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1 Transformer Explained

The core structure of vanilla Transformer [1] is the multi-head self attention. Attention, first introduced by
Bahdanau et al. [2], is the mechanism where model could place different levels of attentiveness on each input
element, just like human’s cognitive attention on important terms when reading a sentence. It is essentially
the mapping between a query vector and a set of key-value pairs. Multi-head attention is designated to use
multiple attention functions on the same set of key-value pairs that allows model to attend to the information
jointly from different dimensions. Each Transformer’s encoder layer is composed of a multi-head self attention
module and a feed forward (FFN) module. Layer normalization and residual connection is activated between
each module. Let El

in and El
out be the encoder inputs and encoder outputs at lth layer. Each layer of the

encoder can be formulated as below:

El
in = El−1

out

A = MultiHead(El
in, E

l
in, E

l
in)

B = LayerNorm(A+ El
in)

C = FFN(B)

El
out = LayerNorm(C +B) (1)

Each Transformer’s decoder layer is composed of a masked multi-head self attention module, a multi-head
attention module that attends to the encoder outputs, and a FFN module. The masking within the multi-head
self attention is applied to prevent the model from overlooking the future tokens while predicting the next
token. Layer normalization and residual connection is also enforced. Let Dl

in and Dl
out be the decoder inputs

and decoder outputs at lth layer. Below is decoder’s layer formulation:

Dl
in = Dl−1

out

A = MaskedMultiHead(Dl
in, D

l
in, D

l
in)

B = LayerNorm(A+Dl
in)

C = MultiHead(B,El
out, E

l
out)

D = LayerNorm(C +B)

E = FFN(D)

Dl
out = LayerNorm(E +D) (2)
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Table S1: Conditional template retrieval (GLN) and conditional template generation (Ours†) top-k accuracy
given the ground truth reaction center.

Methods
Top-k Accuracy(%)

1 3 5 7 10

GLN 69.3 88.2 92.2 92.9 93.0
Ours† 72.5 91.0 94.2 95.1 95.9

Figure S1: Template customization pipeline.

2 Template Generation versus Template Retrieval

We show in this section the detailed performance comparison between our approach and GLN’s [3] template
proposal (i.e. retrieval) module given the ground truth reaction center regarding to the top-k accuracy. For
comparison purpose, we trained the reaction-class-known GLN model from scratch for 100 epoches using
the same template format as we used, which is slightly more generalized than the default configuration of
RDChiral [4]. We followed the default GLN’s configuration for training. We then pulled out its conditional
template proposal module and compared its top-k template accuracy with our methods with constraint p̂ = p
(Table S1). We could see, regarding to the top-k accuracy, our generative approach is as competitive as
GLN’s retrieval approach. It shows the promising potential for future researcher to develop a hybrid model
that combines GLN with template generation for better synthesis planning performance.

3 Template Customization

Figure S1 is another example for the template customization pipeline. Here, we show multiple different
synthetic pathways of Apitolisib [5, 6], which is an orally available agent with potential antineoplastic activity.
By observation, we can easily identify multiple potential reaction centers of the molecule. Here we set reaction
1 , a published path [7] which involves a peptide bond (highlighted in red), as the initial path that needs
to be avoided. (a) and (b) are two of the randomly sampled reaction centers by our generative pipeline.
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Table S2: AiZynthFinder’s properties

Properties Value

Exploratory parameter (UCT) 1.4
Cutoff cumulative 1

Cutoff number 50
Max transforms 6
Default prior 0.5

Use prior True
Iteration limit 500
Return first True
Time limit 500
Filter cutoff 0.05

Exclude target from stock True
Prune cycles in search True

Each of them is paired with the target product molecule and fed to the template generator. Reaction 2
and 3 are two synthetic routes generated by the model. Reaction 2 is the other documented route [8]. Its
corresponding template already exists in USPTO-50K. It shows model’s ability to retrieve knowledge from
learned reaction space given a unseen molecule. Reaction 3 is an unpublished new candidate route, which is
a simple ring-formation reaction. Its corresponding template does not exist in the training database, which
indicates model’s ability of inferring new chemical transformation.

4 Configuration of Multi-step Retrosynthesis Experiment

We used AiZynthFinder [9] as our evaluation multi-step retrosynthesis framework, which uses the Monte
Carlo tree search algorithm over a precursor proposal systems. The detailed configuration for such algorithm
is shown in Table S2.

5 Computational details

5.1 DFT Calculation

All DFT calculations were performed using Gaussian 16 software package [10]. Geometries optimization was
conducted using DFT method M06-2X [11, 12] at the basis level of Def2SVP [13], including Grimme’s D3
empirical dispersion corrections with zero-damping [14, 15]. To confirm whether each optimized stationary
point is an energy minimum, as well as evaluate the zero-point vibrational energy and thermal corrections at
298 K, the vibrational frequencies were computed at the same level of theory as for the geometry optimizations.
The single-point energies were computed at the M06-2X [11, 12] level of theory with the Def2TZVPP [13]
basis set based on the gas-phase optimized structures [16, 17], with Grimme’s D3 dispersion corrections
[14, 15] as well. Considering the presence of carbocations, the solvation energies of methanol were evaluated
by a self-consistent reaction field (SCRF) using the SMD model [18]. Extensive conformational searches for
the intermediates have been conducted to ensure that the lowest energy conformers were located. In addition,
to correct the Gibbs free energies under pressure of 1 atm to the standard state in solution (1 mol/L), a
correction of RT ln (cs/cg) (about 1.89 kcal/mol) is added to energies of all species. cs is the standard molar
concentration in solution (1 mol/L), cg is the standard molar concentration in gas phase (0.0446 mol/L),
and R is the gas constant. A free energy correction of 4.3 kcal/mol for each species is also applied to further
account for entropic effects in solution phase [19, 20, 21, 22, 23]. The Gibbs free energy difference of reaction
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was evaluated as follows:

∆Grxn =
∑

G(products)−
∑

G(reactants) + ∆Ggas−liquid +∆Gentropic (3)

5.2 Table of energies

Zero-point correction (ZPE ), thermal correction to enthalpy (TCH ), thermal correction to Gibbs free energy
(TCG), energies (E ), enthalpies (H ), and Gibbs free energies (G) (in Hartree) of the structures for all the
figures calculated at the M06-2X-D3/def2-TZVPP-SMD(methanol)// M06-2X-D3/def2-SVP level of theory.

Table S3: Energies for all calculated species

Structures ZPE TCH TCG E H G Imaginary Frequency

P1 0.067314 0.074061 0.037348 -338.613681 -338.539620 -338.576333 –
P2 0.097528 0.103898 0.069553 -210.322900 -210.219002 -210.253347 –
R1 0.160400 0.171841 0.123750 -548.706539 -548.534698 -548.582789 –
R2 0.000000 0.002360 -0.010000 -0.213160 -0.210800 -0.223160 –

5.3 Cartesian coordinates of computed structures

P1
C -0.22223200 -1.24341100 -0.00031700
C -1.00751700 0.03001200 -0.00019300
C 0.94143900 1.22467000 -0.00007800
H 1.51868300 2.15465500 -0.00002000
N -0.33965100 1.26095500 -0.00026700
O -2.20962400 -0.04585600 0.00041700
C 1.18406600 -1.14067200 0.00015500
N 1.72771400 0.05321500 0.00027600
H 1.83952900 -2.01793000 0.00021500
H -0.77219800 -2.19266000 -0.00099700

P2
N 0.51936700 -0.49781900 -0.32746600
C 1.64286400 0.35739100 0.00360400
H 1.40119900 1.39484300 -0.26607000
H 1.91219300 0.32824200 1.07376000
H 2.50619900 0.04038700 -0.59783600
C -1.65080400 0.24146800 -0.18831200
H -2.43000200 0.49445700 0.54274500
H -1.41753200 1.13301000 -0.79433600
H -2.02159400 -0.55124300 -0.85872200
O -0.53709200 -0.18567800 0.54972400
H 0.75835400 -1.46269700 -0.09681900

R1
C -2.06496400 0.94284100 0.43919600
C -2.87278500 -0.72834100 -0.61264800
C -1.51658100 -0.88802500 -0.67630200
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N -0.99236900 0.19092200 0.01793100
H -1.91218500 1.86493600 0.99710900
H -3.6 3658900 -1.36965800 -1.04615500
H -0.88486300 -1.62211300 -1.16570500
N -3.19696000 0.40900000 0.08935800
C 0.35988000 0.59002800 0.19760700
O 0.66090700 1.74638800 0.29216500
N 1.25358300 -0.46427000 0.15812600
C 1.07071300 -1.71133700 0.88468200
H 1.51420100 -2.53980700 0.31736600
H 1.57426200 -1.63203100 1.85940200
H 0.00552600 -1.90540100 1.04137600
C 3.08304000 0.35455900 -0.98069900
H 4.13978200 0.58410600 -0.80234100
H 2.99548500 -0.45035100 -1.72687000
H 2.56952100 1.26054900 -1.33550000
O 2.56775100 -0.05865600 0.26938400

R2
H -3.34041579 1.43446146 0.00000000
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