
1 
 

Supplementary Information for Manuscript 

 

 

The logic of translating chemical knowledge into machine-processable forms: A modern 

playground for physical-organic chemistry. 

 

Karol Molga1, Ewa P. Gajewska1, Sara Szymkuć1, Bartosz A. Grzybowski1,2,* 

1 Institute of Organic Chemistry, Polish Academy of Sciences, ul. Kasprzaka 44/52, Warsaw 01-224, 

Poland 
2 IBS Center for Soft and Living Matter and Department of Chemistry, UNIST, 50, UNIST-gil, 

Eonyang-eup, Ulju-gun, Ulsan, 689-798, South Korea 

*Correspondence to: nanogrzybowski@gmail.com  

 

Contents: 

Examples of synthetic predictions by linguistics-based (Figure S1) and machine-extracted, rule-

based (Figures S2-S25) algorithms vs. predictions by Chematica (Figures S2-S25) using 

mechanism-based reaction rules. The examples are chosen to emphasize the difference in rule 

quality when dealing with even simple targets. For more complex synthetic examples using 

Chematica, see ref. 7 and the experimentally validated syntheses in ref. 9 in the main text. The 

examples are based on the versions of the softwares as of late October 2018.  

 

 

 

Electronic Supplementary Material (ESI) for Reaction Chemistry & Engineering.
This journal is © The Royal Society of Chemistry 2019



2 
 

 

 

Figure S1. IBM’s tool (https://rxn.res.ibm.com) for predicting outcomes of organic reactions using 

neural sequence-to-sequence models (based on Schwaller et. al., Chem. Sci., 2018, 9, 6091) fails 

even for simple examples. a) Neural network predictions for the reaction of cinnamaldehyde with 

cyclopentadiene are far from the known and realistic reactivity patterns. These two compounds are 

known to participate in Diels-Alder (i), aldol (ii), ene (iii) or tandem ene-aldol (iv) reactions shown 

in the red inset. None of these reactivity patterns are proposed. Instead, formation of products 

returned by the neural network requires extrusion of carbon atom from enal (#1) or migration of 

carbon atom from cyclopentadiene to enal to form 6-4 ring system in #2 and #3. Both processes 

proposed by the platform would raise an eyebrow (mildly speaking…) of any practicing organic 

chemist. b) Allyl alcohols are well known to react with aldehydes under acidic conditions yielding 

tetrahydropyrans in Prins reaction or under metal catalysis to deliver reductive aldol adducts 
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(reactions shown in red in the inset). None of these reactivity patterns are rediscovered by IBM’s 

neural network. Instead, the proposed products are made via a highly improbable (unknown in 

chemistry!) coupling of alkene and aldehyde with the extrusion of carbon atoms from the 

unactivated alkyl chain yielding products with five (#2) and six carbon (#1,#4,#5) chains. 

(Additionally, #1, #4 and #5 return the same main product with different confidence levels). The 

only reasonable suggestion (albeit predicted as only third) is the formation of acyclic acetal. For this 

example, comparison to Chematica is not feasible since Chematica works in the retrosynthetic, not 

“forward” direction. 
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Figure S2. A chemically trivial retrosynthetic analysis of indole’s synthesis in MIT’s ASKCOS 

system. The results obtained are mainly (14/25) deprotections or removals of functional groups, 

leading to commercially unavailable (8/14) or expensive (>30$/g, 3/14) predecessors. Additionally, 
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the program produced two variants (#14 is identical with #23) of the same method – Leimgruber-

Batcho cyclisation – with only minute differences in leaving groups (diethylamine vs. pyrrolidine). 

The proposed Bartoli indole synthesis requires ortho-substitution (which is missing in the examined 

case and in the extracted reaction core, see Figure S3) to proceed with any satisfactory yield – we 

note that such small nuances of chemical reactivity are extremely important as the small difference 

in structure may cause dramatic change in reactivity and virtually impossible to be covered by any 

automatic rule extraction system due to insufficient number of reported examples. The program also 

does not account for the pricing of starting materials and scores higher cyclisation of more 

expensive (4$/g) nitrophenylacetonitrile (#2) over similar reaction (#6) using aniline (1$/g) and tris-

etanoloamine (1$/g) or reduction (#4) of indolinone (1$/g). Top 25 out of 32 returned results are 

shown. Top predictions returned by Chematica (bottom) take advantage of inexpensive and 

commercially available derivatives (indoline, methyl indole-3-carboxylate or chloroindole). 

Alternatively, the indole skeleton is created from the phenylacetonitrile or in the Fischer, 

Leimgruber-Batcho, or Mandelung processes. 

 

 

Figure S3. Automatically extracted core of the Bartoli indole synthesis from the ASKCOS software. 

The necessary ortho-substitution is not taken into account.  
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Figure S4. Retrosynthetic planning of methyl bicyclo[2.2.1]hept-5-ene-2-carboxylate in MIT’s 

ASKCOS system (http://askcos.mit.edu/retro/). As a reference, this compound can be prepared in 

one step from commercially available methyl acrylate and cyclopentadiene in the must-know, 

synthetically powerful Diels-Alder cycloaddition – this approach is easily found by Chematica 

(screenshot of Chematica’s top-scoring solution shown at the bottom, on black background) but was 

not suggested by the neural network. Instead, several disconnections of the simple methyl ester 

(hydrolyses, transesterifications and modifications of oxidation states) dominated the top-20 results. 

Additionally, nonproductive removals of functional groups were suggested. All ASKCOS-proposed 

results for this target are shown.  
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Figure S5. Retrosynthetic planning of methyl 4-(4-iodo-phenyl) piperazine-1-carboxylate in MIT’s 

ASKCOS system. As a reference, the synthesis of this class of compounds is usually finalized by 

the formation of carbamate or electrophilic aromatic iodination – this approaches are easily found 

by Chematica (screenshots of the top-scoring solutions at the bottom). Although the formation of 

carbamate was the top ASKCOS’prediction, the electrophilic aromatic iodination was only its ninth 

suggestion. In addition, several other suggestions from top20 results raise reactivity concerns. For 

instance, Buchwald-type amination of an aryl chloride or bromide (reactions ranked #2 and #3) is 

virtually impossible in the presence of a more reactive aryl iodide (see main text, Figure 6). 



8 
 

Analogous reaction of an aryl fluoride ranked as #5 (occurring via SNAr mechanism) has marginal 

chances to succeed due to lack of electron withdrawing groups activating the ring towards the 

nucleophilic substitution. Additionally, reactions #6 and #21 raise chemoselectivity concerns due to 

the presence of an aryl iodide. Moreover, ASKCOS proposed (#19,#20,#22,#23) unstable and 

decarboxylation-prone carbamic acid as a substrate. Inspection of the reaction template responsible 

for the outcome shown in #19 clearly demonstrates that automatically generated reaction rule 

cannot distinguish groups (here, unstable carbamic and stable carboxylic acids) of quite different 

reactivities. All returned results are shown. 
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Figure S6. Attempted multistep retrosynthetic planning of 2,2’-dibromo-iodobiphenyl. This class of 

polyhalogenated building blocks is usually prepared via iodination, Suzuki coupling, and 

Sandmeyer reaction. ASKCOS suggestions for this compound rise several serious selectivity and 

cross-reactivity concerns. For example, Suzuki coupling (#1, #19) with aryl bromide will not 

proceed if a more reactive aryl iodide is present (see main text, Figure 6). Additionally, an aryl 

halide cross coupling shown in (#2, #20), Suzuki coupling (#5,#6), and selective removal of one of 

the iodides (#9 and #10) will lead to a mixture of products (due to a presence of multiple 

nonequivalent groups). As in previous examples, multiple FG removals (here: deaminations) were 

also present in top20 results. Expanding one of the proposed intermediates – a substrate for 

Sandmeyer reaction – leads to the set of second-step  suggestions (right panel) often suffering 

from the abovementioned selectivity and reactivity concerns: arylation of an aryl chloride 
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(#2,#13,#15) or phenol (#5,#20) is proposed in the presence of an incompatible aryl bromide while 

cross coupling of aryl halides (#4) or Suzuki coupling with dibromoaniline (#1,#11) will lead to a 

mixture of products. Finally, in #30 arylmagnesium reagent with protic NH2 group is used as a 

substrate while these functional groups simply cannot exist together. Left panel: top 20 out of 28 

returned results are shown, right panel: top 20 and #30 out of 41 returned results are shown. Full 

synthetic pathways generated autonomously by Chematica (top 3 shown in the bottom part) rely 

either on the electrophilic aromatic halogenations (#1, #2) or take advantage of Suzuki coupling and 

Sandmeyer reaction (#3). This is one example we found where some of Chematica’s suggestions 

raise concerns: namely aromatic substitutions of substrates suggested in #1 and the second step of 

#2 are known to yield mainly regioisomeric products (here: 2,2’-dibromo-5-iodobiphenyl and 2,5-

dibromo-4’-iodobiphenyl). This inaccuracy is due to the Hammett/Hueckel/Proton-affinity based 

filter evaluating aromatic substitutions (90% correct, the example here is obviously in the 10% of 

erroneous predictions). However, the third solution returned by Chematica does not rise any 

reactivity and selectivity concerns.        
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Figure S7. Retrosynthetic planning of Linezolid’s intermediate in MIT’s ASKCOS system. The 

target is of interest since it is found in many patented routes we describe in 69. Several of ASKCOS’ 

suggestions for this target rise serious concerns of low selectivity and/or insufficient chemical 

reactivity. Selective functionalization of unsymmetrical diamine (#10,#11) has never been reported 

and will deliver a mixture of products. Presence of the electron-donating amine group in #4 

deactivating the ring towards SNAr reaction is highly problematic and renders this transformation 

unfeasible to perform – even more reactive 3,4,5-trifluoroaniline required heating to 180 °C for 36 h 

in neat morpholine to give the product in moderate yield (Eur. J. Org. Chem. 2012, 7048–7052). 

Selective substitution of difluoroaniline (#4) is also a currently an unknown process – in fact, the 

attempted reaction with alcohol (Eur. J. Org. Chem. 2012, 7048–7052) led to a 1:1 mixture of 

products. As in previous examples, several (19/35) unproductive removals of protecting groups 

(blue) or halogen atoms (grey) were present in top35 results. Additionally, #3 

(substitution/reduction) and #20 (nitration/reduction) are overlapping with the top prediction. Top 

35 out of 39 returned results are shown. In contrast, synthetic pathways returned by Chematica 

(bottom) do not suffer from any chemical reactivity issues. 
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Figure S8. Retrosynthetic planning of a chiral acylated alcohol in the ASKCOS system. 

Displacement of mesylate (#15) or alkoxydiphenylphosphine (#19) with carboxylic acid occurs 

with inversion of configuration via SN2 mechanism. However, the reaction templates for these 

reactions generate substrates corresponding to a chemically incorrect stereoretentive process. See 

Figure S9 for details of ASKCOS’ template for #15.  

 

 

Figure S9. Automatically extracted core for the substitution of a mesylate with a carboxylic acid 

ignores inversion of configuration and generates substrates with improper stereochemistry. The 

same template is not limited to primary and secondary mesylates and allows for substrates bearing 

hardly reactive, tertiary mesylates. 
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Figure S10. Retrosynthetic planning of a chiral aryl ether in MIT’s ASKCOS system. Several 

suggestions relying on SN2 displacements (#1, #12, #13, #15, #17, #19 and #20) use substrates 

corresponding to chemically incorrect stereoretentive process. Additionally, the oxidative 

alkoxylation proposed as #14 is feasible only when appropriate metal-coordinating group is present 

in the substrate to facilitate C-H activation. The reaction template for this transformation (see 

Figure S12) does not take into account this requirement.  
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Figure S11. Automatically extracted templates for Mitsunobu displacement with a phenol 

nucleophile in the ASKCOS software. Top: This reaction occurs with inversion of configuration. 

Stereoretentive process is feasible only when anchimeric assistance (here, from a tertiary amine 

present in the specific literature precedent but missing in the extracted reaction transform) is 

possible.  Bottom: The reaction template extracted from a large number of examples (>7000) also 

does not account for inversion of configuration for secondary alcohols. 
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Figure S12. Automatically extracted core of oxidative alkoxylation in the ASKCOS software. The 

proposed process is feasible only if appropriate metal-coordinating group (usually pyridine, N-

heterocycle, or amide) is present in the substrate. Additionally, the literature precedent used to 

support this reaction template (bottom) was erroneously deposited in the database and misses 

fluoride atom being substituted in SNAr process in the original publication (inset in top-right part). 
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Figure S13. Retrosynthetic planning of tetrahydroisoquinoline in MIT’s ASKCOS system. Several 

of the top-scoring solutions are limited to removals of different protecting groups or reductions of 

an amide (#1) or cyclic imines (#13,#16). The automatically extracted reaction template (see Figure 

S14) for Pictet-Spengler cyclisation (#4) is too general and lacks information regarding the type of 

the reacting aromatic system. This reaction is limited to electron-rich arenes and heteroarenes while 

ASKCOS allows for the annulation of electron-poor pyridine. Bottom: In contrast, Chematica’s top-

scoring solution commences with reduction of a commercially available amide to imine and 

subsequent addition of an organometallic reagent derived from iodobenzene.   
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Figure S14. Automatically extracted core of Pictet-Spengler cyclisation from the ASKCOS 

software incorrectly allowing for the annulation of electron poor heteroarenes (here, pyridine in 

example from Figure S13). 
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Figure S15. Retrosynthetic planning of chiral cis cyclopentanone in MIT’s ASKCOS system. The 

reaction template (see Figure S16) for chiral conjugated addition of an organometallic reagent to an 

enone (#4) does not account for the presence of mismatched substituents and allows for chemically 

incorrent syn-selective process. None of the 14 reaction templates (see Figures S18-S22) for 

substrate-controlled reductions of alkenes (#2, #7, #17, #18) accounts for the necessary structural 

features controlling the reaction’s outcome. Bottom: In Chematica’s solution, the desired 1,2-cis 

cyclopentanone is constructed via addition of an organometallic reagent followed by trapping and 

oxidation of an enolate and substrate-controlled reduction of an alkene. In sharp contrast to 

automatically extracted rules (cf. Figures S18-S22), the expert-coded template (shown in the inset 

in the bottom-left part of the Figure) accounts for the presence of substituents dictating the 

stereoselective reaction’s outcome. 
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Figure S16. ASKCOS’ automatically extracted core of a chiral-catalyst-controlled conjugated 

addition allows for mismatched substrates.  
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Figure S17. Retrosynthetic planning of chiral trans-cyclopentanone in MIT’s ASKCOS system. 

None of the 14 reaction templates (see Figures S18-S22) for substrate-controlled reductions of 

alkenes (#2, #7, #17, #18) accounts for the necessary structural features controlling the reaction’s 

outcome and allows for chemically incorrect process leading to the trans product. Bottom: In 

Chematica’s top-scoring suggestions, the desired 1,2-trans configuration is achieved 

enantioselectively via reduction of an enone, subsequent Saegusa type reoxidation, and substrate- 

controlled addition of an organometallic reagent. 
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Figure S18. Reaction templates extracted from substrate-controlled reductions of alkenes. None of 

the 14 templates (with the remaining ones shown in Figures S19-S22) used to generate precursors 

for the chiral cyclopentanone from Figure S15 accounts for necessary substituents dictating the 

reaction’s stereoselective outcome. 
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Figure S19. Reaction templates extracted from substrate-controlled reductions of alkenes. None of 

the 14 templates (with the remaining ones shown in Figures S20-S22) used to generate precursors 

for the chiral cyclopentanone from Figure S15 accounts for necessary substituents dictating the 

reaction’s stereoselective outcome. 
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Figure S20. Reaction templates extracted from substrate-controlled reductions of alkenes. None of 

the 14 templates (with the remaining ones shown in Figures S21-S22) used to generate precursors 

for the chiral cyclopentanone from Figure S15 accounts for necessary substituents dictating the 

reaction’s stereoselective outcome. 
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Figure S21. Reaction templates extracted from substrate-controlled reductions of alkenes. None of 

the 14 templates (with the remaining ones shown in Figure S22) used to generate precursors for the 

chiral cyclopentanone from Figure S15 accounts for necessary substituents dictating the reaction’s 

stereoselective outcome. 
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Figure S22. Reaction templates extracted from substrate-controlled reductions of alkenes. None of 

the 14 templates used to generate precursors for the chiral cyclopentanone from Figure S15 

accounts for necessary substituents dictating reaction’s stereoselective outcome. 
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Figure S23. Retrosynthetic planning of a chiral lactam in MIT’s ASKCOS system. Templates of 

stereoselective alkylations of the lactam (see Figure S24) do not account for necessary structural 

features dictating the reaction’s stereoselective outcome. Bottom: In contrast, in Chematica’s 

solution, the necessary stereocenter is created in acyclic system via alkylation controlled by a chiral 

auxiliary (cf. typical conditions for the second step). Subsequent removal of the auxiliary and 

intramolecular acylation yield the target molecule. 
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Figure S24. ASKCOS’ automatically extracted cores of substrate-controlled alkylation of imides do 

not account for the necessary structural features controlling the reaction’s outcome. 
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Figure S25. Attempted multistep retrosynthetic planning of Engelheptanoxide A in MIT’s ASKCOS 

system. In this final exercise, we attempted to design a synthetic pathway for Engelheptanoxide A, 

for which a synthetic plan was previously predicted by the Chematica software and executed 

experimentally (see Chem 4, 522, 2018). The suggestions obtained from ASKCOS system for this 

target molecule and a few proposed predecessors are nonproductive and limited to deprotections, 

protections, and nonproductive functional group interconversions. None of the proposed 

disconnections allowed for the formation of the key tetrahydropyran fragment – either via Prins 

cyclisation utilized previously in the synthesis of this class of compounds or even via a must-know 

SN2 alkylation of alcohol. Top left: top 10 out of 88 returned results are shown, bottom left: top 10 

out of 47 returned results are shown, top right: top 9 of 37 returned results are shown, bottom right: 

top 5 out of 30 returned results are shown. Note: The statement that no proper reactions were found 

pertains to the full sets of results (88/47/37/30), not only the top examples shown. 
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