Clustering of synthetic routes using tree edit distance
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Abstract

We present a novel algorithm to compute the distance between synthesis routes based on a tree edit
distance calculation. Such distances can be used to cluster synthesis routes from a retrosynthesis
prediction tool. We show that the clustering of routes from a retrosynthesis analysis is performed in
less than ten seconds on average, and only constitutes seven percent of the total time (prediction +
clustering). Furthermore, we are able to show that representative routes from each cluster can be used
to reduce the set of predicted routes. Finally, we show with a number of examples that the algorithm
gives intuitive clusters that can be easily rationalized. The algorithm is included in the latest version of
the open-source AiZynthFinder software.
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Introduction

Computer-aided synthesis prediction is an important tool in medicinal and process chemistry because
it can provide suggestions on how to synthesize a compound (retrosynthesis analysis), how to optimize
the reaction condition and evaluate the feasibility of a reaction. Most of such algorithms have
benefited from the rise of deep learning methods and data-driven approaches in the last decade.>?%*
The synthesis of a target compound can be described as a route or reaction tree, showing what
reactions need to be carried out in order to produce the target compound. The precursors of the target
compound are typically smaller molecules (building blocks) available in a storage or can be synthesized
from such molecules.

Usually, a retrosynthesis tool predicts more than one route and it is up to a chemist or a downstream
software to select what routes to proceed with. A well-designed scoring function could aid with this
task and in addition to simple ones such as the number of steps or the total price of precursors, more
elaborate scoring functions have been suggested such as a recursive price estimator® and the
aggregation of single-step likelihoods.®” However, many routes are typically very similar and differ for
instance only in the kind of halogen substituent on one of the precursors or two pairs of pre-cursors
producing the same two products. In such situations, it is unclear if a scoring function is able to
distinguish between competing routes. If this is the case, clustering of the predictions could help in
deciding what routes to proceed with by reducing the set of predicted routes giving a better overview
of the suggestions. Recently Mo et al. suggested an LSTM-based neural network architecture to encode
routes® and used it to distinguish between predicted routes from ASKCOS® and human-designed
routes. Relevant for our aim with route clustering, they also suggested using the latent space encoding
of the routes as the basis for distance calculation and clustering.



In this text, we will take another approach and introduce a novel clustering algorithm that is based on
a tree edit distance calculation.’ The algorithm was implemented in the AiZynthFinder retrosynthesis
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too and we will show that it produces intuitive clusters in a reasonable time.

Methods

Route predictions. We selected 5,000 random compounds from ChEMBL® and tautomeric state was
selected with RDKit.** The SMILES strings of the compounds were used as input to the AiZynthFinder
software to predict synthetic routes. The expansion and filter policies used in the search were derived
from the USPTO dataset, as discussed previously.?**> In-house available and Enamine building blocks
were used as termination criteria. The search was performed for 100 iterations, after which between
5 and 25 routes were extracted, depending on the scores!! of the routes.

Distance calculations. A synthetic route or a reaction tree is a bipartite tree consisting of molecule and
reaction nodes, with the target molecule as the root. The distance between two trees (T; and T,) can
be computed by a tree edit algorithm.!® The algorithm consists of three possible operations: 1)
insertion of a node, 2) deletion of a node, and 3) substitution of two nodes. For each of these
operations, we define a cost. The tree edit distance (TED) is then defined as the minimum-cost
sequence of such operations that transform T, into T.. To compute TED we use the APTED (all path
TED) algorithm,'®*!” which is available as a python package.’® APTED only guarantees an optimal
solution for an ordered tree, i.e., a tree where the children of a node have an inherent order. A reaction
tree is however an unordered tree, but finding the solution to such a tree is NP-complete. Specialized
algorithms to compute TED for unordered trees have been suggested, 1>192° but we found none of
them appropriate for our task or a reference implementation was missing. Therefore, we decided to
impose a number of heuristics on top of the APTED algorithm.

These heuristics are based on the observation that the branching factor of a reaction tree is small (a
reaction node typically has one or two children, and at maximum five) and that the size of the reaction
tree is small. Therefore we can in many instances enumerate all possible trees for a reaction tree by
permuting the children (see Figure 1), and we define the number of possible trees as Nr. If the product
of Nt(T1) and N(T3), i.e., the number of possible combinations of trees for T; and T, is low we can
afford to do an exhaustive search and compute the minimum TED over all tree combinations. We set
this limit to 20, based on some small tests. If the product Nt(T1) and N+(T,) is larger than 20, but at least
one of Nt(T1) and N+(T,) is at most 20, we do a semi-exhaustive search: we compute the minimum TED
over all enumerations of the tree with the smallest Nt and a single representation of the other reaction
tree. If both Nt(T:) and N(T>) are larger than 20, then we generate 20 random enumerations of T; and
T, and compute the minimum TED over all these enumerations.

The insertion and deletion cost is set to unity, and the substitution cost is set to the Jaccard distance?!
between the fingerprints of a node. The fingerprint of a molecule node was taken as 2048-bit
fingerprint (ECFP4, computed by the Morgan algorithm in RDKit'#?2). The fingerprint of a reaction node
was taken as the difference between the fingerprints of the reactants and products.
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Figure 1 — Four possible enumerations of the same reaction tree. Molecule nodes are A, B, C, D and E, and
reaction nodes are x and y.

Clustering. The clustering is based on the tree edit distance matrix. Because TED is not a distance in
Cartesian space, we used hierarchical clustering with single linkage as implemented in SciKit-Learn.?
The optimal cluster size was determined by the Silhouette method.?* Because the number of analyzed
routes (<=25) was small, the maximum number of clusters was set to 5. The representative of each
cluster was taken as the route with the highest prediction score.!

LSTM-based clustering. We downloaded the LSTM (long short-term memory)-based neural network
model of Mo et al. from Github. 2> The available model is trained from molecular fingerprints of size
2048, and an LSTM output-size of 256. The routes from the AiZynthFinder predictions were fed to the
model producing the latent space encodings of the routes. The latent space encodings were then used
to compute a distance matrix with a Euclidean metric. The distance matrix was finally used in clustering
as described above for TED. For predictions only consisting of a single molecule (the target compound),
the computation was skipped because it is not supported by the network architecture.

Results and discussion

We will first discuss some statistics of the clustering based on the predictions of all the 5,000
compounds selected from ChEMBL. We will then show some illustrative examples of the synthetic
route clustering for a few selected compounds. Finally, we will compare the TED-based clustering
approach to the deep learning method of Mo et al.®
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Figure 2 — Statistics from the distance calculations. Left) bar chart showing parts of the distribution of the number of
possible trees (N7), Right) the likelihood of using a particular strategy when computing the distance between two routes.

Predicted routes tend to be small and trees can easily be enumerated. The motivation of the
heuristics imposed upon the APTED method was based on the observation that the predicted routes
are generally small. For the 51,694 routes produced for the 5,000 compounds in this study, the average
number of reactions and molecules is 3.8 and 7.5, respectively. As shown in Figure 2, number of
possible trees (N7) is less than 100 for a majority of those routes. At the cut-off we used for the distance
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calculation, we capture 85% of the trees. For only a very small fraction of routes, we would have to
enumerate more than 100 trees. In the distance calculation, the relatively small Nr leads to an
exhaustive search in 53% of the computations (see Figure 2). For 90% of the distance calculations,
either an exhaustive or semi-exhaustive strategy was used. As an alternative to these heuristic
strategies, we also explored an option to form ordered tree by sorting the molecule nodes on their
InChl keys. And although the TED computed in this way agrees with the heuristic TED in 43% of the

comparisons made in this study, in 54% of the comparisons we could find a shorter distance with the
heuristic approach.
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Figure 3 — Timings of the clustering: Left) The distribution of the clustering time over all 5,000 ChEMBL compounds, Right)
the relationship between number of analyzed routes and the cluster time.

The clustering algorithm is on average fast. On average, the time to complete the clustering of the
routes for a compound is 6 s. The average route prediction time is 78 s and compared to that the
average clustering time is fast. On average the clustering only amounts to 6% of the total time
(prediction + clustering). However, the distribution of clustering time is heavily skewed and has a long
tail (see Figure 3), and although the median time is 2 s the worst time is 155 s. The clustering time is
naturally correlated with the number of routes, but the correlation is not clear as seen in Figure 3 as
the shape of the route is also an important factor. There are compounds for which 25 routes were
clustered in less than 1 s as well as there are compounds for which 25 routes were clustered in 3
minutes. However, for 96% of the compounds, the clustering was done in less than 30s, which is
acceptable considering the average route prediction time.
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Figure 4 — Statistics of the cluster optimization: Left) the likelihood of forming a particular number of clusters, Right) The
distribution of the number of routes per cluster



The cluster optimization produced few clusters with a small number of routes. Considering the small
number of routes analyzed per compound (<=25), we set an upper limit when optimizing the number
of clusters to five. The distribution of the number of formed clusters is shown in Figure 4, and for
almost half of the compounds, the optimum number of clusters is two. If we then consider how many
routes there are in each cluster, we obtain the distribution shown in Figure 4, showing that most of
the clusters contain rather few routes. 85% of the clusters contain at most 5 routes, and 96% of the
clusters contain at most 10 routes. If we would extract more routes from the retrosynthesis analysis,
these statistics would of course change, but in our experience, there is rarely any point in inspecting
more than the top-25 routes.
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Figure 5 — Distribution of all routes or representative routes (repr.): top) the number of molecules and reactions in the
routes, bottom) the average number of molecules and reactions for a compound

The clustering preserves the distribution of the shape of routes. If we select one route from each
cluster it should represent all the other routes in that cluster, which implies that the distribution of all
routes for a compound should be similar to the distribution of the representative routes. To analyze if
the TED-based clustering algorithm has this property, we first looked at the distribution of the number
of molecules and the number of reactions among all routes or only the representative routes (the
highest scored route in each cluster). As seen in Figure 5, the distribution from all routes and all
representatives are very similar. It seems that the clustering leads to a selection of slightly shorter
routes, both in terms of number of molecules and number of reactions — but the difference is not great.
Next, we computed the average number of molecules and reactions for a compound if we considered
all routes or only representative routes. Also, this analysis shows that the clustering algorithm
preserves the distribution of the routes (see Figure 5). Here, we see a larger difference in the
distribution of the average number of reactions compared to the distribution of the average number
molecules. However, the overall shape of the distributions is preserved by the clustering algorithm.
Thus, we can conclude that representative routes from the clustering can be used to reduce the set of
predicted routes.

Tree edit distance-based clustering produces qualitatively intuitive clusters. To show a few
illustrative examples of routes and the clusters formed, we selected three compounds. In the main
text, we will show the cluster representatives for the compounds (Figure 6-8), and in the supporting
information, we will show all of the routes (Table S1-S3).



For the first compound, which can be synthesized in two simple steps, the routes differ mainly in what
order the two reactions are taking place, i.e. whether the pyrrolidine is attached first or second (see
Table S1). The other difference lies in the substitution on the methylthiophene molecule, whether it is
a hydroxyl group, a keto group, or a bromine. The clustering algorithm produces two clusters and the
representative routes are shown in Figure 6. The two clusters are made up of routes where the
pyrrolidine is attached first and second, respectively — a natural and intuitive grouping.
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Figure 6 — Cluster representatives for the first example compound. Molecules framed in an orange rectangle are not
available in stock, whereas the compounds framed in a green rectangle are.

The second example is a slightly more complex compound to synthesize as it is made up of two
aromatic cycles and two non-aromatic cycles. The representative clusters are shown in Figure 7. The
main reactions are two arylation reactions that form bonds to the two non-aromatic cycles and one
Suzuki coupling that form the bond between the two aromatic rings. In cluster 1, the order is arylation,
followed by Suzuki coupling and finally another arylation. There is another route in this cluster that has
an additional Suzuki coupling to attach a methyl group to one of the aromatic rings (see Table S2). In
cluster 2, the routes start with a Suzuki coupling, followed by two arylations. Furthermore, some of
the routes in this cluster contain some additional halogenations. Cluster 3 is formed from the most
elaborate routes. Both routes in this cluster start with a protection step that enables the following
tosyloxy alkylation reaction. The third reaction is the Suzuki coupling, followed by a deprotection step
and finally an arylation. Again, it is clear that the clustering groups similar routes based on the order
of reactions and complexity of the route.
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Figure 7 — Cluster representatives for the second example compound. Molecules framed in an orange rectangle are not
available in stock, whereas the compounds framed in a green rectangle are.

The third and final example highlights a convergent route where in the last step an ether bond is
formed by a substitution reaction. What differs between the clusters lies in how the two molecules
forming the ether bond are synthesized. The first molecule is formed by a Suzuki coupling followed by
a reduction in clusters 1 and clusters 2, but in cluster 3 the reduction is not necessary. The second
molecule forming the ether bond is synthesized by forming a substituted 2,5-pyrroledione. In cluster
1 and 2, the pyrroledione is formed from an anhydride and a substituted cyclopentane followed by a
reduction, whereas in cluster 2 itis formed from a ring-forming reaction. The routes within the clusters
differ mainly in what precursors are used in the Suzuki coupling and the substituent of the anhydride
(see Table S3). As with the other example compounds, this is also a reasonable clustering of the routes.
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Figure 8 — Cluster representatives for the third example compound. Molecules framed in an orange rectangle are not
available in stock, whereas the compounds framed in a green rectangle are.

TED-based and LSTM-based clustering does not always produce the same labels. In Figure 9 we show
the correlation between the TED and the Euclidean distance of the LSTM network-based latent space
encoding for a sample of routes. There is a clear but weak correlation, and the correlation coefficient,
r, is only 0.50. This naturally affects the hierarchical clustering. For each compound, we computed the
cluster similarity as the average agreement of cluster labels over all pairs of routes. The distribution of
the cluster similarity is shown in Figure 9 as well, and the average over all compounds is 0.70. This
implies that on average only about 2/3 of the routes are in the same cluster when comparing TED-
based and LSTM-based clustering. For only 23% of the compounds, the cluster similarity is more than
0.9 and the lowest cluster similarity is 0.21. Overall, the LSTM-based clustering leads to fewer clusters
with more routes as seen in Figure S1. For the example compound 2 and 3, discussed above, the LSTM-
based clustering produced four clusters for both compounds instead of three.
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Figure 9 — Similarity of TED-based and LSTM-based clustering. Left) Correlation between the
underlying distances. A sub-sample of all the routes is shown as scatter together with a linear
regression line based on all routes. Right) the distribution of the cluster similarity for all compounds

Cluster assignments can be rationalized but optimal number of clusters can be subjective. We
analyzed the difference between TED-based and LSTM-based clustering closer by selecting an example
compound where the cluster similarity was low (0.23) and another one where the cluster similarity
was close to the average (0.70). For the compound where the cluster similarity was low, we show the
dendrograms formed from the two distance matrices in Figure 8a and 8b, and in Table S4, we show all
of the routes as clustered by the TED matrix. TED-based clustering leads to five clusters, whereas LSTM-
based clustering only leads to two clusters. The first TED-based cluster is formed from routes 0, 2, 3,
11, and 13 and this cluster is characterized by a first step adding a sulfonyl group to an aromatic ring
followed by a sulfonylation step forming a N-S bond. The second TED-based cluster is formed from
routes 1, 10 and 12 and this cluster differs from cluster 1 by the first step which is an acylation forming
a N-C bond. The second step is the same as in cluster 1. The remaining three clusters contain two
routes each. Cluster 3 formed of routes 4 and 6 is characterized by an initial deprotection step followed
by the acylation step forming the N-C bond. Cluster 4 formed from routes 8 and 9 shares the first step
with cluster 2 but the second step is an addition of an ethyl acetate group. Cluster 5 formed from
routes 5 and 7 is characterized by the reverse order of the steps in cluster 2. All of these clusters can
be rationalized quite easily, although it could be argued that some of the clusters (such as 2 and 4)
could be merged. However, for the LSTM-based clustering, it is hard to rationalize that the first cluster
consists of only route 0 and the second cluster is formed from all the other routes. If we should form
only two clusters from the TED matrix, they would be formed from routes 4 to 7 and the rest of the
routes, respectively, as is clear from the dendrogram in Figure 8. It should be pointed out the LSTM
network was trained on discriminating between human-made and predicted routes, and not to
produce intuitive clusters.® Therefore, it is likely that we can find examples where the LSTM-based
clustering gives sub-optimal solutions.
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Figure 8 — Dendrogram from distance matrices giving very different clusters. a) and b) Dendrograms
for an example compound for which cluster similarity is 0.23, c¢) and d) Dendrograms for an example
compound for which cluster similarity is 0.70

For the example compound where the cluster similarity is average, we show the dendrograms in Figure
8c and 8d and all the routes in Table S5. For this compound TED-based clustering gives five clusters,
whereas LSTM-based clustering gives three clusters. Cluster 1 is formed from two one-step routes
(routes 0 and 1) and this cluster is given by both TED-based and LSTM-based clustering. Cluster 2 from
TED-based clustering is formed from routes 3 to 6 and 10 to 11, and is characterized by a first step
similar to the single step in cluster 1 followed by the addition of an amine group. The routes in this
cluster also form a cluster based on the latent space distances, but is joined with clusters 3 and 4 from
the TED-based clustering. Cluster 3 formed from routes 2, 9 and 13 and has a similar first step to the
routes in cluster 2 but requires the addition of a bigger substituent to the non-aromatic ring in step 2.
Cluster 4 in the TED-based clustering consists of only route 12 that starts with a sulfonylation step. In
the dendrogram of the TED matrix, route 12 is closer to routes 0, 1, 7 and 8 (see Figure 8c), whereas in
the dendrogram of the latent space distance matrix it is closer to for instance route 3 (see Figure 8d),
explaining why they are clustered together. The final cluster, cluster 5 in the TED-based clustering is
identical to the third LSTM-based cluster and is formed from routes 7 and 8. For this example
compound, it is clear that we can rationalize both the TED-based and LSTM-based clustering. The
perceived optimal cluster sizes would likely depend on the judgment of an expert?®*?” and because we
are only discussing a few examples, we cannot conclude that one method is superior to the other. We
simply conclude that the two clustering approaches are different and that it seems that TED-based
clustering generally is more discriminative than LSTM-based clustering and leads to more clusters.

Conclusions

We have presented a novel algorithm to compute distances between synthesis routes and used it to
cluster predictions from retrosynthesis analysis. The clustering algorithm is on average fast, and we
have been able to show that it preserves the distribution of the routes. The clusters also appear to be
intuitive as they can be easily rationalized. This implies that the clustering algorithm can reduce the
number of predicted routes and thereby aid in the selection of routes for wet-lab experimentation.
We have included the clustering algorithm in the latest release of the AiZynthFinder software and
envisage it will be useful in future synthesis prediction tasks.
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Supporting information

Clustering of synthetic route predictions using tree edit distance
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Figure S1 — Statistics of the cluster optimization: Left) the likelihood of forming a particular number of clusters, Right) The
distribution of the number of routes per cluster. The data labeled with TED is the same data as in Figure 4, and is included
here for easier comparison.

13






Table S2 — the routes for the second example compound
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Table S4 — the routes for the example compound for which the cluster similarity was 0.23. Clusters labels are given by TED-based clustering.
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Table S5 — the routes for the example compound for which the cluster similarity was 0.70. Clusters labels are given by TED-based clustering.

Cluster 1 Cluster 2
. [ ’>—— =~ 0
o\ : ll ’ W

RO ’—O —
N — 1 |A¢ o
L 0 N e /\(\O\Q
- > —
é : 1 0

Rl Voo

ERet=S

26







o

U




