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Discovery of new types of reactions is essential to organic chemistry because it expands the 

scope of molecular scaffolds that can be made and can help trace new and more economical 

syntheses of existing structures1-4. Within the spectrum of all possible reaction classes, those 

that build complex scaffolds from multiple simple components in one step (i.e., 

multicomponent reactions, MCRs5-11; Figure 1a) and/or proceed sequentially in one pot12-14 

are appealing as they may capitalize on the use of unstable intermediates, minimize 

separation and purification operations, and increase the overall step- and atom-economy15 

as well as “greenness”16,17 of synthesis. However, the number of known MCR classes remains 

limited to several hundred (Figure 1b and interactive map at https://mcrmap.allchemy.net), 

and the number of publications reporting new ones appears to decrease in recent years 

(Figure 1c), perhaps because the most popular reactivity patterns (e.g., isocyanide, β-

dicarbonyl, or imine-based MCRs) and their straightforward extensions and combinations18 

have been studied in nearly exhaustive detail. The discovery process continues to rely, per 

Ivar Ugi’s famous quote, on thoughtful “reflection […] or combinatorial techniques,”5 and 

even when supported by high-end quantum mechanical methods, requires prior knowledge 

of “fitting” substrates (e.g., recent ref. 19 vs. closely analogous MCRs from earlier ref. 20,21). 

The “reflection” regards not only the choice of substrates but, above all, careful 

consideration of possible cross-reactivities between numerous intermediates, reagents, and 

side-/by-products present in a multicomponent mixture – in effect, translating into a 

laborious analysis of complex networks of mechanistic steps. Here, we show that computers 

equipped with accurate and broad knowledge of mechanistic transforms can perform such 

network analyses rapidly and in a high-throughput manner, and can guide systematic 

discovery, ranking, and yield estimation of unprecedented types of MCRs, one-pot sequences 
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and even organocatalytic reactions, several of which we validate by experiment. These results 

evidence that synthesis-planning algorithms are no longer limited to skillful manipulation of 

the existing knowledge-base of “full reactions”22-28 but can assist in its creative expansion.  

Every chemical reaction is a sequence of elementary steps or, at a less precise but very 

popular representation of arrow-pushing steps29, which has been used in computational chemistry 

for decades30-35 (though in most cases to analyze only certain types of chemistries and with limited 

accuracy, see Supplementary Section S6 in ref. 40 and Section S3 here). This level of description 

is appealing because, compared to quantum methods, it reduces the number of degrees of freedom 

one needs to consider, while still retaining enough accuracy to rationalize the mechanisms of the 

vast majority of organic chemical transformations, including the newly discovered reactions1,2,36,37. 

Here, we use a large and diverse set of arrow-pushing “operators” to generate networks of 

mechanistic steps starting from sets of multiple substrates/components potentially exhibiting 

different modes of reactivity. We then aim to identify the mechanistic pathways and conditions 

that would select only some of these modes and would proceed, in one pot, cleanly into products 

significantly more complex than the starting materials. Uniquely and mindful of various cross-

reactivities possible in multicomponent reaction mixtures, we consider possible by-products, 

products of side reactions, products of reactions between these by- and side-products, and analyze 

potential interference of all these species with the “main” mechanistic pathway.  We scrutinize 

these processes for kinetics to ensure that side-processes do not hijack the desired sequence, 

lowering or even nullifying its yield, which we also aim to approximate. Within this general 

approach, the problem of designing MCRs or one-pot sequences becomes one of selecting the 

substrates, expanding the mechanistic networks “forward” and “sideways” from these substrates, 

and performing kinetic analysis to trace conflict-free mechanistic routes (Figure 2).   
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Algorithmic details. 

Choice of substrates. While the algorithm accepts any user-specified molecules as input, 

“guessing” the substrates resulting in productive MCRs may be challenging and, instead, we rely 

on a high-throughput analyses of substrate combinations from a house-curated collection of 

diverse and commercially available small molecules featuring one or two groups reactive in 

various types of transformations (Figure 2a and, for details, Methods and Supplementary Section 

S4). This collection comprises 2200 molecules and offers billions of choices of substrate triplets 

and/or quartets, which we survey systematically as described later in the text.  

Mechanistic transforms. Because no adequately diverse databases of generalized (beyond 

specific literature precedents, cf. Methods) templates describing mechanistic steps are publically 

available, we expert-coded in the SMARTS notation38,39 a collection of ~8000 commonly accepted 

(i.e., already known rather than some hypothetical ones) mechanistic transforms, roughly at the 

aforementioned “arrow-pushing” level. This collection includes a broad range of chemistries 

although it is certainly not yet exhaustive (Methods). Transforms are categorized according to 

typical reaction conditions, temperature range and water tolerance, typical speeds (very slow, slow, 

fast, very fast, and unknown if conflicting literature data have been reported, VS-S-F-VF-U). They 

provide suggestions for commonly used reagents and delineate the scope of admissible groups. 

Importantly, unlike in our prior works on complete reactions22,23,25-27,39 or carbocationic 

rearrangements40, each mechanistic transform is coded to account for by-products (Figure 2b) – 

this is essential for the aforementioned “sideways” analyses of mechanistic networks. Since the 

focus of the algorithm is to generate new scaffolds, the algorithm does not consider 

stereochemistry. For more details, see Methods and User Manual in Supplementary Section S1.  
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“Forward” expansion of mechanistic networks. For a given set of substrates (henceforth, 

synthetic generation G0), the algorithm applies the mechanistic transforms to create the first-

generation, G1, of products and by-products, which are then iteratively reacted23,25 to give 

generations G2, G3 (up to some user-specified generation n), resulting in rapidly expanding26 

networks of mechanistic steps (Figures 2c,3a). At this stage, all classes of reaction conditions are 

allowed to survey the “synthesizable space” broadly. Within this scheme, if a given substrate can 

engage in a very-fast, VF, step (e.g., tautomerization, elimination leading to an aromatic product, 

intramolecular proton transfer, etc.), only this rapid step is performed under given reaction 

conditions; other competing mechanistic steps can be applied to this substrate only if they proceed 

under different conditions. For instance, a substrate like 2,4-cyclohexadienone under basic 

conditions will not be allowed to undergo a hypothetical CH-deprotonation and subsequent 

alkylation reaction, as it is certain that a tautomerization to aromatic phenol will occur much faster.  

Moreover, intermediates containing highly strained scaffolds not known as reaction intermediates 

(e.g., cyclobutenylene but not benzyne) are eliminated. Molecules can also be checked for the pKa 

of all C-H bonds41 to ensure that reactions with electrophiles, such as C-H alkylations, proceed at 

the most acidic positions. Also, to prevent oligo/polymerization and limit network’s size, each 

substrate is allowed to contribute atoms to any molecule in the network at most twice (see User 

Manual). 

Selection of mutually-compatible MCR/one-pot sequences.  Pathways leading to every 

neutral molecule within the network thus created are traced by Dijkstra-type algorithm; if multiple 

routes are detected, they are retrieved and ranked according to length. For any of these mechanistic 

sequences to be suitable candidates for MCR or one-pot reactions, the conditions specified for 
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individual mechanistic steps must be “matching”. This is the “Level 1” of analysis (Figures 2c, 

3a) and the sequences: 

(i) Cannot combine steps requiring oxidative and reductive conditions, and cannot use water-

sensitive steps after water-requiring ones;  

(ii) Should use solvents of the same class, although protic solvents are allowed to be added to 

aprotic ones (but not vice versa);  

(iii) Cannot change multiple times between non-overlapping high and low temperature ranges 

(which would be experimentally impractical); 

(iv) Should allow only for “monotonic” changes in acidity (e.g., basic-acidic-basic changes are not 

allowed). Additionally, steps proceeding in strongly basic conditions (with, e.g. LDA) are not 

allowed if earlier steps required acidic conditions. 

 

Sideways network expansion around “main” MCR/one-pot routes. If Level 1 analysis 

identifies a candidate, conditition-matching sequence, the aforementioned “sideways” analysis of 

potential side reactions is performed (Figure 2d, 3b). At Level 2, the kinetics of side reactions are 

examined. Initially, this is done in a rudimentary manner, according to the aforementioned “very 

slow-slow-fast-very fast-uncertain” categorization of reaction steps (cf. examples in Methods). In 

particular, warnings are assigned if, for a given reaction of the main path, a side-step possible 

under the same or similar conditions is faster (for obvious reasons, such comparisons are not made 

on the “uncertain” reactions). Such cases are flagged but not permanently removed from the 

mechanistic network since it is sometimes possible to generate thermodynamic products via a 

slower reaction (e.g., slow 1,4-addition of cyanide to methyl-vinyl ketone vs fast 1,2-addition). 

Additional warnings are assigned if any of the by-products shows cross-reactivity with the main 
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pathway or the reaction mixture becomes too complex (e.g., if three or more metals from catalysts 

or reagents are present and there is a possibility for unforeseen complexation of active species or 

deactivation of catalysts by ligand exchange). The by- and side-products from Levels 1 and 2 are 

allowed to react further, to give species at expansion higher Levels, for which similar cross-

reactivity analyses are performed. Importantly, the algorithm also analyzes whether reactivity 

conflicts between forming intermediates and yet unreacted substrates exist. If all substrates 

contributing atoms to the final product can be present in the reaction vessel from the beginning, 

the sequence is categorized as a plausible MCR (with possible condition changes obeying (i)-(iv) 

above); if, however, some intermediates are found to be cross-reactive with the substrates, then the 

algorithm suggests a one-pot option with sequential addition of the problematic substrate.   In the 

current work, we focus on MCRs and one-pot sequences that entail no unresolved conflicts or 

warnings within Level 4 networks (see realistic examples in Figure 3b and Extended Figures 1-

5). Such networks can be propagated, for arbitrary substrates, within the MECH module of the 

Allchemy platform23,25,40 which is available to academic users at https://mech.allchemy.net. 

Prioritization and post-design evaluation. Because even for small substrate sets, the 

networks thus constructed may span large numbers of plausible MCR/one-pot products (Figure 

3a), additional analyses are performed to identify those that offer maximal complexification of the 

scaffold, those producing previously unknown scaffolds, those that are similar to approved drugs, 

and more (see Methods). The algorithm can also read in the positions of experimentally recorded 

mass-spectrometric signals and map them onto the L2-L4 networks, which often facilitates 

analysis of experimental reaction mixtures (cf. Figure 3b and Extended Figure 1; also User 

Manual in Supplementary Section S1).  
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Estimation of yields. Finally, once a desired MCR/one-pot candidate is selected, the 

algorithm performs a more in-depth kinetic analysis aimed at the estimation of reaction’s yield. 

Since experimental kinetic rate constants for the vast majority of mechanistic steps are not 

available, we developed a physical-organic model grounded in free-energy linear relationships and 

approximating the rate constants of mechanistic steps using Mayr’s nucleophilicity indices (see 

42,43 and Methods).   

Overall, for small substrate sets (3-5 starting materials), the entire procedure from the 

generation of the main network to yield estimation for MCR candidate(s), typically takes few 

minutes on a multicore desktop machine. Reassuringly, when appropriate substrates are input, the 

algorithm uses it mechanistic knowledge to “re-create” the known MCRs (e.g., Mannich 3CR, 

Passerini 3CR, Petasis 3CR, Ugi 4CR, etc.). More interestingly, for many other substrate 

combinations, it finds unprecedented sequences to which we now turn.   

Experimental validations.   

From amongst the multitude of putative MCRs the algorithm has thus far identified, we 

scrutinized in detail several hundred and committed to synthesis ten: three one-pot sequences, five 

MCRs, and two substrate-regenerating or organocatalytic reactions. In selecting these examples, 

we were guided by the mechanistic novelty, substrate-to-product complexity increase, and/or 

potential usefulness of the scaffolds produced. Another factor was the conciseness of these 

protocols vs. traditional retrosynthetic planning that is based on “full reactions” rather than 

mechanistic steps and cannot capitalize on the use of reactive intermediates. Accordingly, for all 

one-pot/MCR products we also ran the state-of-the-art retrosynthestic program 

(Chematica/Synthia22-24) which either planned multistep routes (all deposited at 

https://zenodo.org/records/10817102; on average 4 and up to 11 steps) or did not suggest any 
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syntheses at all.  All sequences are named “Mach” to highlight their machine-driven discovery 

(and to allude to its speed).   

One-pot, non-MCR sequences. We begin with a sequence that is, admittedly, simple but 

serves to illustrate various modalities of the algorithm. Starting from enone, alkyllithium, 

azidohalide and alkyne – selected because they contain multiple nucleophilic and electrophilic 

sites and are thus likely to generate a multitude of scaffolds –   the mechanistic network propagated 

to the fourth generation, G4 (Figure 3a and https://mcrchampionship.allchemy.net for interactive 

version) contained conditions-matched sequences leading to as many as 391 products with MW < 

500. This analysis revealed two scaffolds in G4 that stand out because they correspond to 

previously unreported (green node interior), tricyclic scaffolds with large per-step complexity 

increase from the substrates (large node size, see Methods), and because the scaffold produced 

via the blue route features a spiro system akin to that in some drugs and bioactive agents44-47. The 

mechanistic sequences to these scaffolds diverge at the initial step.  The Mach1 route traced in 

blue proceeds via the 1,2 addition, generation of the alkoxide intermediate, O-alkylation, and click 

reaction closing two rings. The Mach2 orange route starts with 1,4, Michael-type addition creating 

a carbanion at the alpha carbon, followed by C-alkylation and click reaction. Moreover, the 

algorithm predicts that (1) in order to avoid a reactivity conflict during metalation of alkyne 

(marked in pink in the L4 view in Figure 3b) , the sequence may be performed only as one-pot 

rather than MCR (with enone added only after the complete consumption of the alkyllithium 

substrate); (2) the initial steps in both routes can be carried out using propargyllithium, with HMPA 

acting as a “switch” (Figure 3c) to promote the 1,4 addition48; and (3) that both sequences will 

result in poor yields, ca. 20-40%.  
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All these predictions turned out correct. When both sequences were carried out under 

computer-suggested conditions (fine-tuned for triflate vs. bromide/iodide leaving group in the 

haloazide substrate, Figure 3c), the isolated yields of different derivatives shown in Figure 3d 

ranged from 12 to 44%. Of note, the computer-predicted competing reactivity modes were also 

congruent with ESI-MS analyses – in Figure 3b and Extended Figure 1, larger orange nodes 

denote side-/by-products with masses matching the spectra.  

Another prediction for a one-pot, Mach3 sequence relying on a 2,3-Wittig rearrangement 

and leading to branched a diallylic ethers, is illustrated in Figure 4a and further detailed in 

Extended Figure 2. This sequence was committed to experiment validation because, after 

metathesis (not compatible with one-pot conditions and carried out separately, dashed reaction 

arrow in Figure 3a), it affords access to cyclic enol ether scaffolds that are used in various 

medicinal syntheses49-52. The algorithm predicted that this sequence would proceed in good, ~68% 

yield and, indeed, the yields for derivatives shown in Figure 4b were 66-96%. 

MCR sequences. Turning to MCRs rather than one-pot sequences, Figure 4c illustrates a 

Mach4 reaction (from L1 and L4 networks illustrated in Extended Figure 3a), in which an allene, 

a maleimide derivative, and a carboxylic acid anhydride engage in a sequence of Claisen 

rearrangement, aromatization, Diels-Alder cycloaddition, deprotonation and acylation to yield a 

1-(1-cyclohexenyl)naphthalene, atropisomeric scaffold familiar from various types of drugs (e.g., 

refs 53,54). Scaffolds of this type are typically prepared via metal-catalyzed couplings between 

naphthalene derivatives with vinyl partners55,56, activation of the aryl C-H bond with a Co-catalyst 

and an imine as a directing group57, or annulation of arynes with alkynes using either Pt catalysts58 

or halogen electrophiles59. The MCR approach shortens these procedures while commencing from 

substrates of similar complexity (allene is prepared readily in two steps from commercially 
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available 2,3-butadien-1-ol) and does not require transition metal catalysts or pre-functionalized 

aryl systems. For the parent compound in Figure 4c and its analogues obtained using different 

dienophiles in Figure 4d, the experimental yields were generally quite satisfactory and in most 

cases >90% (for the originally predicted sequence, the algorithm predicted 99% vs. 96% in 

experiment). 

Another pair of MCRs using allene as one of the substrates is illustrated in Figure 4e and 

begins with a nucleophilic addition of an allyl thiol to the allene and isomerization followed by 

thio-Claisen rearrangement. Interestingly, at this point, network analysis detailed in Extended 

Figures 4 and 5 indicates that the sequence can diverge.  In Mach5 MCR, addition of excess base 

results in straightforward condensation with an aromatic aldehyde occurring at the less acidic 

methylene group of the thioketone. By contrast, in Mach6, addition of acetyl chloride triggers a 

relatively rare60 sequence of acetylation of alcohol, acidic elimination of acetic acid catalyzed by 

the in-situ generated HCl to give the Knoevenagel-type adduct, thioketo-enol tautomerization fol-

lowed by spontaneous cyclization to give a product containing a 2,3-dihydrothiophene moiety. 

The product of the first, as-predicted MCR is obtained in 57% yield (vs. predicted 43%) with 

further derivatives prepared with the same methodology shown in Figure 4f.  This MCR is inter-

esting insofar as such scaffolds can further react with phenyl hydrazine61 to give substituted pyra-

zoles which are popular motifs of many drugs (this reaction is not compatible with the MCR con-

ditions and we carried it out separately in 53% yield; dashed arrow in Figure 4e). The 2,3-dihy-

drothiophene products are obtained in significantly lower yields (~10% and up to 14% for the 

cyano derivative vs. 12% predicted yield, though these experimental values are affected by partial 

decomposition of the product during purification), and their applications are less conspicuous62. 
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The sequence underlying Mach7 MCR shown in Figure 4g – leading to a scaffold akin to 

oblongolide natural products considered as potential algicide, herbicide63 and antiviral64 agents – 

is perhaps familiar to a retrosynthetically-trained eye. Indeed, the succession of transesterification 

of sorbic alcohol, Knoevenagel condensation and Diels-Alder reaction has also been predicted by 

Chematica/Synthia. Our main interest in this sequence was whether the algorithm was correct in 

predicting that it could be folded-up into a one-step MCR.  The results for the original sequence 

in Figure 4g and derivatives in Figure 4h verified that it could, with yields of racemic mixture up 

to 59% (compared to 55% predicted by the algorithm and 13-38% for multistep syntheses of sim-

ilar scaffolds reported in 65,66) and with the procedure readily scalable to gram scale (Supplemen-

tary Section S5.7). Diastereocontrol derives from the Knoevenagel condensation yielding selec-

tively Z-benzylidenes, and the intramolecular Diels-Alder reaction is moderately sensitive to the 

substitution of the aldehyde used but very sensitive to the exchange of alcohol’s methyl by phenyl. 

Also, one less obvious outcome predicted by the algorithm is that for the indole-3-carbaldehyde 

substrate, the Knoevenagel adduct can engage in a reverse-demand Diels-Alder cycloaddition to 

give a relatively complex, tetracyclic scaffold marked with a star in Figure 4h and isolated in 24% 

yield.  

Substrate-reusing and organocatalytic sequences. The last two examples are interesting 

for the unique ways in which they use or reuse some of the substrates. In the Mach8 sequence 

shown in Figures 5a,b, the phenol substrate is first used to form an activated ester that then reacts 

with 2-allylcyclohexanone to give a spiro β-lactone which, upon addition of MgBr2, undergoes a 

ring-expanding rearrangement into a substituted hexahydro-2(3H)-benzofuranone in 31% yield 

(vs. predicted 48%). Such motifs are found in various natural products and bioactive compounds67 

and the particular scaffold, upon metathesis and reduction, could create a ring system present in 
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lancifonins.  However, when iodo-substituted phenols and cyclohexanone (instead 2-allylcyclo-

hexanone) are used as substrates, and when network is propagated to higher generations, the con-

tinued pathway (Mach9, shown in the bottom part of the figure) appears interesting, as the iodo-

phenol is first used as above, then becomes a by-product of the spirocyclization step and then – 

when the product decarboxylates at elevated temperature – is reused in situ as a substrate in Heck 

reaction (upon addition of Pd catalyst). Ultimately, this use-release-reuse sequence proceeds in 

35% yield (vs. predicted 35%) which is appreciable given that it spans 10 mechanistic steps (and 

a separate, final transformation into acetyl esters to facilitate separation of products).  

Finally, Figures 5c-e illustrate a Mach10 reaction that was predicted and then confirmed 

as organocatalytic. With the initial set of substrates (-bromo--unsaturated ester, methyl thio-

glycolate and sodium azide), the algorithm suggested an MCR that could lead to a dihydrothio-

phenecarboxylate scaffold similar to some GABA receptor inactivators68. However, the program 

also indicated that that the C-H pKa of the -azidoester was higher than that of the -thioester – 

that is, the deprotonation (either by azide anion69 or sodium methoxide) at the former locus was 

preferred and could lead to elimination (green arrow in Figure 5c, blue arc connection in the L2 

network in Figure 5d) rather than cyclization. Because elimination is rapid (as is recognized as 

such by the algorithm) and regenerates the deprotonated thiol substrate (pink in Figure 5d), we 

expected that the “cycle” could be sustained and the thiol could act as an organocatalyst, effec-

tively translating into a previously unknown organocatalytic azide substitution at vinylic -posi-

tion. This was, indeed, verified in experiment with the original reaction proceeding under mild 

conditions in 67% yield (vs. algorithm-predicted 47%), and with the further scope illustrated in 

Figure 4e.  For alkyl ketones, 10 mol% of the thiol is optimal, while for β-aryl ketones, 35 mol% 
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thiol load is necessary due to the trapping of the thiol catalyst in the SN2 reaction with the alkyl 

bromide (obtained after 1,4-addition of thiol to Michael acceptor).  

Discovery automation and MCR Championships.   

The above examples are but a tiny fraction of substrate combinations that can give rise to 

MCR or one-pot sequences. To speed up the discovery process, we have automated the choices of 

substrates (from the aforementioned set of 2200 reactive molecules, cf. Methods). In this proce-

dure, different triples and quartets of substrates are systematically scanned, networks are propa-

gated to G9 and analyzed to L4 and top-scoring (according to complexity increase per step metric, 

ΔC/n, see Figure 1 and Methods) and warning-free candidates for MCRs and one-pots are re-

tained. With mechanistic networks originating from tens of thousands of substrate combinations 

now tested, and with further searches ongoing, the list of the currently 50 top-ranked MCR candi-

dates is maintained at https://mcrchampionship.allchemy.net. Users of Allchemy’s MECH 

(https://mech.allchemy.net) can perform searches with their own substrates of choice, and can opt 

to “compete” and post their results therein (if the scores place them within top-50), in the world’ 

first “championship” for computerized reaction discovery.  

Conclusions and Outlook. 

Although it can certainly be argued that at least some MCR/one-pot reactions we described 

could have been “spotted” by trained human experts, computers help systematize and accelerate 

the discovery process manifolds – in the fullness of time, in quantities that may have significant 

impact on the practice of synthetic chemistry. In our own experience, MECH has proven to be a 

very effective “idea generator” and, in conjunction with MS, very helpful in explaining 

compositions of reaction mixtures and guiding structural assignments of complex yet unexpected 

products (these aspects will be published separately). This said, algorithms like ours do not replace 
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all of chemists’ insights (e.g., in terms of fine-tuning exact temperatures, specific solvents, etc.) 

and certainly have room for further improvement (see Extended Figure 6, for an example of 

incorrect MCR prediction). Looking forward, we aim to (i) further extend the 8000 rule set, notably 

to incorporate radical-based steps (cf. Methods); (ii) adapt the MECH algorithm to the “retro” 

direction (to suggest imaginative disconnections of specific scaffolds) and, most ambitiously, (ii) 

to investigate whether our collection of mechanistic transforms could be used in conjunction with 

generative AI to discover completely new mechanistic steps.  
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Methods. 

Mechanistic rules. As outlined in the main text, the mechanistic transforms are encoded 

in the SMARTS notation and account for by-products. The templates are generalized – that is, they 

do not encompass just a single reaction precedent (as in the recently published repository of 

mechanistic steps for popular radicalic reactions70) but each specifies the scope of admissible 

substituents at various positions of the SMARTS template as well as a list of incompatible groups. 

These explicitly defined incompatibilities help limit the sizes of the networks and remove from 

analysis at least the obviously problematic steps, in which two or more motifs would react on 

commensurate time scales, inevitably leading to undesired complex reaction mixtures and ruining 

a “clean” MCR. In Allchemy’s MECH module, the user can choose to treat incompatibilities either 

restrictively (with ~1200 groups considered as potentially conflicting during mechanistic 

transforms’ coding and with each transform assigned, on average, 133 such groups) or 

permissively (considering only ~50 most common groups and with, on average, 26 assigned per 

transform). The current work uses the conservative approach but the permissive one can also be 

useful in generating more adventurous ideas (albeit at the expense of more false-positive 

predictions). 

Furthermore, rules are accompanied by information about reaction conditions that is 

essential to later “wire-up” individual mechanistic steps into mutually compatible sequences. In 

this context, each transform is categorized according to general conditions (basic, neural, acidic), 

solvent class (protic/aprotic and polar/non-polar), temperature range (very low = < -20 °C, low = 

-20 to 20 °C, r.t., high = 40 to 150 °C, and very high = > 150 °C); and water tolerance (yes, no, 

water is required). One transform can have more than one categorization (e.g., Diels-Alder 

cycloaddition can be carried out either under neutral conditions at high temperature or at very low, 
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low or room temperatures using a Lewis acid catalyst) – in such cases, multiple conditions are 

provided and, when considering sequences of compatible steps, are treated as logical alternatives. 

Each transform also contains specific suggestions for reagents commonly used in reactions 

involving this mechanistic step (e.g., diethylaluminium chloride in Claisen rearrangement, n-

butyllithium in [2,3]-Wittig rearrangement, etc.). 

Regarding the initial and rough categorization of kinetics, each transform is assigned a 

typical speed category (very slow, slow, fast, very fast, uncertain). A “very slow” step (conversion 

time above ca. 24 hrs) is, for example, addition of amines to trisubstituted Michael acceptors. Steps 

categorized as “slow” (few to ca. 24 hrs) are, e.g., reaction of a deprotonated nitro compound with 

a ketone, addition of an alcohol to a protonated nitrile, or 1,3-dipolar cycloaddition of imine and 

nitrile oxide. Examples of “fast” steps (minutes to few hrs) include deprotonation of alcohols, 

alcoholysis of anhydrides, or addition of organocuprates to activated alkenes. “Very fast” steps 

(seconds to minutes) are, for example, decomposition of oxaphosphetanes to alkenes and 

phosphine oxide, elimination of a chloride anion from an adduct of amine and acyl chloride, 

tautomerizations leading to aromatic compounds (e.g., 2,4-cyclohexadienone to phenol). 

“Uncertain” steps are those for which literature provides conflicting reaction data (i.e., wide range 

of reaction times and/or rates strongly influenced by substrate structures or small changes in 

reaction conditions) or those for which literature is insufficient to determine the reaction rate of an 

individual mechanistic step. One example from this category is addition of an imine to phenolic 

compounds, for which reaction rate strongly depends on the activity/nucleophilicity of phenolic 

component but even more on reaction conditions, resulting in time spans from 5 minutes to 9 hours 

for reactions involving the same substrates (see ref. 71 – 9h; 72 – 7.5h;  73 – 3h; 74 – 5 minutes]). 

Another example is SN2 reaction of a secondary bromide with cyanide anion, for which the reaction 
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rate is strongly influenced by the character and size of substituents on the halide component and 

the type of solvent used, with polar aprotic solvents facilitating the reaction and polar protic 

solvents impeding it. For instance, reaction of 2-bromo-2-(2-methylphenyl)-1-(morpholin-4-

yl)ethanone with sodium cyanide in methanol takes 24 hrs75,  while reaction of a similar molecule, 

methyl 2-(1-bromo-2-methoxy-2-oxoethyl)benzoate, with potassium cyanide in DMF takes only 

1 hr76).  

The rules covered in the current version of the MECH module span a broad range of acid-

base catalyzed steps (including Lewis acids), substitutions, eliminations, additions, 

rearrangements, pericyclic reactions as well as basic transformations catalysed by transition metals 

(e.g., mechanistic steps of Suzuki, Buchwald-Hartwig, Heck, and Pauson-Khand reactions). Basic 

carbocationic chemistry is included but not exhaustively (a separate HopCat module dedicated to 

such rearrangements is available in our recent publication40). Also, radical mechanistic steps are 

not (yet) included since their proper application requires generalization (cf. short discussion in 

Supplementary Section S3 illustrating the pitfalls of encoding precedent-based mechanistic 

steps71) and likely additional heuristics based on thermodynamic and molecular-mechanical 

considerations (akin to those we described in the HopCat paper40). Some rare types of steps 

involving π-complexes had to be simplified in notation since they are not properly handled by 

RDKit (they are encoded as 3-membered rings rather than interaction between metal and multiple 

bonds, e.g., during Heck reaction).  

Additional details of network expansion. During expansion of mechanistic networks, the 

program generally uses the individual steps, e.g., imine formation is divided into 1) ketone 

protonation, 2) imine addition to the protonated ketone, 3) proton transfer from nitrogen to oxygen, 

4) formation of an iminium cation via elimination of water, 5) deprotonation of the iminium cation 
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(Extended Figure 7a). However, because the networks expand very rapidly with the number of 

steps (“synthetic generations”), such step-by-step expansions may be inefficient in exploring 

longer mechanistic sequences – for instance, the five-step imine formation is only part of, say, the 

Ugi multicomponent reaction. To reduce computational cost, we have also encoded some 

“shortcut” steps that, for popular transformation types, concatenate individual mechanistic steps 

(those occurring in a rapid sequence and/or those leading to unstable intermediates; see example 

in Extended Figure 7b). When executed as one “super-step”, the shortcuts keep all the 

information about by-products of all individual steps. The network expansions then use both the 

step-by-step and shortcut strategies.   

Further details of route prioritization and post-design evaluation. The MECH module 

offers multiple options to filter, analyze, and prioritize the one-pot/MCR pathways within the 

mechanistic networks. As described in detail in Supplementary Section S1, the user can filter off 

those products that are formed via mechanistic steps having non-overlapping “cores” (reactions 

occurring on disjoint parts of the molecule will likely yield “linear” structures and will not 

complexify the starting scaffold), or those that do not involve any rearrangements or pericyclic 

reactions.  

To easier identify and prioritize sequences that offer the highest degree of 

complexification, nodes in the network can be sized in proportion to the increase of structural 

complexity per step, ΔC/n, where ΔC is calculated along an atom-mapped path as 

(a·#Rearrangements + a·#RingsFormed + #BondsCreated + #BondsDisconnected), where a = 5 is 

used here to strongly favor formation of cyclic scaffolds and sequences containing rearrangements. 

Furthermore, the nodes can be colored as molecules known/unknown in the literature or, more 

generally, according to whether the scaffold is unprecedented. The algorithm to determine scaffold 
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novelty first defines a scaffold “base” as a set of connected rings, whereby a ring is considered 

“connected” if it fulfills either of the two criteria: a) it shares at least one atom with any of the 

other rings in the base, b) is connected with a double bond to any of the other rings. The final 

scaffold is obtained from this “base” by inclusion of atoms connected to the base with double bond 

(i.e., oxygen from carbonyl group or exomethylene double bond). Note that this definition inherits 

both elements and bond orders from the parent molecule such that, for instance, cyclohexane, 

cyclohexene, cyclohexanone and cyclohexanethione are all considered as different scaffolds. 

Finally, a scaffold is considered novel if it is not present in the list of 95 191 scaffolds extracted 

from the Zinc collection77. The nodes within the networks can also be colored by similarity to 

approved drugs, reaction type, hazardous compounds, and more (see User Manual in 

Supplementary Section S1). Last but not least, the user can input a list of mass-spectrometric 

signals recorded in experiment and the likely M+1 and M+23 nodes will be marked on L1-L4 trees 

(Figures 2b and Extended Figure 1).  

Estimation of yields. To estimate the yields of MCR/one-pot candidates, we developed a 

physical-organic model grounded in free-energy linear relationships. In this model, to be detailed 

in a separate publication, the rate constants of mechanistic steps are approximated by using Mayr’s 

nucleophilicity, N, and electrophilicity, E, indices42,43 as 𝑙𝑜𝑔𝑘ଶ଴ௗ௘௚~ (𝑁 + 𝐸), which are further 

fine-tuned by corrections capturing relative reactivities, stoichiometries and amounts of various 

species in the mechanistic networks, 𝑙𝑜𝑔𝑘௜ = 𝑙𝑜𝑔 𝑘௜
ெ௔௬௥

+ ∑ 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛𝑠(𝑟௜). The weights of the 

individual corrections were trained on the mechanistic networks of 20 diverse MCRs reported 

before (chosen to represent both low- and high-yielding ones), and the model was then used to 

predict the yields of the new and mechanistically distinct MCRs described in the current 

publication.  For the training set of the known MCRs, the Pearson correlation coefficient (𝜌ଶ) 
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between the experimental and modeled yields was 0.80 with mean absolute error of 10.5. For the 

test set of reactions used in this study, 𝜌ଶ = 0.86 and MAE = 7.3. These metrics compare quite 

favorably with generally unsatisfactory correlations observed for various machine learning models 

trained on “full” substrate-to-product reactions without any mechanistic knowledge78-81.  

Pre-curated collection of substrates available through Allchemy’s user interface. 

Although arbitrary substrates can be input in Allchemy’s MECH module, we have also curated a 

list of ~2200 simple and commercially available substrates that, in our experience, improve the 

chances of finding MCR reactions. To begin with, the Zinc collection77 was pruned to retain only 

molecules with, at most, 15 heavy atoms. After removing stereochemistry, ~410,000 unique entries 

were left. Molecules containing either poorly reactive fragments (94 patterns, e.g., heterocycles, 

polycyclic systems, ethers) or several unfunctionalized carbon atoms were removed, as they only 

introduced unnecessary structural complexity without desired reactivity. The remaining molecules 

were queried for the presence of one or two reactive groups defined by experienced synthetic 

chemists (164 patterns of FGs listed in Supplementary Table S2-S3) – there were 36,294 such 

molecules of which 16,631 had one reactive FG and 19,663 had two reactive FGs. In the latter, we 

only kept molecules in which the FGs were separated by, at most, three atoms – in this way, when 

these molecules reacted, they were more likely to form smaller rings rather than macrocycles. For 

some FG combinations, there were many hits (e.g., the algorithm identified 97 commercially 

available isocyanates and 94 compounds possessing both aryl bromide and secondary amine FGs). 

In such cases, the compound with the lowest molecular mass was retained.      
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Figure 1 | Significance and current discovery rate of multicomponent reactions. a, A classic 

example illustrating the elegance and efficiency of Robinson’s one-step, MCR synthesis of 

tropinone vs. prior, fifteen-step synthesis10. In the latter, only two key steps are shown. b, t-SNE 

projection “map” illustrating diversity of 422 known MCR (smaller blue markers) and 63 one-pot 

classes (green) vs. the new MCRs and one-pots (larger red and yellow markers, respectively) 

described in this work and validated by experiment. The full list of known MCRs and the 

interactive t-SNE map are deposited at https://mcrmap.allchemy.net. c, Blue line and left axis 

quantify the numbers of papers on MCRs published in a given year (based on “multicomponent 

reaction” query of the Web of Knowledge database, October 2022). Red line and right axis plot 

the numbers of new MCRs reported in a given year. This analysis is based on the extensive 

literature review counting unique reaction types (i.e., not different precedents of the same MCR). 

The dataset is posted at https://zenodo.org/records/10817102. 
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Figure 2 | Key elements of the MECH algorithm to discover new MCRs. a, Examples of simple 

starting materials from the collection of 2200 (see main text and Methods). b, Abbreviated 

example of one of ~8000 mechanistic transforms, here E1cB elimination. Different positions can 

accommodate various substituents, some of which are listed to the right of the reaction scheme. 

Note that the transform is coded to account for the by-product(s), here a phenoxide, carboxylate 

or mesylate. Classification of reaction conditions, rates, etc., are also parts of the transform’s 

record but, for clarity, are not shown here. c, Application of mechanistic transforms to a given set 

of starting materials iteratively expands the synthetic generations, Gn, of a network of possible 

intermediates and immediate by-products. In the schematic miniature drawn, the three circle 

markers in the bottom row (G0) may be the three molecules from panel (a), and the network is 

expanded to G4. Different colors of connections between the nodes are intended to denote different 

types of conditions – to emphasize that this “forward” network expansion probes all conditions’ 

combinations. Within the network thus constructed, the conditions may be matching (i.e., mutually 
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compatible), corresponding to a MCR candidate at the Level 1 of analysis (sequence of steps 

highlighted in dark blue). d, Such a sequence is expended “sideways”, to perform analyses at 

Levels 2 and higher. Level 2 – “branching-out” of the main path to include by-products (grey) and 

products of competing/side reactions possible under the same class of reaction conditions (red; for 

condition types, see Methods); Level 3 – further branching to account for the reactions between 

side- and by-products. At Level 3 (and higher, not shown here for clarity but see Figure 3b), 

undesired reactions of side-/by-products with each other and with the members of the main 

pathway are also considered and marked in orange. Faster reactions are represented schematically 

by thicker connections and it is essential that, at any junction, the side reactions are not faster that 

the main-path ones.  

https://doi.org/10.26434/chemrxiv-2024-zr6rw ORCID: https://orcid.org/0000-0003-4808-7910 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-zr6rw
https://orcid.org/0000-0003-4808-7910
https://creativecommons.org/licenses/by-nc-nd/4.0/


36 
 

 

Figure 3 | Example of newly-discovered one-pot sequences and the corresponding 

mechanistic network expanded to Level 4, L4. a, Screenshot of Level 1, L1 network propagated 

from cyclohexenone, trimethylsilylpropyne, n-butyllithium and azidotriflate substrates to n = 4 

generations, G4. The network encompasses all mutually-compatible sequences possible under 

different types of conditions. Node sizes are proportional to complexity increase per mechanistic 

step, ΔC/n (cf. Methods). Colors of the halos define MCR/one-pot sequences with or without 

warnings. Nodes whose interiors are colored green correspond to scaffolds not described in the 

literature. Within this network, two sequences (traced in blue and orange) up to G4 are predicted 

to be one-pot without warnings and leading to new scaffolds offering marked increase in ΔC/n 
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(largest green nodes). A path to another complex scaffold in G3 is also marked (in green). This 

product is predicted to form from the 1,2-adduct of nBuLi/cyclohexanone/azide cyclizing onto the 

double bond, and was detected by ESI-MS in the reaction mixture (structure highlighted in green 

in the L4 network in panel (b)). b, Screenshot of the network branched-out from the blue pathway 

in (a) and analyzed at Level 4 (for networks analyzed at Levels 2 and 3, see Extended Figure 1; 

interactive network expandable to L4 is deposited at https://mcrchampionship.allchemy.net). This 

L4 network encompasses various by- and side-products (grey and red nodes, respectively) and 

their further reactions (products marked in orange) between themselves and with the “parent” 

pathway. Larger orange nodes are likely structural assignments of peaks observed in the ESI-MS 

of the crude-reaction mixture. Interestingly, although the peaks corresponding to some predicted 

byproducts (e.g., A, B; structures drawn here with pink highlights) were not manifest in the ESI-

MS spectra, their formation is corroborated by further products (A’, A’’, B’; structures drawn with 

orange highlights) that can only be derived from these undetected species. For more structural 

assignments, see Extended Figure 1. Also, the key cross-reactivity mandating sequential addition 

of reagents rather than MCR (i.e., reaction of alkyllithium with enone during metalation of alkyne) 

is highlighted by brighter pink connections at the bottom of the network, c, General scheme and 

intermediates of the blue and orange one-pot pathways (from (a)) along with reaction conditions. 

In the substrates, the available nucleophilic and electrophilic sites are marked yellow and green, 

respectively, while the dark blue circle and the dotted arcs denote linkers between the azide and 

(pseudo)halides and a cyclic or acyclic fragment of the enone, respectively. The regioselectivity 

of addition (1,2- vs 1,4-) of propargyllithium reagent is controlled by the addition of HMPA as co-

solvent. d, Specific molecules synthesized according to the general protocol along with the 
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corresponding isolated yields. Note that the yields are low, as indeed predicted by the algorithm 

(see main text).  
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Figure 4 | Computer-discovered one-pot sequences and MCRs. For details of mechanistic 

networks, see Extended Figures 2-5. a, Scheme of a one-pot sequence for the synthesis of 

https://doi.org/10.26434/chemrxiv-2024-zr6rw ORCID: https://orcid.org/0000-0003-4808-7910 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-zr6rw
https://orcid.org/0000-0003-4808-7910
https://creativecommons.org/licenses/by-nc-nd/4.0/


40 
 

branched allyl ethers. The sequence is detected as one-pot rather than the MCR because excessive 

allyl iodide would react with n-butyllithium, hampering deprotonation and subsequent Wittig 

rearrangement (cf. Extended Figure 2b marking this conflict). Non-isolated intermediates are 

shown in brackets and the isolated product is framed in orange. This product has been separately 

cyclized via ring-closing metathesis to afford cyclic enol ether.  b, Additional derivatives prepared 

by the one-pot method from (a) using as substrates allyl iodide and commercially available β,γ-

unsaturated alcohols. c, Scheme of a MCR producing unsaturated β-naphthol esters. Key non-

isolated intermediates are shown in brackets and the isolated product is framed in orange. d, 

Additional derivatives prepared by this MCR from (c) using different commercially available 

dienophiles and acylating agents.  e, Scheme of a MCR producing unsaturated hydroxylated 

monothio-β-diketones (existing in the thioenol tautomeric form) under basic conditions (top) or 

2,3-dihydrothiophenes under acidic conditions (bottom) applied during the last step. Non-isolated 

intermediates are shown in brackets and the isolated products (originally predicted for the top 

MCR and highest yielding for the bottom one are framed in orange. The monothio-β-diketone 

product has been separately reacted (dashed arrow) with phenylhydrazine (green) to afford a 

substituted pyrazole.  f, Additional products prepared by the top MCR from (e). g, Scheme of the 

MCR producing unsaturated bicyclic lactones. Key non-isolated intermediates are shown in 

brackets and the isolated product is framed in orange. h, Additional derivatives prepared by a 

MCR from (g) using different commercially available aldehydes and dienes. Abbreviations: BHT, 

butylhydroxytoluene; DCB, dichlorobenzene; THF, tetrahydrofuran; DBU, 1,8-

diazabicyclo(5.4.0)undec-7-ene; Pip·OAc, piperidinium acetate; dr, diastereomeric ratio. The 

product of reverse-demand Diels-Alder cyclization is marked with a star. Percentage values in all 

panels are isolated yields. 
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Figure 5 | Computer-discovered substrate-reusing MCRs and an organocatalytic reaction. a, 

Scheme of a MCR for the synthesis of arylated skipped dienes. Non-isolated intermediates are 

shown in brackets and the isolated products are framed in orange. The obtained dienes were 
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separately acetylated for the purpose of purification. The bicyclic lactone (upper right) was 

obtained from substituted cyclohexanone (R = allyl) and phenol substrates when MgBr·Et2O was 

used instead of the Pd-catalyst. b, The L3 graph view of the path leading to the arylated diene from 

(a). Reuse of iodophenol byproduct in Heck-coupling (with oxidative addition step marked 

orange) is marked with the blue arc. c, Scheme of organocatalytic thiol-catalyzed sp2-azidation. 

Non-isolated intermediates are shown in brackets and the isolated products are framed in orange. 

d, The L2 graph view of the path from (c). Reuse of thiol, acting as an organocatalyst, is marked 

with the blue arc. e, Additional vinyl azides prepared by the MCR from (c) using different α-

bromoenones.      
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Extended Figures. 

 

Extended Figure 1 | Different levels of analysis and additional ESI-MS assignments for the 

spirocyclic triazole path from Figure 3. Allchemy MECH module screenshots of networks at 

Levels 2,3,4 with larger orange nodes denoting likely structural assignments (overlaid as 

highlighted structures, in addition to structures already shown in Figure 3b) of peaks observed in 

the ESI-MS of the crude-reaction mixture.    
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Extended Figure 2 | One-pot sequence from Figure 4a, starting from allyl iodide and 

cinnamyl alcohol. The sequence is presented as a, Level 1 and Level 4 networks and, b, list of 

mechanistic steps (both networks and the list are screenshots from Allchemy’s MECH module). 

Every step is accompanied by name, typical reaction conditions, solvent, and hyperlinks to 

illustrative literature references. Another hyperlink allows visualizing competing reactions 

whereas clicking the “flask” icon expands a given step to show its byproducts (here, for 

deprotonation of primary alcohols step, indicated by blue and pink frames, corresponding to 

alternative reagents for this reaction). The exclamation mark points to the key cross-reactivity 

conflict which renders this sequence one-pot rather than MCR (excessive allyl iodide would react 
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with n-butyllithium, hampering deprotonation and subsequent Witting rearrangement. c, 

Allchemy’s pKa filter41 predicting correctly the most acidic CH position in the deprotonation step. 
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Extended Figure 3 | Multicomponent reaction from Figure 4c, starting from 2-(buta-2,3-

dien-1-yloxy)naphthalene, N-phenylmaleimide and acetic anhydride. This MCR is presented 

here as a, Level 1 and Level 4 networks and b, list of mechanistic steps (both networks and the list 

are screenshots from Allchemy’s MECH module). Every step is accompanied by name, typical 

reaction conditions, solvent, and hyperlinks to illustrative literature references. As in Extended 

Figure 2, by-products of each reaction can be visualized by clicking on the “flask” icon.  
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Extended Figure 4 | The first of the two MCRs from Figure 4e, starting from allyl thiol, 4-

cyanobenzaldehyde and 1-(p-tolyl)buta-2,3-dien-1-one, catalyzed by DBU. This MCR is 

presented here as a, Level 1 and Level 4 networks and, b, list of mechanistic steps (both networks 

and the list are screenshots from Allchemy’s MECH module). Every step is accompanied by name, 

typical reaction conditions, solvent, and hyperlinks to illustrative literature references. As in 

Extended Figure 2, by-products of each reaction can be visualized by clicking on the “flask” icon. 
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In Level 4 network, terminal nodes corresponding to unstable molecules (charged, enols) that were 

not involved in any further reactions are not shown for clarity. 
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Extended Figure 5 | The second MCR from Figure 4e, starting from allyl thiol, 4-

cyanobenzaldehyde and 1-(p-tolyl)buta-2,3-dien-1-one, catalyzed by acyl chloride. This MCR 

is presented here as a, Level 1 and Level 4 networks and, b, list of mechanistic steps (both networks 
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and the list are screenshots from Allchemy’s MECH module). Every step is accompanied by name, 

typical reaction conditions, solvent, and hyperlinks to illustrative literature references. As in 

Extended Figure 2, by-products of each reaction can be visualized by clicking on the “flask” icon. 

In Level 4 network, terminal nodes corresponding to unstable molecules (charged, enols) that were 

not involved in any further reactions are not shown for clarity. 
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Extended Figure 6 | Example of a failed reaction. Top part shows the MECH-proposed MCR 

which was of some interest to us due to it combining a known Passerini MCR with a [3+2] 

cycloaddition of azide and alkene. This MCR was expected to result in a tricyclic structure 

containing 4,5-dihydro-triazole and lactone rings. In experimental validation, various 

combinations of substrates were investigated, e.g., 2-cyclopentene-1-one which was unreactive, 

cinnamaldehyde and aliphatic/aromatic azido acids resulting only in Passerini products with 

moderate to good yields, or cinnamic acid with aliphatic/aromatic azido-aldehydes (with similar 

effect). Using alkynes as well-recognized substrates for Huisgen cycloaddition (bottom scheme) 

did not solve the problem. Neither acids nor aldehydes bearing triple bonds in their structures led, 

in the presence of copper or ruthenium catalyst, to desired products. Literature investigation 

(Chem. Rev. 116, 14726, 2016; J. Org. Chem. 71, 8680, 2006; J. Am. Chem. Soc.,132, 41, 14327, 

2010) and analysis of conformation energies of theoretical products suggest that desired 

regioselectivity of cycloaddition in all investigated examples would entail formation of 

prohibitively strained structures. This failed example points to the need to constantly improve our 

static library of problematic motifs or even replace it with on-the-fly calculations by molecular 
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mechanics (which, as we showed in recent work on carbocationic rearrangements, is doable40 but 

increases CPU time considerably).  
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Extended Figure 7 | Individual mechanistic steps vs. “supersteps”. Allchemy screenshots 

illustrating a, Imine formation divided into all mechanistic steps; and b, Imine formation with 

“short-cut” combining Amine addition to protonated ketone, Proton transfer, Iminium cation 

formation and Deprotonation of iminium cation into one “superstep”. 
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