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Executive Summary

Advances in computer-assisted synthesis planning (CASP) are revolutionising how new functional molecules
in many chemistry-using industries are being developed. CASP tools allow to assemble and analyse prior
knowledge of a specified chemical system (a molecule, a reaction, a synthesis route), to generate
hypotheses on experimental campaigns that could either be performed manually or using automated
reaction systems. Advanced CASP tools are combining data science, chemoinformatics, machine learning
and physical models-based predictive tools. Compared to expert-based synthesis planning, the power of
CASP techniques allows for faster and more comprehensive planning, which could significantly improve the

efficiencies of chemical process/product development.

This White Paper describes a recent collaboration project between Shionogi & Co. Ltd. and Chemical Data
Intelligence (CDI) Ltd. The CASP system developed by CDI (CDI-CASP) was tested in developing a new
synthesis of S-Zanubrutinib, a drug for lymphoma treatment. Three types of search in CDI-CASP - “search
synthesis routes”, “search analogue routes” and “search chiral reactions” - were iteratively applied for
synthesis planning. Setting search criteria requires expert involvement. This ‘human in the middle’

interactive strategy leads to a shorter, greener, and more efficient synthesis route compared to the

benchmark route filed in a patent.
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Introduction

Organic synthesis plays an important role in modern industrial products, such as development of medicines,
agrochemicals, functional additives to polymers and other products, and thus affects a wide range of daily
consumer choices and activities. As a classical chemistry research topic, organic synthesis remains a
dynamic field, because of many sophisticated challenges waiting to be resolved. In general, research
process in developing new syntheses can be split in two parts: synthesis planning and validating plans in
wet lab. Thanks to the developments in high-throughput experimentation techniques, robotics and lab
automation, the validation part could be accelerated as demonstrated by several research groups based in
both academia and industry.>? For synthesis planning, significant progress had also been made by taking
advantages of digitalising chemical data and having access to significant computing resources. The concept

of computer-aided synthesis planning (CASP) has attracted significant interest over the past few decades.

3-5

The idea of CASP can be traced back to 1960s pioneer works by Corey et. al.>’ In recent decades, this
research area became highly active because of the dramatically improved computing power and the
associated explosion of interest in new algorithms. Most CASP systems are developed based on two

technologies: expert-coded rules? and Machine Learning (ML).2

Expert-coded reaction rules had been applied in automatic generation of reactions.* This approach is
reliable yet limited to a specific set of rules (which should be continuously updated); as such, it lacks
flexibility and is, potentially, biased by the process of how rules are generated. In contrast, millions of
reaction templates, analogues to expert-coded rules but much more numerous, can be extracted from
large reaction datasets using Machine Learning (ML) algorithms.? However, a new issue arises as there may
be too many options for each individual reaction step. The number of possible synthesis routes increases
exponentially with the number of synthetic steps in a route. This problem is termed “combinatorial
explosion” .3 Algorithms for ranking and selecting templates were developed to reduce the computing load,
but it is non-trivial to balance computing cost and quality of results without, potentially risking losing

important routes.

Template-free techniques have also been developed for CASP systems.®1%1! Different to the template-
based methods, various ML models were trained to predict single-step reactions, then these models were
applied recursively on a target molecule to be synthesized. These ML algorithms included, but not limited
to, deep neural networks, Sequence to Sequence (seq2seq), transformer (both borrowed from Natural

Language Processing ), Graph Neural Networks (GNN) and Graph-to-Graph (G2G) methods.*?
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When approaching planning of multi-step syntheses, it is still critical to develop algorithms to prune
reactions or sub-routes and, thus, avoid the excessive computational load; some approaches use Monte
Carlo tree search (MCTS), for example.® Other challenges facing all ML-based synthesis prediction
approaches include: potential model overfitting, locally optimal choices during route search, lack of
reaction conditions information, poor quality of available data (bias and incomplete data), and lack of
methods to evaluate the predicted results.'® This explains why in recent years hybrid CASP systems, which
incorporate expert-coded rules, ML and well-designed searching heuristics/scores, have become

popular. 141>

CDI’s CASP System

The CASP system of Chemical Data Intelligence (CDI) has been evolving through academic curiosity-driven
research at the University of Cambridge in collaboration with the Reaxys™ team at Elsevier as part of their
Research Network, and practical test projects with our end-user clients. Through the combination of the
developed methods and interactions with industry expert CDI has created an iterative CASP system that

supports creativity of synthetic chemists by enriching their data sources.

At present the CDI-CASP system is able to perform three types of data searches:

1. Search of synthetic routes
Retrosynthesis of a target molecule using Reaxys™ as the main data source. Routes of up to 15
steps can be searched. Various heuristics are implemented to guide and customize the search to
meet diverse search objectives / criteria (e.g., avoiding specific compounds or sub-structures in the
routes, avoid patented reactions, using only bio-based feedstocks, and so on). This type of search
helps users to explore new routes/sub-routes and also to identify potential new feedstocks or
starting compounds for routes.

2. Search of “analogues” routes
We define “analogues” routes as those where reactions are suggested by literature precedents of
reactions with molecules containing sub-structures of the actual molecules of interest. These
would typically include chemical transformations such as bond breaking, elimination/replacement
of atoms/groups, hydrogenation, ring formation, etc. Analogue routes carry useful reaction
information which could inspire design of new synthesis methodologies, but do not guarantee
success.

3. Search of analogues chiral reactions
This function helps find asymmetric synthesises affording chiral substructures defined by the user.
By leveraging information from analogue chiral reactions, users can develop and experiment with

new chiral reactions.
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Based on these search types, we developed a web based CASP system with the following features:

1. Objective-oriented synthesis planning
Users may have very different objectives for their synthesis tasks, including shorter synthesis
routes, use of less hazardous reagents, higher yields, or greener feedstocks. These objectives are
translated into heuristics (e.g., yield threshold, unfavoured solvents, preference of substructures
etc.) to guide the search. This approach also allows close interaction between users and our
system. A user iteratively refines their search to obtain the satisfactory set of results.

2. Conducting multistep retrosynthesis planning
Algorithms have been developed to resolve the issues of “combinatorial explosion” and locally
optimal routes.

3. Maximize utilization of molecular and reaction information
For molecular information, CDI-CASP allows to search at molecular substructures/atom levels.
Reaction information is evaluated during search. All resulting reactions can be validated
experimentally since they are all reported reactions. Scores to evaluate reactions and routes were
devised to complement the existing sparse reaction data.

4. Ability to design new routes
New and innovative synthesis routes often arise from the application of unexpected routes/sub-
routes or molecules based on the standard search algorithm and novel synthesis methods are
inspired by findings from “analogous” search algorithms.

5. Ability to provide information for asymmetric syntheses
“Search analogue chiral reactions” provides search of targeted chiral substructures, rather than a
specific chiral molecule, resulting in more information than that resulting from a conventional
literature research.

6. Easy analysis of results
To facilitate analysis of the obtained results various visualization methods were developed, such as
ranking routes using different metrics, selection and display of interesting specific molecules,

generating network view, etc.

To demonstrate the functions and features of CDI-CASP, we conducted the search of synthesis routes of S-
Zanubrutinib, a molecule for the treatment of lymphoma; commercial name Brukinsa. A synthesis route
filed in a recent patent was chosen as the benchmark route, as shown in Fig. 1.2 This synthesis route
consists of 12-steps (three parallel steps from two feedstocks) and involves many hazardous molecules.
The objectives of this case study are:

1. Reduce the number of synthesis steps.

2. Find routes with a higher overall yield.

3. Avoid hazardous reagents, solvents and intermediates.
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4. Explore potential use of renewable feedstocks.
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Fig. 1. A 12-steps synthesis of S-Zanubrutinib reported in the patent.'® Problems of this benchmark routes

are highlighted in red, including hazardous molecules and inefficient synthesis strategies (steps 5 and 8).
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Overall methodology

As shown in Fig. 2, CDI-CASP offers three search functions that can be utilized either as standalone tools or

in combination for interactive exploration of a synthesis challenge. The interactive mode is more common

for most synthesis planning projects. Given a target molecule to synthesize, one can start from a multi-

steps retrosynthesis search using the “Search synthesis routes” function to generate an initial pull of routes

ranked according to the user-selected heuristics and thresholds. Based on these initial results, the user may

re-run the retrosynthesis search or perform other search functions to modify and improve on the list of

output routes. There are no rules on which type of search should be conducted first.

In synthesis planning, different search functions can be conducted iteratively, with expert judgement

incorporated after each epoch, until the synthesis objective is achieved, or no more useful information can

be extracted.

CDI-CASP

[
L

<<extend>>

= — = —

|

Search analogue routes

0e) (
L

Users

<<extend>>

I
I
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LSearch analogue chiral reactions

Search synthesis routes  [«————~

<<include>>

Set up and start searching
Feedstocks, Target molecules, Heuristics
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Display and examine results
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Display and examine results
Qualified analogue routes

<<include>>

Set up and start searching
Chiral substructure, Heuristics

<<extend>>

Display and examine results
Qualified chiral reactions

Fig. 2. A diagram illustrating user interaction with CDI-CASP.
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Search synthesis routes

The “searching synthesis routes” function provides a retrosynthesis search, starting from one or multiple
target molecules to be synthesized. In practice, multiple targets of similar molecules or isomers can be
specified to gather as much relevant information as possible. Target molecules and feedstocks are specified
by drawing molecular diagrams (Fig. 3.1). Users can also select feedstocks by types: “commercial”, “hubs”

|Il

and “renewables”. Here “commercial” means commercially available molecules, “hubs” are the highly
accessible molecules found by using ML and graph analysis,” and “renewables” are molecules derived from

biomass.

After specifying targets and feedstocks, the number of steps to be searched backwards (up to 15) should
be provided. Many heuristics have been devised to guide the search and to filter results, Table 1. Most are
lumped in “Advanced Settings” with default configurations. New users may get better understanding of
how to curate “Advanced Settings” after the first round of search. Preference of molecular fragments and
yield threshold of reactions are picked in the first round of search, since fragment-based heuristic may be

relevant to many search objectives, see Fig. 3d1.

a. Specify target molecules to synthesize d1. Set preferences of specific molecular fragments.
BEOCXBAS0e L

., & . - .
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|
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b. Specify feedstocks. c. Set steps, parameters for long-range searches. d. Set molecular fragments. e. Further customization using “Advanced
Number of synthetic steps Settings” or start searching.
oo 1
User Draw el ST e & 12 gReEE Yield threshold for reactions
Commercial | : i See Results
Reactions with yields less than 50.0 %
Renewables

Additional parameter for long-range search:
‘ Hubs f Advanced Settings
N Search method: n

Search speed:

Fig. 3. Demonstration on setting up parameters and heuristics for “searching synthesis routes”.
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Table 1. Parameters and heuristics for searching synthesis routes.

Inputs Types Definitions
Targets Mandatory Molecules to synthesize.
Feedstocks Mandatory Molecules as starting materials.
Synthesis steps Mandatory Total number of synthetic steps.
Parameters for long- Mandatory When synthesis steps larger than 5, need to choose one of
range search two search methods and search speed (fast or slow).
Fragments Optional, Unfavored molecular fragments to avoid or preferred
molecule fragments to keep along a route.
heuristic
Yield threshold Optional, Reactions with vyield less than the threshold will not be
reaction included in results.
heuristic
Preference on Optional, Avoid reactions containing unfavored solvents or only keep
solvents reaction reactions with preferred solvents.
heuristic
Preference on Optional, Avoid reactions containing unfavored reagents or only keep
reagents molecule reactions with preferred reagents.
reaction
Preference on Optional, Avoid reactions containing unfavored reactants/products or
reactants and molecule only keep reactions with preferred reactants/products.
products heuristic
Remove molecules Optional, Remove unfavored molecules or reactions in reaction
and reactions in network networks composed by synthesis routes.
network heuristic
Similarity threshold ~ Optional, Reactions with vyield less than the threshold will not be
molecule included in results.
heuristic
Yield-based heuristic  Optional, Cumulative yields of target products less than this threshold
for routes route heuristic  will be removed from results.
Similarity-based Optional, Cumulative similarity-based score of routes less than this
heuristic for routes route heuristic threshold will be removed from results.
Ranking methods Optional, Routes will be ranked and filtered using either yield-based

route heuristic

scores or similarity-based scores.

In many cases, search may end up with thousands of qualified routes. Users may consider five ways to
handle the overwhelming number of results:

1. Rankroutes using scores listed in Table 2. Different scores provide different perspectives of routes.
Users may only need to examine top-n routes ranked by a specific type of score.

2. Group resulted routes by feedstocks. The number of available feedstocks can be limited. Probably
only a few of feedstocks are of the interest. Routes grouped by feedstocks can also be ranked by
other specific route scores.

3. Analyse reaction routes with the aid of network view. Note that the final results afford a small
reaction network extending from targets. Each reaction route is a path from a feedstock to a target.
Drawing of a network provides a straightforward view of reaction relationships. Hundreds of routes

may be derived from a networks with only tens of molecules.

9
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4. Remove reactions and/or molecules from the final reaction network. Removing edges (reactions)
and/or nodes (molecules) may significantly reduce the number of routes, depending on centralities
of the removed network components. Reactions and molecules to be removed normally fall into
two classes: 1) they are undesired, such as inefficient reactions and hazardous molecules; 2)
reactions and molecules that are shared by most synthesis routes from the network view of results.
In this case, keep these useful and similar synthesis routes as a record, then re-run the ranking of
routes by excluding these reactions and/or molecules. This operation allows users to focus on
unconventional routes.

5. Use more strict heuristics to re-run the search, so that a smaller number of routes will be
generated. For example, increase the threshold of similarity-based or yield-based scores to reduce
the number of qualified reactions and routes. This method is recommended when search ends up

with too many routes (e.g., over 10,000).

Table 2. Scores for ranking of routes and their definitions.

Scores Definitions

Yield Cumulative yields of the target molecule. Routes with the same number
of steps with yield records are group and ranked together.

Similarity A molecular similarity-based metric measure reliability and usefulness of

routes. This score is designed to mitigate the issue caused by shortage of
yield records and recommended as a default metric for most case
studies.

Popularity A higher popularity means more frequently reported
intermediates/reactions in a route. Usually top-n routes ranked by these
scores are reported routes or representing typical synthesis methods of
the target molecules.

Novelty Oppose to “Popularity”, higher novelty of a route suggests lower number
of popular intermediates/reactions, i.e., high novelty and low feasibility,
but still qualified routes based on searching parameters.

Propitious Routes with high propitious values are less “popular” but worthy for
further study due to their significant reliability.

Search of analogues routes

The “search analogue routes” function provides “analogue reaction routes” leading to a target chemical
transformation provided by a user. Two examples of analogue routes are shown in Fig. 4. Here, a chemical
transformation is defined by changes from one substructure to a desired substructure (as highlighted in

Fig. 4), rather than from one molecule to another molecule.

In general, “Search analogue routes” is used to explore alternative sub-routers in two scenarios:
1. Avoiding unfavoured molecules results in no qualified routes found when using the “Search

reaction routes” function. The chances of finding qualified analogue routes is higher since it only

10
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matches chemical transformations instead of specific molecules. As the example shown in Fig. 4a,
reaction information of the analogue route can help to design a new route which may replace the
unsatisfactory one involving hazardous molecules highlighted in red.

2. Finding analogue routes to support new synthesis ideas, as shown in Fig. 4b. In this example, we
wanted to know if it was possible to link the alpha carbon of aldehyde group to the adjacent amine
group. The single-step analogue route was found. Although it was not an intra-molecular reaction,
the reaction information could be still useful, since the identified chemical transformation shared

the same substructure with the target transformation.

a. Search analogue route to avoid unfavored molecules

Target transformation

b. Search analogue route to support new synthesis ideas
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Fig. 4. Two examples of “Search analogue routes”. a) Search analogue routes to avoid unfavoured

molecules highlighted in red; b) Search analogue routes to support the new synthesis idea.

Searching analogue chiral reactions

Asymmetric synthesis plays an important role in accessing high value chemicals. This function in CDI-CASP
is able to find reported asymmetric reactions that lead to a target chiral substructure, instead of a specific
chiral molecule. This approximate search approach improves the exploration rate of reaction data, since
the number of asymmetric synthesis records of a specific chiral molecule are limited in many cases. To
initiate the search, a user needs to provide a target chiral substructure cut from a chiral molecule to be
synthesized. As shown in Fig. 5, specification of a chiral substructure is conducted by selecting atoms
expanding from a chiral center. Selected chiral substructures can be of any size, as long as they afford chiral
centre (i.e., at least a chiral centre surrounded by four atoms). Users can include molecular segments that
are considered important or unique for asymmetric synthesis. Like “search analogue routes”, relevance
and number of results are determined by the chiral substructure and heuristics listed in Table 3. Reaction
conditions and asymmetric catalysts of analogue reactions are helpful for design of new asymmetric

reactions for experimental validations.
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a. Setting up searching of analogue chiral reactions
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Fig. 5. Demonstration on setting up parameters and heuristics for: (a) “search analogue chiral reactions”,

as well as (b) an example of analogue chiral reaction found.

Table 3. Parameters and heuristics for searching analogue routes.

Inputs Types Definitions
Chiral substructure Mandatory The target chiral substructure will be shared by the chiral
products of all resulted reactions.

Similarity threshold Optional, A higher value means chiral molecules in results are more
molecule similar to the chiral molecule drawn by a user.
heuristic

Explicit Hydrogen Optional, Default value is true, meaning number of hydrogen atoms
molecule attached to heavy atoms in substructures will be considered.
heuristic Try false, only when no results can be found.

Ring Optional, Default value is false, meaning if ring property of atoms in
molecule substructures will be considered.
heuristic

Aromaticity Optional, Default value is false, meaning if aromaticity of atoms in
molecule substructures will be considered.
heuristic

Searching synthesis routes of S-Zanubrutinib as a case study

Aiming to find synthetic routes to S-Zanubrutinib that would compare favourably to the patented route
shown in Fig. 1, a long-range search (12-steps) was conducted first. Several interesting routes were found
but not many feedstocks were in the class of ‘renewable’ molecules. Hence, a long-range search from
renewable molecules to feedstocks found in the first round was performed. After examining these long-

range routes, we wanted to shorten the synthesis length, improve yields, and avoid hazardous reagents,
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solvents, and intermediates. Searchers of analogue routes and chiral reactions were conducted for this
purpose. Inspired by analogue routes and chiral reactions, we proposed new routes and reactions together
with new intermediates. A few more searches were run to support the new design. Finally, we obtained a
shorter, safer, greener route composed of the reported and newly designed reactions. The proposed route

was then verified in the iDMT lab.

Results and Discussion

Exploring synthetic routes through retrosynthetic search
Reaxys™ database contains S-Zanubrutinib (Reaxys IDs: 27490480) and its enantiomer (Reaxys IDs:
27490481) and racemic mixture (Reaxys ID: 27490479), as shown in Fig. 6. Searches of 12-steps routes
from all of them were conducted, in case missing useful reaction information, especially sub-routes that
were not relevant to the chiral centre could be identified. The long-range search was performed in a
backwards manner staring from these three IDs. Main search parameters adopted include:

1. Feedstocks: renewable compounds derived from biomass.

2. Maximum synthetic steps: 12.

3. Similarity threshold: not less than 0.5.

4. Similarity-based heuristic for routes: overall similarity values of all routes should be not less

than 0.6, only allowed 1 reaction step in a qualified route with a similarity value lower than 0.6.

The first round of search provided an automatic “literature review” of all reactions relevant to the target
synthesis. For convenience, all routes were presented in a linear format without any branches from
intermediates. Some examples can be found in Appendix, Fig. Al. It is interesting to see that top routes
ranked by similarity-based scores are similar to the reported route starting from 4PA, while top routes
ranked by the popularity metric are similar to the branch of the reported route starting from BPA, see Fig.
1. This could be due to the 4PA branch containing intermediates that are more similar to the target,

compared to the branch from BPA.

NH, NH,
S-Zanubrutinib R-Zanubrutinib Racemic mixture
Reaxys ID: 27490480 Reaxys ID: 27490481 Reaxys ID: 27490479

Fig. 6. Alist of records related to S-Zanubrutinib in Reaxys™. All three molecules were considered as targets

for a single epoch of long-range search.
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One of the routes that was similar to the benchmark route is shown in Fig. 7. The exactly same route was
not found because of the difference in definition of “single step reaction” among research groups. For
example, steps 6 and 7 in the benchmark route, Fig. 1, were considered as a single step in step 8 of the
route shown in Fig. 7. Most “single step” reactions are actually “one pot” reactions. Nevertheless,
comparing the identified route, Fig. 7, and the reported route, Fig. 1, one can conclude that synthetic

strategies of both were very close.

N Qo
}—@—04> ©/ \©Y 4> ©/ \©\H/OH 4> ‘©_>—:N 4@_}7:"
— o]
29130778 o—

29371021 o 33389551 28359419 -

29155675

N.
HCl, NeOH W@w < Q oy
o v N NH,
48665684 = 47446808 TBPPC ’é/

/ 4
) 47446785
9 v | APPCN

52548628

1/z L-DBTA

L- DBTA

: 7\’ % 48665713 : i‘ Si 47446824

Fig. 7. An example of routes found through 12-steps search; this route is similar to the one reported in

% N\%
47446825 /z

HZ

S-Zanubrutinib

patent, see Fig. 1.

Both routes shared the same key intermediates (4PA, TBPPC, APPCN, PPP) and the same reaction for the
formation of the main scaffold of S-Zanubrutinib (step 5 of the benchmark route and step 6 of the route in
Fig. 7). The main difference was the priority of hydrolysis of nitrile and asymmetric resolution. In the
benchmark route asymmetric resolution was performed before hydrolysis, while the order is reversed in

the route found by CASP.

The 12-steps search not only yielded 12-steps routes but also all possible routes within the 12-steps range.
Analysing these routes may unveil useful sub-routes. As shown in Fig. 8, a shorter sub-route from PPP to
S-Zanubrutinib was found, which also avoided using organochlorine (acryloyl chloride) as a hazardous
intermediate. Although development of chromatographic separation could be a challenge, this result may
encourage researchers to devote efforts on this path. Other notable sub-routes for the synthesis of key
intermediates (APPCN and TBPPC) are summarized in Figs. A2 and A3. These results may help to design
shorter and safer routes. Many reactions identified in this search are not typically found in the routes to S-

Zanubrutinib (e.g., a bio-synthesis 9010270 in Fig. A3).

14

https://doi.org/10.26434/chemrxiv-2024-fOkcq ORCID: https://orcid.org/0000-0001-7621-0889 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-f0kcq
https://orcid.org/0000-0001-7621-0889
https://creativecommons.org/licenses/by/4.0/

H
690% " 799% 52548628

594.8% 2HCl
H2 D-DBTA, Pd/C HCI NaOH, in H20 in ethanol, water, DMSO
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" N
H
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2HCI 9 100% g
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N MsOH: 0”§< N 79.7% NH,
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11759 : )\"
L_DBSTﬁ % L-DBTA 1270%

) NaHCO; 38809620
in MeOH, H,0 MeCN, HzO (chromatography separation) ‘

@}

S-Zanubrutinib

Fig. 8. A modified benchmark route by inserting an alternative sub-route (green arrows) from PPP to S-

Zanubrutinib.

Although more than 5,000 routes were found in the first round of search, all routes started from a group
of only 50 feedstocks, among which not many renewable feedstocks were identified, suggesting the
searching was not deep-enough to reach to renewable feedstocks. Therefore, 4-step retrosynthesis
searches were conducted from two key feedstocks, i.e., 4PA and BPA. Some encouraging routes are shown
in Figs. 9 and 10. The small reaction network in Fig. 9 suggested that all carbons of 4PA can be derived
from lignin and CO.. For the synthesis of BPA, platform molecules from cellulose, e.g., D-glucose, D-sorbitol,
furfural alcohol, may be employed as suitable building blocks, see Fig. 10. Many reactions were conducted
in environmentally benign media such as water, ionic liquids, using bio-synthesis or solvent free. A
promising route starting from a hub molecule (pyridine) was also found. This route contains many attractive
features: incorporation of CO; via an electrochemical reaction, incorporation of salt of formic acid via

heterogeneous catalysis, free of hazardous reagents, high yield of each reaction step.

86%

20wt% (o0)
Science, 2020, 367, 1385-1390, 83% 4069318 4%420880
53846419 31274888 R ©/°\©\ 95323, 653724
> 4§ >—0H >
\—< >—| |
Lignin 90% 94%
852443 143548 o
O A=
5.9% 0
47300532 < > ,
47300530 ©/O\©\ 290632, 290631 T 4PA
>~ )—oH >
» 7 »
o 74% s
39161101

Fig. 9. Routes found from lignin derived molecules to the key feedstock 4PA.

15

https://doi.org/10.26434/chemrxiv-2024-fOkcq ORCID: https://orcid.org/0000-0001-7621-0889 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-f0kcq
https://orcid.org/0000-0001-7621-0889
https://creativecommons.org/licenses/by/4.0/

90%

o
CO,, electrochemical 95% 3%

H,, Continuous flow

39288210
= _ o 50292 <j>_(0 79086 o 11222670  _, O%
\_/ \_/ o \_7 o— o— ob_CN%o
Hub molecule 99% >L JOL ik
COONH4, Pd/C
o 8866515
H,, PY/C OH
69% OH OH y ‘é
2 31990435 Ho 0
29532479 ; 5403466, 5403465
OH OH HdOOoH * BPA
99% OH OH bioprocess Electrolysis in water
Cellul 29730185 B SN ggggjggg OH 4987528, 38910969 1481412 100%
4510030
e u Ose éH éH\o H,N ° [} "
88% NH 94% HO o o
92% ; A
5291377l 96% 100% Hy i water NH, apca LI K
. 31331073 o 34050 o 17170 4420201
o » N, > @/\OH‘b OH > HO/\/\/\OH > WN
100%
) 34% 4% Chrom,4715994, NHg,H, CuO-ZnOJAI,0;, 230°C 1489177 . {;
100% NH3,Hy, in THF,160°C - >CN_<
1834429 46301705,46301704 o NHa,H,, 300°C, 5408375, 5404664 S K °
> NH,
o NH3,H,,200°C, 5403471, 30376
\ /] o

Fig. 10. Routes found from cellulose derived molecules to the key feedstock BPA, as well as other two

precursors of the key intermediate TBPPC.

To sum up this section, we have achieved the following with the help of “search synthesis routes” routine
of CDI-CASP:

1. Obtained fundamental understanding of the synthesis of S-Zanubrutinib based on routes found
through long-range search. 4PA and BPA were found as key feedstocks, APPCN and TBPPC were
key intermediates. The ring formation reaction between APPCN and TBPPC led to PPP bearing the
main scaffold of S-Zanubrutinib.

2. Alternative sub-routes were identified, they may motivate design of shorter and greener sub-
routes.

3. Exploration of renewable molecules as feedstocks yielded promising results.

4. New reactions were identified which may replace steps of the benchmark route involving

hazardous molecules.

On the basis of these findings, modifications of the benchmark route are summarized in Fig. 11, from which
further improvements of synthesis strategy were also identified:

1. All synthesis routes found in this stage involved asymmetric resolutions, which capped the
maximum yield at 50% (step-8 in Fig. 11). The possibility to replace asymmetric resolution by
asymmetric synthesis should be explored. As shown in Fig. 11, implementation of asymmetric
synthesis at step-5 could also shorten synthetic length by overriding 4 steps (from step-6 to step-
9).

2. Ahazardous reagent (HOBT in step-1a) and a solvent (DCM in step-3b and step-6) remained in the

route at this stage.
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Therefore, subsequent searches were conducted aiming to solve these issues.
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S-Zanubrutinib

SRE TR S

Fig. 11. Proposed routes based on results from retrosynthesis searching, as well as further improvements.
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Design asymmetric synthesis with the aid of chiral search

The search of asymmetric synthesis started with specification of a substructure around chiral centres. As
shown in Fig. 12, the target chiral substructure consisted of 7 atoms including two aromatic nitrogens and
five aliphatic carbons, as highlighted by their atomic indices of S-Zanubrutinib. Two types of asymmetric
transformations were of interest. The first type was catalytic asymmetric hydrogenation (see Fig. 12, type
1 chiral reaction). Decent enantiomeric excess (as high as 98%ee) was reported for the reaction leading to
formation of the target chiral substructure. Therefore, one possible way could be the asymmetric
hydrogenation of PPP, as shown in Fig. 11, by employing similar catalysts and reaction conditions. The other
type of asymmetric transformation involved the reaction between an azole and an acetaldehyde, see Fig.
12, type 2 chiral reaction. Interestingly, all reactions were catalysed by metal-free catalysts. This type of
reaction did not lead the formation of a ring, but it was unexpected and inspired us to design a new 2-step
sub-route as shown at the bottom of Fig. 12. A new intermediate BocPP, bearing an acetaldehyde group,
was proposed to react with the key intermediate APPCN producing an intermediate with the target chiral
substructure, followed by a ring closing reaction between the alpha-carbon of the dangling aldehyde group

and the amine group.

Type 1 chiral reactions:

94.7%ee, Rh, 29597491
N s 98%ee, Ru, 29597477
-/ ° 34%ee, 29597467

N—N
I
7 Catalysts:
NERaQ Lo QU
i N \N) AV Lo L S
\/\0 J O%
n Type 2 chiral reactions: 85%ee
29597443, 29597464
""""" H 29597476, 30480062

N N AN 30480749, 30480750
S0 2 7 oo+ L /Z
4

. 60%, 82%ee
Target chiral substructure LiBH,, -78°C

Br
H
NN O,
represented by atomic indices W n Y@ 11157287, 30255528 ;3.4 >< ¥
o p N
N > N
N N

Proposed new sub-route: \l/
: v T,
o S NH 0}‘”
T BocPP Q Q
[ N P N
4/ o //N ° """""""""""""""" LS S
» SN om
APPCN ’1/ L g
o N

Fig. 12. Specification of the target chiral substructure and analogue chiral reactions.

In this section, we demonstrated that searching chiral reactions was not limited to certain types of chiral
reactions, but all reactions that led to the target chiral substructure. A novel sub-route was proposed which
also promoted new questions:

1. Isit possible to synthesize BocPP via a green synthesis route?
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2. Can we find reported analogue reactions to support the ring closing reaction, as well as ways to
remove the hydroxyl group yielding S-Zanubrutinib?

Bearing these questions and the second issue carried forward from previous section, we continued to the

third round of search, mainly taking advantage of the “Searching analogue routes” function of CDI-CASP

tool.

Design new routes based on analogue routes

A short-range retrosynthetic search was conducted first for the synthesis of BocPP, the intermediate
proposed in the previous section. The search gave 3-step routes starting from a commercial molecule 4-
FP, as shown in Fig. 13. The feedstock 4-FP can also be synthesized from 4-PCA (Reaxys ID: 37513873) which
in turn can be prepared from platform molecules derived from cellulose, see Fig. 10. However, the sub-
route from BPA to BocPP involved several hazardous molecules as highlighted in red in Fig. 13, and this was

the only route found using “Search synthesis routes”.

We then defined the target chemical transformation, highlighted in green in Fig. 13, to initiate the search
of analogue routes. The searching led to three routes. Routes-1 and -2 were single step reactions, but both
contained an unfavoured phenylphosphine derivative (PPh3A). The analogue route-3 was more appealing
considering its solvents and reagents, as well as its high molecular similarity with respect to the starting

and the target molecules. Thus, a new route from BPA to BocPP was proposed, see the bottom of Fig. 13.

Route for synthesis of BocPP found using short-range retrosynthesis search

S K
o o)Lo)ko CBry, PPh3 Br CHx=0 /0
O~ ey oy Yo
37444165 0>— NC>—/ 90% 0>/'_ N 30809860 N
9516729 °
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Fig. 13. Searching synthesis route of BocPP as a proposed intermediate.
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To define a chemical transformation, selection of a substructure could be tricky, since both the number
and quality of results are sensitive to atoms included. If the substructure selection included too many
atoms, i.e., a very specific substructure, no qualified analogue routes can be found. Whereas a “loose”
definition of chemical transformation with only a few atoms, (e.g., from -Cl to -OH), may lead to a very large
number of routes, from which one can hardly find routes that suite the target chemical transformation.
Therefore, multiple try-and-error exercises may be needed to find the balance point. The search of
analogue routes for step-1a in the benchmark route, see Fig. 1, can serve as a good demonstration. As
shown in Fig. 14, we purposefully excluded nitrile and hydroxyl groups of the product in step-1a, otherwise
the only analogue route shown in the middle of Fig. 14 would be missed. Based on this analogue route, a
new sub-route was designed to avoid the hazardous reagent HOBT. Note that the precursor of APPCN was
bearing an amine group instead of a hydroxyl group as the one in the benchmark route. But the new route
was still workable because of the reaction to APPCN found from the long-range search (please refer to the

second route in Fig. Ala in Appendix).

1a81.5%
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Problem step: 0 in EA Q A
OH
OH
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NH,
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N,

. NH;-NH,*H,0, in MeOH
N A Q \ 4933273 Q N
=N - » o ¢
X O -
o K+ NH, VA
N
APPCN

NH,

Fig. 14. Proposed new route to avoid using of HOBT based on a route found using analogue route search.
The last reaction in the proposed route was found during long-range search, see the second route in Fig.

Alain Appendix.

In the new sub-route proposed in the previous section, a critical step for the formation of scaffold of S-
Zanubrutinib was a ring-closing transformation. As shown in Fig. 15, the target transformation involved
bond formation between the alpha-carbon of the aldehyde group and the amine group. After carefully
tuning the selection of substructures (as highlighted in Fig. 15), three analogue reactions were found,

encouraging further validation in the lab.
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Fig. 15. Searching analogue reactions to support the ring-closing transformation proposed in previous

section.

The last chemical transformation to explore was the removal of hydroxyl group on the bicyclic ring, giving
rise to the final product. To our surprise, only one analogue route was found in which the chemical
transformation sharing the same substructures as highlighted in Fig. 16. This sub-route was in line with
general chemical knowledge, i.e., a dehydration step followed by a hydrogenation process. The
hydrogenation part was relatively easier to carry out in practice compared to dehydration. Therefore, a
single step dehydration reaction with substructure highlighted at the bottom of Fig. 16 was searched
leading to another reaction as shown in Fig. 16. Both dehydration reactions happened at a high steric
hindrance site. We hypothesised that solid acid catalysts could be applicable to this substrate, since there
are no bulky groups around the hydroxyl group. Nevertheless, for both analogue dehydration reactions,
the adjacent nitrogen was a tertiary amine instead of secondary amine, and the bonding pattern of carbon
linking to the hydroxyl group was also different (i.e., tertiary vs quaternary). Therefore, feasibility of the

proposed sub-route still needs to be verified.
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In the last section, all remaining questions from previous searches are all resolved by searching analogue
routes:

1. A synthesis route of the newly proposed intermediate, i.e., BocPP was designed. Based on the 2-
step analogue route, it was possible to propose synthesis without incurring hazardous reagents
and solvents.

2. A new route from the feedstock 4PA to APPCN was proposed to avoid using HOBT.

3. The chiral reaction proposed in the previous section led to two consecutive synthesis objectives:
formation of six-membered ring and removal of hydroxyl group generated during ring-closing.
Analogue routes found for both processes provided useful reaction information to complete the

synthesis planning.
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Fig. 16. Analogue routes found to remove hydroxyl group of an intermediate.
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New route for synthesis of S-Zanubrutinib after in-depth search using CDI-CASP
By combining all search results, a new route to S-Zanubrutinib was proposed, see Fig. 17. Compared with
the benchmark route in Fig. 1, only step-8 was similar to step-6 of the reported route, and we have achieved
all synthesis objectives listed in the Introduction section:
1. The number of synthetic steps was reduced from 12 to 10, and one more step was saved for the
synthesis branch of BocPP.
2. Yield of S-Zanubrutinib could be improved because chiral resolution was replaced by asymmetric
synthesis. Most reactions are designed based on reactions found with high yields.
3. Allhazardous reagents, solvents and intermediates in the benchmark route were absent in the new
route.
4. The potential of using renewable molecules as feedstocks had been extensively explored. As shown

in Figs. 9 and 10, both 4PA and BPA, can be prepared from renewable molecules.

Experimental verification
To confirm the feasibility of the CDI-suggested asymmetric synthesis route of S-Zanubrutinib, preparation

of BocPP and APPCN were commenced (Fig. 17).

N
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Fig. 17. Proposed asymmetric synthesis route of S-Zanubrutinib.

When aldehyde BPA was reacted with PPhsCHCHO with reference to analogue routes 1 and 2 shown in Fig.
13, BocPP was obtained in low yield with impurities which were difficult to remove by column
chromatography (Fig. 18a). On the other hand, the reported three-step synthesis'® worked well to give

desired BocPP in good yield without impurities.
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Fig. 18. Preparation of BocPP.

Synthesis of APPCN*® was performed by numbering-up the flow reactor developed in the /DMT lab.
Condensation of 4PA and malononitrile with EDCI and DMAP gave 6, which was treated with
trimethylorthoformate to give 7. Following cyclization with hydrazine provided APPCN, precursor of

asymmetric Michael reaction (Fig. 19).

Having completed the synthesis of BocPP and APPCN, we next tried the asymmetric Michael reaction with
reference to Type 2 chiral reaction? in Fig. 12. If the asymmetric Michael reaction proceeds, subsequent
cyclization would then form hemiacetal, which could be reduced by NaBH, to give 3. However, it was found
that this reaction condition did not give the desired product but gave a complex mixture., Fig. 20. Since the
reaction was messy at the first Michael addition step, it was considered that the side reaction occurred due

to the high reactivity of the aldehyde moiety of BocPP.

Michael reaction was performed using unsaturated ester 4 instead of the unsaturated aldehyde to suppress
reactivity, resulting in lactam rac-8 that underwent cyclization after Michael addition, see Fig. 21. The
obtained lactam rac-8 was then reduced by NaBH, to give known intermediate rac-3. Due to competing
nitrile reduction, rac-3 was obtained in low yield, but the yield could be improved by changing the reaction

conditions.

"This is described in the report available online from www.acceleratedmaterials.co.uk. Link:
https://acceleratedmaterials.co.uk/wp-content/uploads/2022/09/Accelerated-Materials-Whitepaper_2022_Instant-
scale-up-of-small-molecule-pharmaceuticals.pdf
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Fig. 19. Preparation of APPCN.
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Fig. 20. Unsuccessful asymmetric Michael addition using Jgrgensen catalyst.
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Fig. 21. Synthesis of rac-3 by Michael reaction with unsaturated ester 4 and subsequent reduction of lactam

ring.

Although we successfully synthesized known intermediate rac-3, asymmetric Michal reaction using
organocatalyst would not be possible if unsaturated ester 4 is used. We therefore changed our plans and
attempted diastereoselective Michael reaction using an ester having a chiral auxiliary.

12X was used as chiral auxiliary and chiral ester 11 was prepared in two steps.??

Corey’s (-)-8-phenylmentho
Although enantiomeric excess has not been confirmed yet, Michael addition with chiral ester 11 and

subsequent cyclization reaction was proceed to give lactam 8.

o o
Il CHO
1 -
: EtO/F\’\)LOEt (3.0ea) : :
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O O Boc” o]
- 1l .
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Fig. 22. An alternative approach using diastereoselective Michael reaction of chiral ester 11.

Conclusions

In this paper, we presented the application of CDI-CASP tools for synthesis planning of complex molecules.
Three search functions of CDI-CASP and their features were introduced. Synthesis of S-Zanubrutinib was
adopted as a case study. We demonstrated that “object-oriented planning” system provides an expert-
machine interaction platform equipped with functions for diverse tasks in design of organic synthetic
reactions. The report highlights the successful experimental verification of the hypothesis for new chemical

transformations generated by CDI-CASP tools.
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Fig. Al. Examples of 12-steps routes found by retrosynthetic search. a) top-5 routes ranked by similarity-based metric; b) top-5 routes ranked by popularity metric.
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