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IBM and the data science / chemistry ecosystem?
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§ Accelerated discovery – IBM RXN

§ Two sides in our relationship with the ecosystem:

§ User: existing data/tools to develop new AI models

§ Provider: make technology available & usable via platform

§ Interesting interplay between research and platform development!

§ Example (today’s talk): disconnection aware retrosynthesis
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4. Disconnection aware retrosynthesis
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Reaction prediction
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?

O=C(Cl)c1ccc(CBr)cc1NCc1cccc(Cl)c1 O=C(NCc1cccc(Cl)c1)c1ccc(CBr)cc1

N  C  c  1  c  c  c  c  (  Cl  )  c  1  .  O  =  C  (  Cl  )  c  1  c  c  c  (  C  Br  )  c  c  1 O  =  C  (  N  C  c  1  c  c  c  c  (  Cl  )  c  1  )  c  1  c  c  c  (  C  Br  )  c  c  1

Textual representation (SMILES)

“Sentence of atoms” “Translation”

Schwaller, P.; Laino, T.; Gaudin, T.; Bolgar, P.; Hunter, C. A.; Bekas, C. & Lee, A. A., ACS Cent. Sci., 2019, 5, 1572-1583. 

Molecular Transformer

Background: 1/7



Retrosynthetic analysis 
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N  C  c  1  c  c  c  c  (  Cl  )  c  1  .  O  =  C  (  Cl  )  c  1  c  c  c  (  C  Br  )  c  c  1O  =  C  (  N  C  c  1  c  c  c  c  (  Cl  )  c  1  )  c  1  c  c  c  (  C  Br  )  c  c  1

Similar approach, both sides switched
“Translation”

?

Schwaller, P.; Petraglia, R.; Zullo, V.; Nair, V. H.; Haeuselmann, R. A.; Pisoni, R.; Bekas, C.; Iuliano, A. & Laino, T., Chem. Sci., 2020, 11, 3316-3325.

Transformer

One among many correct 
sets of precursors

Background: 2/7



Completing partial chemical equations
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Background: 3/7

Vaucher, A. C.; Schwaller, P. & Laino, T., Chemrxiv.13273310, 2020.



+ amine 
 (1.2.14)

+ alcohol 
(1.2.17)

Weinreb reactions:
- Bromo / Iodo coupling 
(3.9.14/17)
- Ketone synthesis (3.9.13)
- Amide synthesis (2.1.9)

Nitro to Amino 
(7.1.1)

Nitration  
(10.2.1)

Iodo N-methylation  
(1.1.3)

Alkene 
Hydrogenation
 (7.6.1)

Diels-Alder
 (3.11.3)

Chloro N-Arylation (1.3.7)

    Chloro 
N-Alkylation 
(1.6.4)

Bromo 
N-Alkylation 
(1.6.2)

Ether synthesis 
(1.7.7/9/11) 

Esterification 
(2.6.2)

Oxidations 

CO2H-Me
deprotection  (6.2.2)

O-Bn deprotection  (6.3.1)

N-Bn deprotection  
(6.1.5)

- Formic acid + amine
condensation (2.1.18)
- Formylation (10.4.1)
- Methyl to Formyl (8.8.1)
- Vilsmeier-Haack (3.11.14)

Alkyne 
to Alkene 
Hydrogenation
 (7.7.1)

Iodination  
(10.1.4)

Carboxylic ester 
+ amine reaction (2.1.10)

Carboxylic acid
+ amine 
condensation (2.1.2)

Aldehyde reductive
amination (1.2.1)

CO2H-Et deprotection
(6.2.1)

Epoxide coupling 

Methyl esterification
(1.7.6)
 

Amide 
Schotten-Baumann

(2.1.1)
 

N-Boc deprotection
(6.1.1)

Nitrile reduction
(7.3.1)

Cyano to formyl 
to  carbomoyl
(9.5.182 / 9.7.57)

Hydroxyimino to amino
(9.7.286)

N-Boc 
protection
(5.1.1)

different
heterocycle
formation
(4.1 / 4.2) 

O-TBS  deprotection
(6.3.2)

Methoxy to Hydroxy (6.3.7)

Bromo-Suzuki
coupling  (3.1.1)

Iodo-Suzuki
coupling  (3.1.3)

Bromination
               (10.1.1)

Chloro-Suzuki
coupling  (3.1.2)

Bromo N-Arylation
(1.3.6)

     Wittig
olefination
(3.8.1)

Separations  (11.1 / 11..9)

Thiazole synthesis
               (4.3.3)

Hydroxy 
to Chloro
(9.1.6) - Iodo Sonogashira (3.3.4)

- Iodo Heck (3.2.3)
- Hiyama coupling (3.5.1)
- Chloro Sonogashira (3.3.3)

Unrecognised
Heteroatom alkylation and arylation
Acylation and related processes
C-C bond formation
Heterocycle formation
Protections
Deprotections
Reductions
Oxidations
Functional group interconversions
Functional group additions
Resolutions

Pd-(OAc)2
K2CO3

Iodo-Suzuki coupling Chemical 
Reaction

Atlas

Classifying and mapping reactions
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Schwaller, P.; Probst, D.; Vaucher, A. C.; Nair, V. H.; Kreutter, D.; Laino, T. & Reymond, J.-L., Nat. Mach. Intell., 2021, 3, 144-152.

Background: 4/7



Prediction of chemical reaction yields
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Our reaction language models

Yield

Yield-BERT

Reaction encoder
& regression head 70.4%reaction 

SMILES

9

[1]
[2]

[3]
[4]

[F,Cl,Br,I]

C:1
*

*

N:4
C:5

*
C:1

*

N:4

C:5+

15 aryl halides methylaniline

4 Buchwald ligands
1 Pd catalyst, 
3 bases, 23 additives

3955 Buchwald-Hartwig reactions
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Schwaller, P.; Vaucher, A. C.; Laino, T. & Reymond, J.-L., Mach. Learn.: Sci. Technol., 2021, 2, 015016.

Background: 5/7



Atom mapping: RXNMapper
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Visual Analysis 
of Attention Weights
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Discovery: Atom-mapping

precursors           |        products

Schwaller, P.; Hoover, B.; Reymond, J.-L.; Strobelt, H. & Laino, T., Sci. Adv., 2021, 7, eabe4166.

Background: 6/7



Synthesis actions & synthesis automation
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C1=CC(C(=O)C)=CC=C1Cl>>C1=CC(C(=O)C)=CC([N+]([O-])=O)=C1Cl

Vaucher, A. C.; Schwaller, P.; Geluykens, J.; Nair, V. H.; Iuliano, A.; Laino, T., Nat. Commun., 2021, 12, 2573.

Operation 1

Operation 2

Operation 3

Operation 4

…

Background: 7/7



Synthesis actions & synthesis automation
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Operation 1

Operation 2

Operation 3

Operation 4

…

Background: 7/7
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Freely available 
platform:

rxn.res.ibm.com
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API wrapper on GitHub:
github.com/rxn4chemistry/rxn4chemistry
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Retrosynthesis: numerous data-driven models!
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Schwaller, P. et al., Machine intelligence for chemical reaction space, WIREs Comput. Mol. Sci., 2022, e1604.

Only a 
selection!



Retrosynthesis: recent models
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Retrosynthesis: metrics?
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Metrics?



Retrosynthesis: metrics?
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“On direct synthesis and retrosynthesis 
prediction benchmark datasets we publish 
state-of-the-art results for top-1 accuracy.”

“We adopt the conventional top-k accuracy of 
the full reactants to evaluate the 
retrosynthesis performance.”

“Typically, these data-driven methods are 
evaluated in terms of top-N accuracy”

“We acknowledge that top-N accuracy alone 
does not paint a complete picture of a one-
step model’s performance, as others have 
also argued.”



Retrosynthesis: metrics?
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§ top-N accuracy is not fully satisfactory – a necessary evil

§ Multi-step: hard to assess as well!
§ Top-N
§ Turing test
§ Percentage of solved molecules

§ What do the chemists need?



Our experience with IBM RXN
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§ DEMO:  CN(C/C=C/c1ccc(Br)cc1)C(=O)CCl



Our experience with IBM RXN
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§ Many chemists prefer “interactive” mode

§ DEMO:  CN(C/C=C/c1ccc(Br)cc1)C(=O)CCl



Even more interactive control?
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§ Let the chemists decide where to break the compound?
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Disconnection-aware retrosynthesis
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Goal:

Input (target compound) Output (precursors)



Machine learning model
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Input Output

Inspired by the Molecular Transformer
Schwaller, P.; Laino, T.; Gaudin, T.; Bolgar, P.; Hunter, C. A.; Bekas, C. & Lee, A. A., ACS Cent. Sci., 2019, 5, 1572-1583. 

Cn1c2c(Br)cccc2[nH]c1=O
CNc1c(N)cccc1Br.CC#N.O=C(n1ccnc1)n1ccnc1

“Translation”

C[n:1]1c2c(Br)cccc2[nH:1][c:1]1=O

*Not shown here for readability: the Model uses tokenized SMILES strings: “C[n:1]1c2c(Br)…”  à “C [n:1] 1 c 2 c ( Br ) …”



Dataset generation
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§ Start from atom-mapped reaction:



Data and model

§ >2M patent reactions from Pistachio [1]

§ Atom-mapped with RXNMapper [2]

§ Training, validation, and test sets of sizes 2.27M, 10.0k, and 126k.

§ Transformer-based seq-2-seq model implemented with OpenNMT [3]
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[1] Nextmove Software Pistachio, http://www.nextmovesoftware.com/pistachio (Accessed Sep 23, 2021).
[2] Schwaller, P.; Hoover, B.; Reymond, J.-L.; Strobelt, H. & Laino, T., Sci. Adv., 2021, 7, eabe4166..
[3] Klein, G. et al, OpenNMT: Open-Source Toolkit for Neural Machine Translation. ACL 2017.



Results: examples
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Results
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Number of
tagged atoms

Dataset
fraction (%)

Disconnection
accuracy (%)

Round-trip
accuracy (%)

Identical to
ground truth (%)

0 1.29 98.3 7.3 9.0

1 12.65 99.1 84.2 13.9

2 51.22 98.5 88.4 15.6

3 10.99 92.2 59.3 15.4

4 5.64 77.2 45.9 10.6

5 5.34 78.5 53.0 13.4

6-10 8.96 56.3 38.2 9.5

>10 3.91 22.4 20.7 9.7

Overall 100.0 88.9 76.0 14.1



Results
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Next steps
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Thank you for your 
attention!

Questions or comments
E-mail: ava@zurich.ibm.com

Twitter: @acvaucher

Preprint with initial results: ibm.biz/disconnection-aware-retro
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