to have 0–2 rotatable
bonds, 8–15 heavy (non-hydrogen) atoms, 1–2 aromatic rings
and no undesired functionality.

Next, we subjected the 20 substrates (S1–S20) to our activity-
directed synthesis workflow. Here, “mock” reactions were per-
formed in the absence of any co-substrate, and the crude reac-
tion mixtures were evaluated at 10 μM total product concen-
tration; crucially,<2% bacterial growth inhibition was observed
in all cases, which gave confidence that any observed activities

Scheme 1 Chemistry for activity-directed synthesis. Panel A: Rh-cata-
lysed diazo chemistry exploited in the activity-directed synthesis of
androgen receptor modulators; groups derived from a diazo substrate
(black) and co-substrates (blue) are indicated. Panel B: Pd-catalysed
carbonylation chemistry exploited in the activity-directed expansion of a
series of antibacterials (B1); groups derived from an amine co-substrate
(blue) and a carbon monoxide source (red) are indicated. The structure
of an antibacterial quinazolinone that was discovered is shown, together
with its activity against selected S. aureus strains (B2). Panel C: Envisaged
photoredox-catalysed alkylation involving aldehyde/ketone co-sub-
strates (blue).

Fig. 1 Establishment of an activity-directed synthesis workflow. Panel
A: substrates and aldehyde/ketone co-substrates used. Panel B: inhi-
bition of growth of two independent cultures of S. aureus ATCC29213
(see Fig. 3 for colour scale) by reaction mixtures derived from specific
substrate/co-substrate combinations (total product concentration:
10 μM). Reactions were performed in microscale vials and involved a
substrate (S1 or S2; 10 mM), a co-substrate (7, 8 or 9; 30 eq.), TTMS (2
eq.), TFA (2 eq.) and Ir[dF(CF3)ppy]2(dtbpy)PF6.
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would be dependent on the presence of the specific co-sub-
strate used.

An algorithm was then harnessed to design the reaction
array that was executed in Round 1. Substrate combinations
that were similar (Tanimoto coefficient based the ECFP4 fin-
gerprints14 for the substrate combinations >0.68) to the hit
reaction (substrate S2 + co-substrate 8, see Fig. 1) were
extracted from the large virtual reaction space. This yielded
357 reactions that could, in principle, be executed in Round 1.
To identify 20 possible arrays of 30 reactions for execution,
Pareto optimisation15 was undertaken with two (conflicting)
objectives: (a) to minimise the number of unique co-substrates
that would need to be purchased; and (b) to maximise the
diversity of the substrate/co-substrate combinations. It was
decided to execute the designed reaction array that had the
fewest unique co-substrates (Fig. 3, panel A).

A liquid handling robot was used to assemble the required
combinations of substrates and co-substrates in the designed
reaction array. Here, the appropriate substrate (100 μl of a
30 mM solution in MeCN) and co-substrate (100 μl of a 0.90 M
solution in MeCN) were combined. Subsequently, TFA (25 μl of
a 0.24 M solution in MeCN), TTMS (25 μl of a 0.24 M solution
in MeCN) and Ir[dF(CF3)ppy]2(dtbpy)PF6 (50 μl of a 0.6 mM
solution in MeCN) were added. The final concentration of the
components in each 300 μl reaction were therefore: substrate
(10 mM), co-substrate (300 mM), TFA (20 mM), TTMS (20 mM)
and catalyst (0.1 mM). In parallel, a control reaction array was
also assembled in which the substrates (but not the co-sub-
strates) were omitted. The sealed vials were irradiated at room
temperature for 24 h, and the crude reaction mixtures were
evaporated and redissolved in 300 μl DMSO to give stock solu-
tions with 10 mM total product concentration. The crude reac-
tion mixtures were assayed against three independent cultures
of S. aureus ATCC29213 at 10 μM total product concentration
in 99 : 1 ISB–DMSO. The difference in growth inhibition

between the crude products of the designed reactions, and the
corresponding control reactions that lacked a substrate, is
shown in Fig. 3, panel A.

The crude products of eight reactions resulted in >70%
growth inhibition for all three cultures. However, for six of
these reactions (that involved the co-substrates C13, C494,
C504, C661, C673 and C933), growth inhibition was also

Fig. 3 Difference in growth inhibition by crude products of the
designed reaction arrays, and the corresponding reactions in which the
substrate was omitted (see ESI†). Reactions were performed in micro-
scale vials and involved a substrate (S1 or S2; 10 mM; omitted in control
reaction arrays), a co-substrate (7, 8 or 9; 30 eq.), TTMS (2 eq.), TFA (2
eq.) and Ir[dF(CF3)ppy]2(dtbpy)PF6. Crude products were assayed against
three independent colonies of S. aureus ATCC29213 at 10 μM total
product concentration to yield hit reactions (yellow). Reaction products
that displayed activity even in the absence of a substrate (pink, see ESI†)
and combinations that were not investigated due to co-substrate una-
vailability (grey) are indicated. Panel A: reaction array in Round 1
designed on the basis of the hit reaction S2/8 (see Fig. 1). Panel B:
reaction array in Round 2 designed on the basis of hit reactions from
Round 1.

Fig. 2 Overview of the definition of a large virtual reaction space, and
the algorithm used to design the Round 1 reaction array based on the hit
reaction (substrate S2 + co-substrate 8).
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observed in the corresponding control reactions that lacked a
substrate. On this basis, two hit reactions were taken forward:
the reactions between either S2 and S3 and C981 (phenyl acet-
aldehyde, also labelled 8). Notably, the combination of S2 and
phenyl acetaldehyde had previously been identified as a hit
combination during the establishment of the assay.

In parallel, we harnessed an algorithm to design a diverse
array of reactions that were dissimilar to the combination of S2
and 8 (= C981). These reactions were chosen from a virtual set
of 1300 virtual reactions based on all possible combinations of
the 20 substrates and 65 cheap, yet diverse, co-substrates (see
ESI†). Unfortunately, no validated hit combinations were
identified from this array of diverse reactions (see ESI†).

Algorithm-driven activity-directed synthesis: Round 2

Both of the validated hit combinations from Round 1 had
involved phenyl acetaldehyde. At this stage, we noted that only
five of the 1033 co-substrates represented in the virtual reac-
tion space defined for Round 1 were aliphatic aldehydes. In
the virtual reaction space for Round 2, we therefore included

additional aliphatic aldehydes that would be likely preparable
from commercially-available primary alcohols (numbered
C10001-). Overall, the virtual reaction space comprised 31340
virtual reactions based on all possible combinations of the
same 20 substrates and an expanded number (1567) of co-sub-
strates (Fig. 5).

The same algorithm was then harnessed to design the reac-
tion array that was executed in Round 2. Substrate combi-
nations that were similar (Tanimoto coefficient for the sub-
strate combinations >0.8) to either of the hit reactions from
Round 1 (S2/C981 and S3/C981; see panel A, Fig. 3) were
extracted from the virtual set of 31 340 reactions. This yielded
127 reactions that could, in principle, be executed in Round 2.
We then identified 10 possible arrays of 30 reactions for
execution through Pareto optimisation with the following
objectives: (a) maximisation of the diversity of the substrate/
co-substrate combinations; (b) minimisation of the number of
unique co-substrates; (c) having the same number of reactions
that were most similar to both of the hit reactions from Round
1; and (d) minimising similarity to the non-hit reactions that

Fig. 4 Structures of substrates and co-substrates used in reaction arrays based on hit reactions (see Fig. 3).
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had been performed in Round 1. It was decided to execute the
reaction array with the fewest unique co-substrates.

Unfortunately, two of the required co-substrates (C10900
and C12019) could not be readily prepared by oxidation of the
corresponding primary alcohol, meaning that only 27 of the 30
designed reactions could actually be executed. Following
execution of the reaction array, the crude reaction mixtures
were assayed against three independent cultures of S. aureus
ATCC29213 at 10 μM total product concentration in 99 : 1 ISB–
DMSO. The difference in growth inhibition between the crude
products of the designed reactions, and the corresponding
control reactions that lacked a substrate, is shown in Fig. 3,
panel B. The crude products of six reactions resulted in >70%
growth inhibition for all three independent cultures. However,
for two of these reactions, involving the same co-substrate
C10957, growth inhibition was also observed in the corres-
ponding reactions in the control array that lacked a quinazoli-
none substrate. Thus, four new hit reactions were identified:
the reaction between the quinazolinone S2 and aldehydes
C10257, C10258 or C11371; and the reaction between the qui-
nazolinone S3 and the aldehyde C10257. A total of six hit reac-
tions was thus identified across both rounds of activity-
directed synthesis.

Evaluation of the activity of purified products

For each of the identified hit reactions from Round 1 and 2,
we prepared and purified samples of the anticipated alkylated
products (Fig. 6 and Table 1). In addition, inspired by the hit
combinations S2/C10258, S3/C981 and S3/C10257, we also pre-
pared the quinazolinone 3f which would have been formed
from S3 and C10258, a combination that had not been
explored. As controls, we prepared 3h and 3i, which would
have been derived from two investigated combinations that
were not identified as hits. The quinazolinones 3a, 3d, 3g, 3h

and 3i were prepared by scale-up of the original photoredox-
catalysed alkylation reaction, whereas 3b, 3c, 3e and 3f were
prepared by an independent synthetic route.16

The quinazolinone products that corresponded to identi-
fied hit combinations had MIC values against S. aureus
ATCC29213 ranging from 0.016 μg ml−1 (for 3a and 3d) to 4 μg
ml−1 (for 3c). Reassuringly, 3h and 3i, which corresponded to
investigated combinations that were not identified as hits, did
not inhibit bacterial growth, even at 256 μg ml−1. 3f, which cor-
responded to a substrate/co-substrate combination that was
not explored (but, instead was inspired by three other hit com-

Fig. 6 Structures of compounds for which MICs were determined (see
Table 1).

Table 1 Activity of compounds against three S. aureus strains
(ATCC29213, USA300 JE2, SH1000). The range of MICs observed in
duplicate is shown for each strain. To assess selective toxicity against
bacteria, all compounds were also tested against yeast (Candida albi-
cans, Ca6) at a fixed concentration of 16 μg mL−1 and were found to be
inactive

Compound Hit?

MIC (μg ml−1)

ATCC29213 USA300 JE2 SH1000

3aa √ (R1) (S2, C981) 0.016 0.016 1–2
3bb √ (R2) (S2, C10257) 0.5–1 0.5–1 4
3cb √ (R2) (S2, C10258) 4 4 8
3da √ (R2) (S2, C11371) 0.016 0.016 1–2
3eb √ (R2) (S3, C10257) 1 1 4
3fb c (S3, C10258) 8 8 16
3ga √ (R1) (S3, C981) 0.5–1 0.5–1 4
3ha x (R2) (S2, C11313) >256 >256 >256
3ic x (R2) (S3, C11313) >256 >256 >256

a Prepared by scale-up of the photoredox-catalysed alkylation reaction
(see ESI†). b Prepared by an independent synthetic route (see ESI†).
c The substrate and co-substrate were exploited in other hit reactions,
but this specific combination was not explored in either array.

Fig. 5 Overview of the definition of a large virtual reaction space, and
the algorithm used to design the Round 2 reaction array based on the
hit reactions from Round 1.
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binations, see above) had an MIC value of 8–16 μg ml−1. All of
the analogues 3a–3i were also screened against the methicillin-
resistant USA300 JE2 strain11b and the laboratory strain11c,d

SH1000 (see Table 1 and Discussion). They were also evaluated
against yeast (Candida albicans Ca6) and were found to be
inactive at 16 μg ml−1.

Discussion

We had previously hypothesised that the integrated and paral-
lel nature of its workflows might enable activity-directed syn-
thesis to be algorithm-driven.1,8 We have now demonstrated
that algorithms can indeed drive the activity-directed synthesis
of bioactive small molecules. The use of these algorithms does
mean that designed reaction arrays no longer involve all com-
binations of components; this means that it is more con-
venient to use a liquid handling robot to assemble the
designed arrays, rather than manually using multi-channel
pipettes.

We have also shown that it was feasible for a photoredox-
catalysed reaction to underpin activity-directed synthesis, a
reaction class that has potential to explore diverse regions of
chemical space.17 As with other activity-directed synthesis
workflows,3–6 it was critical that appropriate control reactions
were performed to give confidence that observed activities
stemmed from the specific substrate/co-substrate combination
used. In this study, the use of control arrays enabled identifi-
cation of co-substrates whose reactions yielded apparently anti-
bacterial products even in the absence of a substrate. In
addition, it was, of course, also important to purify, elucidate
and characterise the products of identified hit reactions.

Our approach enabled expansion of a series7 of antibacter-
ial quinazolinones. These compounds had comparable activity
against S. aureus ATCC29213 and the methicillin-resistant
USA300 JE2 strain, but were generally significantly less active
against the laboratory strain SH1000. It was demonstrated that
limited variation of the meta-substituted phenyl ring of 3a 5

was possible: the corresponding m-acetamidophenyl-substi-
tuted analogue (3g) retained significant antibacterial activity.
However, none of the reactions involving substrates other than
S2 or S3 – for example, quinazolinones with replaced/substi-
tuted benzo rings or other phenyl substituents – resulted in
any growth inhibition at the concentration tested (total
product concentration: 10 μM). Some variation of the substi-
tution of the phenyl ring of the 2-phenylethyl group of 3a was,
however, possible: the quinzolinones 3c and 3f (with a 4-tert-
butylphenyl group); 3b and 3e (with a 3,4-difluorophenyl
group); and 3d (with a 2,4,6-trimethylphenyl group) displayed
significant antibacterial activity. Indeed, the activity of 3d
(with its 2,4,6-trimethylphenyl group) (MIC against ATCC
29213 : 0.016 μg ml−1) was comparable with that of 3a. It was
notable that no reactions that involved any of the other seven
substituted phenyl acetaldehydes used, nor the homologated
aldehyde C11313, resulted in the formation of antibacterial
products. Although two reactions of the homologated aldehyde

C11313 were shown to shown to be productive, yielding the
corresponding homologated products (3h and 3i), neither of
these products displayed detectable antibacterial activity (MIC
against S. aureus ATCC 29213 : >256 μg ml−1). It was therefore
concluded that the length of the 2-phenylethyl side chain was
critical, and that only limited range of substituents on the
phenyl ring of this side chain was tolerated.

A summary of the structure–activity-relationships of the
antibacterial quinazolinones is provided in Fig. 7. Whilst the
approach was certainly valuable for the rapid generation of
these relationships, it is, perhaps, disappointing that it was
not possible to expand the series of antibacterial quinaozoli-
nones7 more extensively, perhaps because this series has
already been largely optimised. Within an ADS workflow, the
choice of screening concentration(s) is critical. Here the crude
products were screened at 10 μM total product concentration.‡
This choice of screening concentration meant that the least
active product identified was 3c (whose MIC against S. aureus
ATCC29213 is 4 μg ml−1 i.e. ∼8 μM). At this screening concen-
tration, less active products would not have been detected,
even if formed in high yield. In retrospect, it may have been
helpful to have screened at higher total product concentration
(s) in Round 1. This may have enabled the identification of
more diverse, yet synthetically accessible, products with signifi-
cant (albeit lower) antibacterial activity. These hit reactions
could then have informed the design of a more diverse reac-
tion array in Round 2.

Conclusions

We have shown that the design of reaction arrays within ADS
workflows may be algorithmically-driven. Here, the execution
of reaction arrays, whose design was based on the similarity of
substrate/co-substrate combinations to those known to yield
bioactive products, enabled expansion of a series of antibacter-
ial quinazolinones. The approach enabled efficient definition
of the structure–activity relationships for this compound
series. The compounds had comparable activity against
S. aureus ATCC29213 and the methicillin-resistant USA300 JE2
strain, though were generally significantly less active against

Fig. 7 Summary of expanded structure–activity relationships.

‡We did also investigate screening at 0.1 and 1 (M total product concentration,
but no new hits were detected at these lower concentrations.
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the laboratory strain SH1000; crucially, they displayed selective
toxicity against bacteria, and were not active against yeast. In
addition, it was demonstrated that ADS could be underpinned
by photoredox-catalysed reactions, a reaction class that can
enable diverse chemical space to be explored. Overall, it is
envisaged that algorithms may ultimately enable the fully auto-
nomous activity-directed discovery of small molecules with a
wide range of biological functions.
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