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Toward safer and more sustainable by design
biocatalytic amide-bond coupling†
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Mark Petchey, e Ganapathy Ranjani, a,b Swapnil Chavan, f

Hanna Holmquist, g Magnus Johansson, h Ian Cotgreave,f Martin A. Hayes, e

Peter Fantke i and Per-Olof Syrén *a,b

Amide bond synthesis is ranked as the second most important challenge in key green chemistry research

areas identified by the ACS Green Chemistry Institute. While developing more sustainable amide bond

forming reactions has been in focus, significantly less attention has been given to human toxicity and

environmental aspects of the underlying amine and acid substrates and their corresponding coupled

products, a potentially important contribution to the overall sustainability of the amide-bond-forming

reactions. Here, we explore biocatalytic amide bond formation from a safer-and-more-sustainable-by-

design perspective in which commercially available amines and acids as well as their corresponding amide

products were evaluated in silico based on potential human toxicity and environmental fate and exposure.

This in silico filtering resulted in a panel of 188 amine and 54 acid building blocks that could be classified

as safe, referred to herein as “safechems”. To enable couplings of safechems, we generated a panel of

robust and promiscuous ancestral ATP-dependent amide bond synthetases (ABS) using McbA from

Marinactinospora thermotolerans SCSIO 00652 as a template. Ancestral ABS enzymes exhibited comp-

lementary specificities in the coupling of a representative safechem subset of 17 amines and 16 acids while

showing an increased thermostability of up to 20 °C compared to the extant biocatalyst. Finally, the pool

of safechems and their corresponding amides were evaluated by USEtox (the UNEP-SETAC toxicity

model), analysing not only the intrinsic properties of the compounds but evaluating their complete impact

pathway including fate, exposure and effects. The amides were in general predicted as more toxic

compared to the starting acids and amines through non-additive effects, emphasising that focusing on the

toxicity of the building blocks alone is not sufficient to strive towards low human and ecotoxicity impact.

Pursuing a safer and more sustainable by design perspective in the implementation of safechems did not

prevent us from generating an array of novel products with potentially potent applications as exemplified

here by enzymatic synthesis of substructures that are part of drug candidates for e.g. cancer treatment.

Introduction

The generation of platform chemicals, agrochemicals, building
blocks, and pharmaceuticals of uttermost importance for our
everyday life can suffer from hazardous reaction conditions,

toxicity of intermediates and products, and poor stoichi-
ometries that do not fully align with the 12 principles of green
chemistry.1–3 For an average chemical reaction, only a third of
the starting raw material is converted into the desired
product,1 and it is not uncommon that 25–100 fold more waste
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than the product is generated. In 2022, the European
Commission launched the ‘Safe and Sustainable by Design’
(SSbD) framework to establish a unified set of criteria for
chemicals and materials to fulfil the European Union’s
Chemical Strategy for Sustainability (CSS). The SSbD frame-
work focuses on safeguarding environmental and human
health and covers the entire lifecycle of the chemical or
material, including production, application, and disposal.4

Yet, at present toxicity and environmental impacts of sub-
strates used and those of the corresponding end- and by-pro-
ducts are rarely considered in green chemistry,1 especially in
synthetic biology. We wondered whether a safer-by-design bio-
catalytic concept for amide bond synthesis could be applied,
while at the same time allowing us to navigate within a diverse
product chemical space (Fig. 1).

The forefront of green chemistry consists of incorporating
biocatalysis under mild reaction conditions in chemical
manufacturing.5,6 With biocatalytic reactions, the use of
organic solvents, coupling agents, and metals can be dimin-
ished, or even abolished.7,8 A prevalent example is amide bond
synthesis: an important chemical transformation9,10 as amide
bonds are common motifs in chemical products, polymers,
and primary and secondary metabolites. Chemical amide
bond synthesis relies on harsh reaction conditions and toxic
reagents.11–14 Stoichiometric amounts of coupling reagents are
often necessary which generates a considerable amount of
waste.9,11 The reactions are often performed in organic sol-
vents, and in some cases protecting groups are needed, requir-
ing multiple steps to prevent reactive functional groups from
undergoing changes during the amide bond formation
process. Accordingly, amide bond synthesis is ranked as the
second most important challenge in key green chemistry
research areas identified by the ACS Green Chemistry
Institute.12 Focus has been on developing more environmen-
tally benign catalysts, and whereas biocatalytic amide-bond
formation has received attention,11,15,16 toxicity, environmental
fate and exposure of the building blocks and the products are
rarely considered.

Herein, by applying hazard assessment with in silico screen-
ing and application of USEtox (the UNEP-SETAC toxicity
model) in concert with enzyme engineering we explore a safer-
by-design concept on a biocatalytic system. We aim for safer
and more sustainable by design enzymatic amide-bond coup-
lings in which large quantities of coupling reagents and
volumes of organic solvents relative to the amide yield could
be circumvented by biocatalytic transformation in aqueous
media and in which toxicological effects of substrates and pro-
ducts are considered and optimised already at the design stage
of process development (Fig. 1).

Results

Aromatic amines and acids were selected as model systems, as
amides with aromatic substituents are frequently found in
chemical building blocks in materials science and the chemi-

cal industry.17 We reasoned that initial filtering of all possible
starting reagents from a hazard perspective would generate a
reduced possible pool of safer starting materials, whilst still
allowing for exploration of diverse chemical space. Lists of
commercially available aromatic amines and carboxylic acids
including SMILES strings were downloaded from commercial
online catalogues. Starting from circa 105 unique acid and
amine structures, we performed in silico hazard assessment,

Fig. 1 Illustrations of traditional amide bond synthesis (top) and the
outline of the approach in the present study (bottom). (A) Traditional
amide bond synthesis typically involves harsh reaction conditions and
rarely accounts for the toxicity and hazardousness of substrates, inter-
mediates and products. Furthermore, common coupling reagents such
as thionyl chloride and N-(3-dimethylaminopropyl)-N’-ethylcarbodii-
mide have considerable toxicity and are used in stoichiometric amounts,
resulting in significant amounts of waste. (B) This work: an exploratory
approach to a concept of safer and more sustainable by design in bioca-
talytic amide bond synthesis using aromatic substrates as a model
system. (1) In silico filtering of amines and acids (with R1 and R2 being
aromatic) by predicted human toxicity and environmental fate and
exposure is followed by matching the resulting filtered substrate struc-
tures to known enzyme activities; accounting for both high and low
structural similarity between filtered compounds and known accepted
substrates by biocatalysts to ensure navigating through a diverse chemi-
cal space. This allows suitable biocatalyst templates to be identified,
which in this case is represented by McbA. Next, filtering of the resulting
substrate panel based on the predicted human toxicity and environ-
mental aspects of their in silico assembled amides resulted in a panel of
predicted safer building blocks (safechems). (2) Ancestral homologs to
McbA were created which together with McbA (3) were used as catalysts
for experimental coupling of safechems. Finally, environmental fate and
exposure of the safechems were cross-evaluated by using USEtox.
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covering human toxicity (endocrine disruption, carcinogenic,
mutagenic, and reproductive toxicity, max score being 26)18–21

and environmental fate and exposure (persistence, bio-
degradation, and bioconcentrations in fish, max score being
3).22,23 We’ve named the scores related to human toxicity “tox-
icity scores”, and the scores related to environmental fate and
exposure “environmental scores”. When we discuss both the
scores or the sum of them, they are referred to as “in silico
hazard scores”. The analysis using established models which
include predictions of potential interactions with various
receptors resulted in predicted in silico hazard scores ranging
from 0 to 29, a lower score implies a lesser cause of concern.
Initially, we filtered the lists to only keep the aromatic amines
and acids that had a in silico hazard score equal to or lower
than six, resulting in an intermediary set of 3365 acids and
2482 amines (see supplementary dataset 1 available in raw
data repository on Zenodo), corresponding to roughly half of
all the aromatic compounds in the lists. The next step con-
sisted of comparing the structures of amines and acids with
reactivities of known enzymes from database searches to ident-
ify suitable biocatalysts.24

Analysis of ATP-dependent amide bond synthetases identifies
McbA as a suitable starting biocatalyst

Lipases and esterases are well-established enzymatic systems
for acyl transfers but have a prohibitively low activity towards
amides. Furthermore, their active site topologies and polarities
are sometimes not compatible with the target molecule. For
these reasons, we turned our attention towards amide-bond
synthesising enzymes which are receiving increasing attention
in green chemistry applications (Fig. 2A).25–29 Most of the
amide-bond synthesising enzymes are ATP-dependent, where
ATP is utilised to activate the carboxylic acid (or ester) sub-
strate, forming either an acyl-adenylate or an acyl-phosphonate
intermediate. ATP-dependent amide bond synthetases (ABS), a
subgroup of the ANL-family (comprising acyl/aryl-CoA ligases,
non-ribosomal peptide synthase adenylation domains, and
luciferases), constitute an interesting group of acyl-adenylate
forming enzymes. The enzymes belonging to these families
consist of two domains, a larger N-terminal domain and a
smaller C-terminal domain, and the active site is located
between these two. After the entry of the acyl donor and the
adenylation step, the two domains rotate relative to each other,
creating a tunnel for the incoming nucleophile.30,31 For ANL
enzymes, the incoming nucleophile can be e.g., coenzyme A or
a phosphopantetheine, creating a thioester bond with the acyl
substrate. Sequentially, the thioester intermediate is trans-
ferred to a condensation domain or an external enzyme to
transform it into the final amide product. For ABS enzymes,
the incoming nucleophile is an amine, leading directly to the
formation of amide products without the thioester intermedi-
ate step, or the need for an external condensation enzyme
(Fig. 2B). The ability of the ABS enzymes to catalyse the
formation of acyl-adenylate intermediates and amide
bonds within the same active site is of interest, as super-stoi-
chiometric quantities of amine, substrate channelling and

auxiliary proteins can be avoided. To search for suitable ABS
templates, a literature study was performed together with a
bioinformatics approach in which a phylogenetic tree of
characterised ABS enzymes was constructed, with the respond-
ing product spectrum shown at the leaves of the tree (Fig. 2A).
Ideally, a biocatalyst suitable for diverse coupling chemistries
herein should display promiscuity in accepting various acids
and amines at near stochiometric ratios. From the analysis
shown in Fig. 2A, it is evident that the ABS enzyme McbA
fulfils these criteria. McbA was discovered as the responsible
amide bond synthesising enzyme in the biosynthesis of mari-
nacarbolines in Marinactinospora thermotolerans SCSIO 00652,
a strain found in marine sediment from the northern China
Sea.32–34 McbA synthesises the amide bond between 1-acetyl-3-
carboxy-β-carboline and β-phenethylamine, or tryptamine
(Fig. 2A, panel A1). Extensive experimental coupling with
different acids and amines has been done with this
enzyme.25,33,35 In coupling reactions with 1-acetyl-3-carboxy-
β-carboline, McbA has shown broad acceptance towards
primary amines, aliphatic amines of varying carbon chain
lengths, derivatives of tryptamine, β-phenethylamine, and
benzylamines.33,35 Aniline, amino acids, activated anilines,
and other aromatic amine nucleophiles had lower coupling
rates to 1-acetyl-9H-β-carboline-3-carboxylic acid (Fig. 2A, panel
A2–A4).33,35 Carboxylic acid substrates such as 1-acetyl-3-
carboxy-β-carboline derivatives, indole carboxylic acids, and
benzoic acid were successfully coupled to β-phenethylamine by
McbA (Fig. 2A, panel A5).25 Altogether, the broad substrate tol-
erance of McbA towards both aromatic acids and amines and
the need for only 1.5 equivalents of amine over acid make this
enzyme a solid base in exploring a safe-by-design concept
herein.

In silico generation of safechems for enzymatic couplings

Our procedure to generate safechem building blocks that can
be considered safer and amenable for enzymatic transform-
ation by McbA is outlined in Fig. 3. Briefly, the intermediate
pool of 2482 amines and 3365 acids resulting from the first
step (Fig. 3, top, left) was filtered based on their morgan2 fin-
gerprint structure similarity score to each known accepted sub-
strate of McbA, herein called reference compounds (Fig. 2A,
panels A1–A5).36 The compounds with top five and bottom five
similarity scores for each reference compound were selected
for further consideration, to extend possible substrate scope
beyond substrates currently known to be efficiently converted
by McbA. Any duplicates were removed, resulting in a panel of
54 acids and 188 amines. A second filtering step was sub-
sequently performed to only keep the acids and amines that
together formed in silico amides with a predicted toxicity score
equal to or lower than nine and an environmental score equal
to or lower than two. We heightened the threshold level for
amides, as they scored as more harmful compared to acids
and amines (further supported by the USEtox assessment, see
below), and we wanted to have a substantial set of amines and
acids to work with. The resulting panel of safechems (Fig. 3)
consisted of 30 acids and 62 amines, out of which a subset of
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Fig. 2 Phylogenetic tree of ABS and ABS-reminiscent enzymes and their substrate scope (amines in blue, acids in red, all measured by HPLC and from lit-
erature data). (A) (A1) Genuine substrates of McbA.47 (A2) Yields after 1 h at 37 °C; 0.2 mM 1-acetyl-3-carboxy-β-carboline, 1 mM ATP, 0.3 mM amine, 1 μM
McbA.47 (A3) Yields after 24 h at 37 °C; 0.4 mM 1-acetyl-3-carboxy-β-carboline, 0.6 mM amine, 2 mM ATP, 1 mg mL−1 McbA.19 (A4) Yields after 1 h and 16 h
at 37 °C; 0.4 mM 1-acetyl-3-carboxy-β-carboline, 2 mM ATP, 0.6 mM amine, 1 mg mL−1 McbA.20 (A5) Yields after 24 h at 37 °C; 0.4 mM acid, 0.6 mM
β-phenethylamine, 2 mM ATP, 1 mg mL−1 McbA.19 (B) Ann1 enzyme’s genuine product, annimycin,42 and amide products by Ann1 from Streptomyces aster-
osporus DSM 41452ΔMet.50 (C) Relative coupling yields of acids to aminocoumarin with enzymes NovL, CouL, and CloL after 30 min at 30 °C; 1 mM amino-
coumarin, 1 mM acid, 5 mM ATP, 5 mM MnCl2, 0.5–2 µg enzyme.51,52 (D) Enzyme ORF33, amide bond synthetase of the antifungal agent ECO-02301.44,45

(E) The enzyme AsuD1 and its antimicrobial agent product asukamycin.43 (F) Screening results of carboxylic acids and amino acids accepted by CfaL
enzymes from Streptomyces scabies and Azospirillum lipoferum. Yields after 20 h at 30 °C; 2 mM acid or 1 mM of 3-methylbenzoic acid, 5 mM L-Ile or
2 mM amino acid, 25 µM or 5 µM enzyme, 10 mM MgCl2.

31 (G) Amide bond synthetase XimA and its anti-fibrotic drug candidate xiamenmycin A. The
mutant XimA F201A was able to accept more amino acids, and kinetic parameters were measured at 30 °C in reactions with 5 mM MgCl2, 82.5 µg enzyme,
different concentrations of ATP, amino acids, and xiamenmycin B.53,54 (H) The enzyme SimL’s natural product the bacterial gyrase inhibitor Simocyclinone
D8, and carboxylic acid substrate acceptance measured from reactions at 30 °C with 5 mM ATP, 5 mM MnCl2, 2 µg enzyme, 200 µM 3-amino-4,7-dihy-
droxy-8-methylcoumarin, 1 mM acid.55 (B) Reaction mechanisms of ANL (upper path) and ABS enzymes (lower path) are shown in the box. Catalysis occurs
between the N-terminal and C-terminal domains in two partial reactions, first the adenylation of the carboxylate group to activate the substrate, and second
a nucleophilic attack.35,36
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16 of the acids and 17 of the amines were arbitrarily selected
for further evaluation in experimental enzymatic couplings by
McbA and engineered variants thereof.

Enzymatic coupling of safechems by ancestral McbAs

We reasoned that ancestral ATP-dependent amide bond synthe-
tases (ABSs) using McbA as a template would be more robust

Fig. 3 Generation of safechems amenable for couplings. The starting material was two lists with 25994 unique acids and 15374 unique amines.
Each compound was given an in silico hazard score (0–29) based on published models,20 and filtered on aromaticy and in silico hazard score, which
resulted in aromatic candidate substrates with an in silico hazard score equal to or lower than six. After the first filtration, the compounds were
filtered based on the morgan2 fingerprint structure similarity score (0–1) to known accepted substrates (reference compounds shown in Fig. 2) by
McbA. The compounds with the top five and bottom five similarity scores for each reference compound were selected to allow for expanded chemi-
cal diversity. Any duplicates were removed, and in silico amides were assembled from these remaining acids and amines. In silico amides with a tox-
icity score equal to or lower than nine and an environmental score equal to or lower than two were kept, resulting in a safechem library (box) com-
posed of 30 acids and 62 amines. In the dashed square are the subset 16 safechem acids and 17 safechem amines that were arbitrarily selected to be
used in the experimental coupling.
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and promiscuous than their modern counterparts, thus allow-
ing for a wider range of couplings. Ancestral Sequence
Reconstruction (ASR) is a bioinformatic technique employed to
study potential molecular evolution and to generate sequences
of putative ancestral proteins and enzymes.37,38 Utilising exist-
ing sequence data, a multiple sequence alignment is made
from which a phylogenetic tree is constructed; allowing for
computation of the ancestral sequence at the tree’s nodes.38,39

It is commonly observed that ancestral enzymes exhibit
improved robustness compared to their modern
counterparts.40–43 Increased robustness is believed to stem
from the importance of protein stability in accommodating
mutations during evolution.44,45 Here, the McbA protein
sequence from Marinactinospora thermotolerans SCSIO 00652
(GenBank: AGL76720.1) was used as a query when searching

for related sequences in the non-redundant database using the
NCBI protein blast tool. The final phylogenetic tree consisted
of the query sequence, 27 sequences from bacteria, and two
archaeal sequences which were used to root the tree. Four
nodes in the phylogenetic tree were used to compute the ances-
tral sequences (A1–A4) by maximal likelihood. All ancestors
(sequence identity given in Table S3, ESI†) were expressible and
had an increased thermostability of up to circa 20 °C (Fig. S1, 2
and Tables S4, 5, ESI†). A full phylogenetic tree and amino acid
alignments between McbA and the ancestors are given in the
ESI (Fig. S3–5†). Enzymatic couplings of the subset safechem
library were performed on a 20 µL scale in phosphate buffer
(5% v/v DMSO) without shaking or ATP recycling in 384-well
plates for 20 hours at 37 °C (Fig. 4, see Materials and
methods). To characterise the performance of the enzymes,

Fig. 4 Accessible chemical space in the coupling of a subset of safechems (shown inside the dashed box of Fig. 3) by wild-type McbA and ancestors
A1 and A2. Only the safechems that generated substantial DAD absorbance in two replicates are shown in this figure. Safechems not shown thus
respond to reactions for which product generation could not be verified due to e.g. overlap of acid and potential amide peaks, weak UV signal, or no
conversion displayed by any of the enzyme variants, respectively. Ancestors A3 and A4 were not active, hence not included. The conversions of the
reactions were measured as the amide DAD peak area percentage of the total amide and acid DAD peak area. Values in the white boxes respond to
the control reactions of 2-naphthoic acid (1a) and phenethylamine (12b) (see methods), and conversions shown for the control reactions respond to
averages of several different measurements (see supplementary dataset 2 available in raw data repository on Zenodo. Link under Data availability).
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each amine and acid combination in the subset was tested for
coupling, independent of whether the corresponding
amide product was considered safe by our in silico hazard
score. Accordingly, we performed additional toxicity assess-
ments of these enzymatically coupled products. As discussed
in detail below (see also Fig. 7 and Table S1†), this analysis veri-
fied that the predicted in silico hazard score of amides that
were synthesised experimentally from the safechems shown in
Fig. 4 did not deviate significantly from the in silico hazard
score using the whole safechem library (shown in the box in
thick lines in Fig. 3). All amide products were verified by
mass spectrometry showing the expected mass (see
Table S13†). Ancestors A3 and A4 exhibited no activity and were
consequently excluded during the subsequent coupling
process. Ancestor A1 displayed a notable reduction in activity,
except for increased efficacy in coupling 2-naphthoic acid (1a)
and interestingly the poor nucleophile aniline (11b). The
experimental coupling results indicate that the activity of A1 is
limited to acids 1a, 6a, 10a, and a few other acid and amine
combinations (Fig. 4). McbA had in general higher conversion
compared to both ancestors A1 and A2 at the coupling temp-
erature used. However, a noteworthy shift in phenotypic charac-
teristics appears to have transpired in ancestor A2 concerning
amine specificity (Fig. 4). 70 expected amide masses were
detected by UPLC-MS, and 38 of the amides had substantial
diode array detector (DAD) peaks. 32 of the DAD detected
amides have not been reported before according to a SciFinder
search.

Preparative biocatalytic amide synthesis

As a proof of concept, three of the coupling reactions were
scaled up to a preparative scale. As amide synthesis by McbA
on a mg scale has been done previously,25,35 we first evaluated
whether the new McbA variant A2 also is amenable to upscal-
ing. Synthesis of 3-hydroxy-N-(3-phenylpropyl)benzamide by
A2 was carried out in a 10 mL reaction with phosphate buffer
(4% v/v DMSO), 8 mM 13a, 12 mM 7b, 16 mM ATP, 4 mU µL−1

inorganic pyrophosphatase, 4 mM MgCl2, and 0.7 mg mL−1 of
A2. Inorganic pyrophosphatase was included in the reaction as

inorganic pyrophosphate has been shown to inhibit McbA.35

The reaction proceeded for 60 h at 37 °C and 170 rpm, after
which approximately 3.4 mM of the acid was left in the reac-
tion as determined by HPLC-MS (Fig. 5, for the calibration
curve of the acid, see Fig. S21 in the ESI†). The expected mass
of the amide (256 m/z) was present in the HPLC-MS chromato-
gram, and the peak of the mass eluted at the same retention
time as the amide standard (Fig. 5). The reaction mixture was
prepared for crude NMR by extraction with ethyl acetate, rotary
evaporation, and dissolving in DMSO-d6. The reaction sample
as well as NMR control samples of 13a and 7b were analysed
with 13C-NMR and 1H-NMR. In the 13C and 1H spectra of the
crude sample from the biocatalytic reaction, there is evidence
for amide bond formation (Fig. S8–10†). For full NMR and
HPLC-MS chromatograms of the upscaled synthesis of
3-hydroxy-N-(3-phenylpropyl)benzamide and the amide stan-
dard, see Fig. S6–10 and S22–23.†

With these findings, in the same reaction set up as the
previous scale-up with A2, the synthesis of 3-acetyl-N-(4-
(hydroxymethyl)phenethyl)benzamide (acid 10a and amine
4b) was performed with McbA as a catalyst and N-(2-(piperi-
din-1-ylsulfonyl)benzyl)benzamide (acid 14a and amine 10b)
with A2 as a catalyst. The reactions were monitored by thin-
layer chromatography and HPLC-MS. When there were
roughly 0.7 mM 10a and 2.9 mM 14a left in their respective
reactions (Fig. 5, for calibration curves of the acids, see
Fig. S24 and S27†) and the masses of the amides were con-
firmed (298 and 359 m/z, see Fig. S25, 26 and S28, 29† for
complete HPLC-MS chromatograms of samples from the bio-
catalytic reactions and amide standards), the amides were
extracted from the reaction mixtures with DCM, and the
organic layers were washed with a saturated NaHCO3 solu-
tion followed by 10% HCl acid solution, brine solution,
drying over MgSO4, and concentrated under vacuum. Amide
formation was confirmed by 13C-NMR and 1H-NMR (Fig. 6,
Fig. S13–15 and S18–20†). The conversions were 91.2 and
54.0% and isolated yields were 58 and 42% for 3-acetyl-N-(4-
(hydroxymethyl)phenethyl)benzamide and N-(2-(piperidin-1-
ylsulfonyl)benzyl)benzamide.

Fig. 5 HPLC-MS of samples from preparative biocatalytic amide synthesis and amide standards. The expected masses of the amides (from left to
right 298, 256, and 359m/z) were confirmed.
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Evaluation of safechems by USEtox

To support the in silico hazard scores and for complete impact
pathway assessment, for each of the safechem building blocks
(30 acids, 62 amines, and 255 amides) human toxicity and eco-
toxicity impact potential expressed as characterisation factors
(CFs) were retrieved using USEtox 2.12.46–48 The required input
parameters were predicted using in silico methods, namely
OPERA49 for basic chemical and fate-related properties,
ECOSAR50 for ecotoxicity effects and CTV51 for human toxicity
effects. Median CFs were derived by performing a Monte Carlo
analysis with 500 draws for each chemical to account for
uncertainty in the underlying prediction models. The results
shown in Fig. 7 demonstrate that amides have a higher poten-
tial for toxic impacts as compared to their respective sub-
strates, particularly for human toxicity impacts. However, we
note, as in the initial screening, that the human toxicity and
ecotoxicity impact of the amides is not simply the sum of their
amine and acid moieties (Fig. S33†).

In addition, we compared the characterisation results of the
safechems with a sample of 408 aromatic amines and 448 aro-
matic acids of the candidate building blocks that were pre-
viously filtered out based on their high in silico hazard scores.

The results presented in Fig. 8 show that the filtering process
caused a significant shift towards chemicals with lower toxicity
impact potential, with median shifts of 0.88 and 0.83 log[PDF
m3 d kg−1] towards lower ecotoxicity impact potential and
median shifts of 0.44 and 0.39 log[DALY kg−1] towards lower
human toxicity impact potential for acids and amines, respect-
ively. While this demonstrates the usefulness of the screening
approach based on intrinsic hazard and environmental para-
meters on persistence and bioaccumulation, it is important to
note that some compounds with notable toxicity impact poten-
tials were not detected during the initial screening.
Specifically, 16 supposed safechems surpass the sample
median of filtered-out candidates for human toxicity impacts,
while seven do so for ecotoxicity impacts (Fig. 8). The latter set
with a higher ecotoxicity CF displays higher ecotoxicity (as
shown by lower ecotoxicity hazard concentrations) than other
candidates, a blind spot in the in silico hazard scores that
could be addressed by integrating ecotoxicity-specific flags for
relevant species in future screenings. However, the 16 chemi-
cals with higher human toxicity CF lack a direct trend linked
to cancer or non-cancer effect concentrations. This implies a
nuanced interaction with fate and exposure processes contri-
buting to elevated CF for these chemicals compared to the

Fig. 6 1H- and 13C-NMR spectrograms of purified products from the biocatalytic synthesis of (A) N-(2-(piperidin-1-ylsulfonyl)benzyl)benzamide
and (B) 3-acetyl-N-(4-(hydroxymethyl)phenethyl)benzamide.
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sampled candidates. The sensitivity to the emission compart-
ment seems more important for human toxicity compared to
ecotoxicity, possibly due to more intricate fate processes

(Fig. 7). This demonstrates the importance of quantitatively
assessing the impact pathway even after thoroughly screening
for critical hazards and influential fate properties to ensure

Fig. 7 Density scatter plot of USEtox characterisation factors for toxicity potential impacts on humans and freshwater ecosystem of the safechem
panel and their amide products. On the x-axis is the human/ecotoxicity CF for emission to air, and on the y-axis is the human/ecotoxicity CF for
emission to freshwater. The amides were in general predicted as more harmful compared to the safechem amines and acids. The amides in this
figure had an in silico hazard score equal to or lower than ten, and surpassed the filtering in Fig. 3.

Fig. 8 Density scatter plot of USEtox characterisation factors for toxicity potential impacts on humans and freshwater ecosystem of safechems and
subset of the aromatic amines and acids that were filtered out (Fig. 3). On the x-axis is the human/ecotoxicity CF for emission to air, and on the
y-axis is the human/ecotoxicity CF for emission to freshwater. Safechems which surpassed the sample median of filtered-out candidates for human
toxicity and ecotoxicity impacts are annotated.
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the detection of all chemicals with substantial impact poten-
tial. For more information about input parameters and stan-
dard deviations, see Tables S6 and S7 in the ESI.†

Discussion

Chemical synthesis of amide bonds suffers from the use of
large volumes of organic solvents and quantities of coupling
reagents. Accordingly, significant attention has been given to
catalyst and process development for enzyme- and chemical-
catalysed amide bond synthesis. For instance, Freiberg and co-
authors used dipyridyl dithiocarbonate as a coupling reagent
in a 1-pot reaction under different neat aqueous reaction con-
ditions with high isolated yields, with an almost one-to-one
ratio of the coupling reagent and the carboxylic acid.52 Other
examples include the development of the water-removable
organic coupling reagent ynamide53 and the air and water-
stable zirconium oxo cluster.54 The current state of the art in
biocatalysis and green chemistry involves the incorporation of
life cycle assessment (LCA) to evaluate environmental aspects
of catalysis.55–57 In contrast, the hazards of substrates and pro-
ducts are less considered in green chemistry and biocatalysis.
The European Commission initiative of SSbD is a step forward
to create a common global foundation towards sustainable
chemical manufacturing, including considerations of both
chemical hazards and exposure, as well as other sustainability
parameters. In our work, we have focused on identifying low-
hazard building blocks for amide bond synthesis, but also
counterposed the results against the complete impact
pathway, as hazard-describing effects alone do not characterise
toxic impact, which requires combining hazard with environ-
mental fate and exposure. We ruled out amines and acids, as
well as their potential amide products, based on their pre-
dicted hazard to human health and the environment. The pre-
dictions were made by models that have been developed from
high-throughput datasets from receptors linked to molecular
initiating events in combination with conformal prediction to
quantify uncertainties, enabling prediction of potential inter-
actions between chemicals and the receptors.18–23 This
enabled us to identify safer building blocks that we name safe-
chems and have lower in silico hazard scores. To complement
the evaluation, we analysed the safechem panel and a subset
of filtered-out aromatic amines, acids and their corresponding
amides by another in silico based assessment, this time with
USEtox.58 USEtox allows for the evaluation of a complete
impact pathway covering fate, exposure, and effect on both
humans and (freshwater) ecosystems. It quantifies impact
potential relative to the chemical mass emitted, which would
make it possible to also consider differences in yield or pro-
duction efficiency in future analyses. The amides’ CFs were
higher in both human toxicity and ecotoxicity compared to
their corresponding amines and acids. This trend was not
directly related to the additive toxicity impact potential of each
amide’s constituent acid and amine moieties nor an increase
in toxicity at higher molecular weight (see Fig. S32 and S33†).

This highlights the multifaceted nature of predicting the tox-
icity impact potential but also the potential for underestimat-
ing impacts if assessments solely rely on the profiles of the
building blocks. Evaluating the toxicity of the building blocks
and that of their potential product offers a more accurate rep-
resentation of their potential impact. With the filtering
process (Fig. 3), we were able to filter out compounds deemed
to be associated with a higher impact by USEtox (Fig. 7).
However, USEtox identified 23 chemicals with elevated impact
potential that were not detected during the in silico hazard
score evaluation process (Fig. 8). In our work towards safety
and sustainability, we first used in silico filtering to reduce the
risk of using or producing hazardous compounds towards
humans and the environment, and secondly, evaluated the
potential for harmful effects as a consequence of accumulation
or distribution of the compounds in the environment and
human populations.

Even though biocatalysis has the benefits of operating
under mild aqueous reaction conditions under ambient press-
ures and temperature conditions, it doesn’t necessarily
perform better from a life cycle perspective compared to
chemical synthesis. Some of the main environmental impacts
of biocatalysis are the energy and media consumption of the
fermentation and downstream processes.59–62 It’s therefore
important to work with stable reusable enzymes. Directed evol-
ution is one of the more acknowledged techniques to engineer
enzymes. In an iterative process, evolutionary pressure is
exerted on the gene of interest to create a library which is
screened in search of improved variants.63 While this tech-
nique has successfully generated several interesting enzyme
variants, ASR is a less laboratory-intensive alternative, an
appealing feature as the development of a biocatalytic process
can be a time-consuming process.62 ASR is a useful tool for
generating robust ancestral variants of homologous
proteins,40–42 hence we used this technique to create stable
McbA ancestors. When we searched for homologous amino
acid sequences of McbA, there were a few hits with high
sequence similarities. This might be explained by the fact that
McbA was discovered in a bacterium found in ocean sediment,
which also highlights the potential of finding more interesting
ABS enzymes in unexplored environments. The low sequence
similarity between the sequences used to make the phyloge-
netic tree resulted in low sequence similarity between the wild-
type McbA and the ancestors. Still, two of the four ancestors
were active, and we achieved an increased thermostability by
18–31 °C, with the latter value corresponding to the second
apparent Tm. The lack of activity or issues with the expression
of older ancestors has been seen in previous studies.40,64,65 A
plausible reason why ancestors A3 and A4 were inactive is that
sequences of more ancient nodes more frequently contain
incorrectly inferred sites.45,66,67

The exploratory synthesis with a subset of safechems was
performed in an aqueous buffer with 5% DMSO with the
ancestors and McbA. A1 exhibited very low activity, limited to a
few acids. Interestingly, A1 did show a high capacity in coup-
ling 2-naphthoic acid (1a) and the poor nucleophile aniline
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(12b). A2 seems to have undergone a phenotype switch, by
having a broader acceptance towards amines instead of acids.
McbA was able to convert amines and acids into their respect-
ive amide products with a higher conversion compared to A2.
Nevertheless, A2’s altered phenotype complements McbA, thus
enabling us to explore a broader array of the safechems.
Furthermore, A2’s enhanced thermostability holds potential
value from a sustainability perspective, as it can offer a longer
half-life and facilitates biocatalysis at elevated temperatures,
thereby boosting the reaction rate and the solubility of the sub-
strates, thus decreasing the amount of water required.62,68,69

In this work, the synthesis was performed on a 20 µL scale,
without shaking or any ATP recycling system. Cofactors for
in vitro biocatalysis are economically expensive and environ-
mentally burdening. However, a previous experiment success-
fully applied an ATP-recycling system in amide bond synthesis
by McbA,35 and research has presented new ATP-recycling
systems with inexpensive phosphate sources.70,71 The conver-
sions of our reactions will most likely improve when performed
at the catalytic temperature optimum of each enzyme variant
and by implementing an ATP-recycling system and shaking.

To assess the suitability of A2 for preparative synthesis, we
prepared a 10 mL reaction for the synthesis of 3-hydroxy-N-(3-
phenylpropyl)benzamide, a commercially available amide that
serves as a substructure in the phosphodiesterase inhibitor
and cardiotonic agent 5-[1-(3,4-dimethoxybenzoyl)-3,4-dihydro-
2H-quinolin-6-yl]-6-methyl-3,6-dihydro-1,3,4-thiadiazin-2-
one.72,73 HPLC-MS analysis of the reaction confirmed that the
product had the expected mass of the desired amide, and
crude NMR spectrograms indicated amide bond formation.
Encouraged by these findings, two additional preparative
syntheses were performed with A2 and McbA, targeting one
amide each. The products from the reactions were purified

and amide bond formation was verified for both reactions by
HPLC-MS, 1H-NMR and 13C-NMR analyses. These results
demonstrate the applicability of the enzymes beyond microli-
ter-scale synthesis.

Importantly, the elimination of toxic building blocks does
not necessarily restrict the identification of new compounds.
Out of the 38 amides with substantial DAD peaks, 32 of them
have not been recorded before at SciFinder. One of the
detected documented amides, N-[2-[4-(hydroxymethyl)phenyl]
ethyl]-4-methoxybenzamide (2a4b) is a substructure to a drug
candidate for treatment of cellular proliferative diseases
(2a4b*).74,75 Other examples of the detected documented
amides are 4-methoxy-N-(1-(phenylsulfonyl)pyrrolidin-3-yl)
benzamide (2a8b), an intermediate of the metalloprotease
inhibitor (2a8b*),76 and N-(2-(piperidin-1-ylsulfonyl)benzyl)
benzamide (14a10b), which is part of a cancer drug candidate
associated with G-protein-coupled receptor kinase 2 expression
(14a10b*) (Fig. 9).77

Conclusion

An important aspect of making chemical manufacturing less
impactful when it comes to ecotoxicity and human toxicity
effects is enabling the selection of safer substrates and aiming
for safer products. By incorporating predictive models for
human toxicity and environmental fate and exposure of com-
pounds, alongside structural fingerprint similarity compari-
sons to known enzyme substrates, safer building blocks that
are compatible with enzymatic transformations can be identi-
fied. In this study, biocatalytic amide bond formation from a
safer and more sustainable by design perspective was explored.
Our study shows:

• The potential of combining in silico filtering with the
application of USEtox to assess human toxicity and environ-
mental fate and exposure of amines and acids and their amide
products. Starting from 15 374 and 25 994 commercially avail-
able amines and acids, a safer chemical space was generated
based on potential human toxicity and environmental fate and
exposure of the substrates and related products. USEtox dis-
played the potential of this approach to significantly shift safe-
chem building blocks towards chemicals with lower toxicity
impact potential but also highlighted chemicals with notable
toxicity impact potential that were not detected during the
in silico filtering.

• The suitability of implementing ancestral homologs to
McbA with a thermostability increase of 18–31 °C in the coup-
ling of diverse building blocks; represented by 16 safechem
acids and 17 safechem amines.

• The potential of discovery of novel products. 38 amides
out of 272 possible were detected with substantial DAD peaks,
out of which 32 represent uncharacterised structures.

We believe our study illuminates the potential to discover
new compounds within a safe chemical space towards a safer
and more sustainable by design framework using biocatalysis.
Future chemical manufacturing with less dependency on toxic

Fig. 9 Examples of detected amides (top) and SciFinder hits (bottom)
where our detected amides constitute substructures (shown in
magenta). 2a4b* – 3-chloro-N-{(1S)-2-[(N,N-dimethylglycyl)amino]-1-
[(4-{8-[(1S)-1-hydroxyethyl]imidazo[1,2-a]pyridin-2-yl}phenyl)methyl]
ethyl}-4-[(1-methylethyl)oxy]benzamide, a drug candidate for treatment
of cellular proliferative diseases. 2a8b* – N-Hydroxy-2-[[3-[(4-methoxy-
benzoyl)amino]-l-pyrrolidinyl]sulfonyl]benzamide, a metalloprotease
inhibitor. 14a10b* – 3-(((4-methyl-5-(pyrimidin-4-yl)-4H-1,2,4-triazol-
3-yl)methyl)amino)-N-(2-(piperidin-1-ylsulfonyl)benzyl)benzamide, a
GRK2 inhibitor.
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substances without compromising chemical diversity could
thus be reached.

Materials and methods

Details of protein expression and purification, thermostability
assessment, UPLC-MS, and characterisation of amide stan-
dards can be found in the ESI.†

Ancestral reconstruction of McbA

To construct a phylogenetic tree to McbA, NCBI protein blast
tool was used to search for related amino acid sequences in
the non-redundant database, using GenBank accession no.
AGL76720.1 as a query. The closest 250 hits were selected, and
any redundant sequences or species, or modified amino acid
sequences were removed. The remaining 27 sequences from
bacteria, two outgroup sequences from two different archaea
species (WP_161991522.1 Natronorubrum aibiense and
WP007190185.1 Haloarcula californiae), and the query, were
aligned in MAFFT v7.49 with the L-INS-i algorithm.78,79 Gap-
rich regions in the alignment were removed using trimAl
1.2rev57,80 at which around 15% of all positions were
removed. Using IQtree’s model finder with 1000 bootstrap
replicates, the Le-Gascuel model81 with invariable site plus dis-
crete Gamma mode (gamma distribution 4)82 was suggested to
be the most suitable model of evolution for the alignment.
With PAML v4,83 the ancestral sequences of four different
nodes were computed with maximum likelihood statistics.

In silico screening – list of compounds with structures
predicted to be safer

To create a low-toxic enzymatic amide bond synthesis pipeline,
the aim was to select safer building blocks that together form
safer in silico amides. The starting point was two lists consist-
ing of 25 993 acids and 21 243 amines. The acids and amines
in each list were characterised in terms of potential inter-
actions with endocrine disruption (23 in silico models),18 CMR
toxicity (3 in silico models),19–21 persistence, biodegradation,
and bioconcentrations in fish22,23 were characterised with
models built using the same methodology as reported in a
study.18 To classify these scores, we call the scores related to
human toxicity “toxicity scores”, the scores related to environ-
mental fate and exposure “environmental scores”, and gener-
ally when talking about both types of scores or the sum of
them they are referred to as “in silico hazard scores”. All
models are classification models and use the conformal pre-
diction framework with Random Forest as a base classifier.
They all operate at an 80% confidence level, i.e. accepting 20%
prediction errors and confirmed by 10-fold cross-validation.
The amines and acids were given a score depending on the
sum of each unwanted predicted interaction from the
29 models. Dice-similarity scores (0–1), based on RDKit gener-
ated Morgan2 fingerprints (radius set to 2 and the fingerprint
length to 1024),36 compared the structural similarities to
already known accepted substrates of McbA (Fig. 2A, panel A1–

A5). The amines and acids were filtered by only keeping the
aromatic compounds that showed an in silico score equal to or
lower than 6. Then, for each reference compound, the top five
and bottom five dice similarity score amines and acids were
saved, to ensure the candidate safechems would have a broad
structural diversity to enable characterisation of the enzymes.
Any duplicates in the compiled lists of top and bottom five
dice similarity scoring amines and acids were removed. The
remaining amines and acids were used to generate in silico
amides, and in silico scores were computed for each in silico
amide with the same models as used for the acids and
amines. Amines and acids that formed in silico amides with a
toxicity score equal to or lower than nine and an environ-
mental score equal to or lower than two were decided to be
tested against the wild-type and ancestral enzymes.

Experimental coupling of safechems by McbA and ancestors
A1–A4 in 384 well-plates

The reactions were prepared in 384-well polypropylene
v-shaped plates from Greiner. In the plates, two replicates of
each enzyme were screened against one safechem amine and
16 safechem acids. Exceptions were made for amines which we
did not have enough of to test against all acids and enzymes.
Besides the acids and amines from the filtering, phenethyl-
amine and 2-naphthoic acid were included in the assay as
control reactions. For each acid and amine combination, one
no-enzyme control was prepared. The condition for each reac-
tion was 20 µL of 1 mg ml−1 protein (10 mg ml−1 stock), 1 mM
acid (60 mM stock in DMSO), 1.5 mM amine (60 mM stock in
DMSO or 50 mM potassium phosphate pH 7.5), supplemented
with 5 mM ATP together with 50 mM potassium phosphate pH
7.5 (5% v/v DMSO). For the no-enzyme controls, an equal
amount of storage buffer was added instead of protein.
Opentrons OT-2 Robot distributed the reaction buffer to each
well in the reaction plate, while Mosquito High Volume robot
(SPTlabtech) aliquoted amines, acids, protein, DMSO, and
storage buffer from their respective mother plate to the reac-
tion plate. Once the plates were prepared, the plates were
sealed with aluminium film and incubated at 37 °C with no
shaking for 20 hours.

Preparative biocatalytic amide synthesis

Preparative synthesis of 3-hydroxy-N-(3-phenylpropyl)benz-
amide (3-hydroxybenzoic acid (13a) and 3-phenyl-1-propya-
mine (7b)), N-(2-(piperidin-1-ylsulfonyl)benzyl)benzamide
(benzoic acid (14a) and [2-(piperidine-1-sulfonyl)phenyl]
methanamine hydrochloride (10b)) by A2 and 3-acetyl-N-(4-
(hydroxymethyl)phenethyl)benzamide (3-acetylbenzoic acid
(10a) and [4-(2-aminoethyl)phenyl]methanol (4b)) by McbA
were set up in 10 mL reactions in 50 mM phosphate buffer,
DMSO (4% v/v), with 8 mM acid, 12 mM amine, 16 mM ATP,
4 mU µL−1 inorganic pyrophosphatase from Saccharomyces cer-
evisiae (Sigma-Aldrich), 4 mM MgCl2, and 0.7–1 mg mL−1 of
enzyme. The reactions proceeded for up to 60 h at 37 °C and
170 rpm. Confirmation of the presence of the amide by
expected m/z, and the amount of acid left in the reaction, was
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assessed by TLC and 305 nm UV peak area and calibration
curves of acid standards using an Agilent 1260 Infinity II
HPLC system equipped with an Agilent InfinityLab LC/MSD.
Samples for HPLC-MS were quenched with 1.5 volumes of
acetonitrile, and 3 µL was injected into an ACE C8 column (50
× 3 mm, 3 μm). The methods used lasted 3 minutes, a flow
rate of 1 mL min−1 at 40 °C with an acetonitrile gradient from
10% to 97%, and 0.1% trifluoroacetic acid/H2O for the
3-hydroxy-N-(3-phenylpropyl)benzamide and 3-acetyl-N-(4-
(hydroxymethyl)phenethyl)benzamide reactions, while the
acetonitrile gradient for N-(2-(piperidin-1-ylsulfonyl)benzyl)
benzamide reaction was 30% to 80%.

The reaction mixture for the synthesis of 3-hydroxy-N-(3-
phenylpropyl)benzamide was prepared for crude 1H-and
13C-NMR analysis by extraction with 30 mL of ethyl acetate
three times. Residual water was removed with sodium sul-
phate, and rotary evaporation was employed to remove the
ethyl acetate before dissolving the sample in DMSO-d6. NMR
spectra of the reaction and acid and amine standards were
recorded with a Bruker Avance AM 400 instrument at room
temperature. The proton frequency was 400.13 MHz and the
carbon frequency was 100.61 MHz. The chemical shifts were
reported as δ values (ppm) of the residual DMSO-d6 (2.50 and
39.52 ppm) taken as a reference. The 3-phenyl-1-propylamine
and 3-hydroxybenzoic acid standards were prepared by dissol-
ving 45 mg of the compounds in 800 µL of DMSO-d6.

Reaction mixtures for the synthesis of N-(2-(piperidin-1-
ylsulfonyl)benzyl)benzamide and 3-acetyl-N-(4-(hydroxymethyl)
phenethyl)benzamide were extracted with DCM, and the
organic layers were washed with a saturated NaHCO3 solution
followed by 10% HCl acid solution, brine solution, dried over
MgSO4, and concentrated under vacuum. The samples were
dissolved in DMSO-d6 and recorded by 1H-and 13C-NMR as
described above.

3-Acetyl-N-(4-(hydroxymethyl)phenethyl)benzamide: Rf =
0.42 (MeOH/CHCl3 (10 : 90)), yield: 13.7 mg (63.1%), nature:
colourless solid. 1H NMR, 400 MHz, DMSO-d6: 8.80 (t, J = 5.6
Hz, 1H), 8.4 (s, 1H), 8.09 (t, J = 7.9 Hz, 2H), 7.63 (t, J = 7.3 Hz,
1H), 7.23 (dd, J = 16, 8.0 Hz, 4H), 5.12 (t, J = 5.7 Hz, 1H), 4.46
(d, J = 5.7 Hz, 2H), 3.50 (dd, J = 16, 6.6 Hz, 2H), 2.85 (t, J = 7.2
Hz, 2H), 2.64 (s, 3H). 13C NMR, 100 MHz, DMSO-d6: 197.6,
165.4, 140.3, 137.8, 136.8, 135.0, 131.7, 130.7, 128.9, 128.4,
126.8, 126.6, 62.7, 41.1, 34.8, 26.9. DEPT-135, 100 MHz,
DMSO-d6: 131.5, 130.4, 128.6, 128.1, 126.5, 126.3, 62.5, 40.8,
34.5, 26.7. IR: 3397, 3300, 3063, 2881, 2917, 1675, 1629, 1599,
1539, 1469, 1424, 1176, 1092, 1075 cm−1.

N-(2-(Piperidin-1-ylsulfonyl)benzyl)benzamide: Rf = 0.44
(MeOH/CHCl3 (10 : 90)), yield: 12.1 mg (78.2%), nature: colour-
less solid. 1H NMR, 400 MHz, DMSO-d6:

1H NMR, 400 MHz,
DMSO-d6: 9.07 (t, J = 6.3 Hz, 1H), 7.95 (d, J = 7.1 Hz, 1H), 7.94
(d, J = 8.7 Hz, 1H), 7.84 (dd, J = 8.3, 1.4 Hz, 1H), 7.67–7.63 (m,
1H), 7.58 (t, J = 7.2 Hz, 1H), 7.53–7.47 (m, 4H), 4.86 (d, J = 6.0
Hz, 2H), 3.11 (t, J = 5.3 Hz, 4H), 1.57 (br, 4H), 1.47 (br, 2H). 13C
NMR, 100 MHz, DMSO-d6: 166.6, 138.5, 134.5, 134.0, 133.2,
131.5, 129.8, 128.4, 127.7, 127.3, 127.1, 45.7, 39.6, 24.9, 23.1.
DEPT-135, 100 MHz, DMSO-d6: 132.9, 131.2, 129.6, 128.2,

127.4, 127.1, 126.9, 45.5, 39.6, 24.7, 22.9. IR: 3327, 3069, 2925,
2852, 1638, 1542, 1489, 1337, 1311, 1162, 1052 cm−1.

USEtox – characterisation factors aggregating fate, exposure
and human and ecotoxicological effects

To evaluate whether the applied screening based on intrinsic
chemical properties led to a potential reduction in toxic
impact, the selected safechems were assessed with USEtox
2.12, considering the entire impact pathway from emissions
via fate and exposure to effects on humans and ecosystems.
USEtox is the scientific consensus model for characterising
human toxicity and ecotoxicity impacts, developed under the
auspices of the Life Cycle Initiative hosted at UN
Environment.58,84 Toxicity impact potentials in USEtox are
expressed as characterisation factors (CF) per unit mass
emitted into different emission compartments or in different
product applications. We obtained the required chemical
input parameters using in silico prediction methods, namely
OPEn structure–activity/property Relationship App (OPERA)49

for basic chemical and fate-related properties, Ecological
Structure Activity Relationships Program (ECOSAR)50 for eco-
toxicity effects and Conditional Toxicity Value (CTV)51 for
human toxicity effects. We performed a Monte Carlo analysis
to account for the uncertainty in the underlying prediction
models by varying each predicted value as a log10normal distri-
bution with the mean defined as the predicted value and the
standard deviation derived from the model’s reported
log10RMSE (see Table S6† for details). As the reliability of each
prediction model can vary across chemicals depending on its
applicability domain (AD), the standard deviation was scaled
by uncertainty factors depending on the applicability of the
model to a given chemical structure (see Table S7† for details).
Where human toxicity effect data could not be predicted for
certain chemicals, the missing values were conservatively
imputed from the 95th percentile of the given effect parameter
data across the safechems with available data within each
chemical class (acids, amines, amides) and varied with the
threefold standard deviation to consider the increase in uncer-
tainty. Characterisation results were derived by taking the
median CF that were computed from drawing 500 random
samples from the input parameter distributions for each
chemical. We compared the results obtained for the safechems
with a sample of 848 candidate chemicals (448 acids and 440
amines) that had previously been filtered out based on high
in silico scores. The candidate sample was created with a close-
to-equal representation across in silico scores ranging from 6
to 29. The USEtox input parameter data and characterisation
results were obtained for the sampled candidates following the
same approach as for the safechems. We focused on the
impacts of emissions on continental freshwater and rural air,
as these were considered most applicable for a potential indus-
trial synthesis setting. The mass emitted was considered
equal across substrates and products, respectively, and charac-
terisation results were therefore compared directly at the level
of CF.
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