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Recent years have brought renewed interest – and tremendous progress – in computer-assisted synthetic

planning. Although the vast majority of the proposed solutions rely on individual reaction rules that are

subsequently combined into full synthetic sequences, surprisingly little attention has been paid in the litera-

ture to how these rules should be encoded to ensure chemical correctness and applicability to syntheses

which organic-synthetic chemists would find of practical interest. This is a dangerous omission since any

AI algorithms for synthetic design will be only as good as the basic synthetic “moves” underlying them. This

Perspective aims to fill this gap and outline the logic that should be followed when translating organic-

synthetic knowledge into reaction rules understandable to the machine. The process entails numerous

considerations ranging from careful study of reaction mechanisms, to molecular and quantum mechanics,

to AI routines. In this way, the machine is not only taught the reaction “cores” but is also able to account

for various effects that, historically, have been studied and quantified by physical-organic chemists. While

physical organic chemistry might no longer be at the forefront of modern chemical research, we suggest

that it can find a new and useful embodiment though a conjunction with computerized synthetic planning

and related AI methods.

Introduction
The idea of computers designing synthetic routes and/or
predicting the outcomes of chemical reactions dates back to
1960s.1 The pioneering efforts of eminent chemists such as
E. J. Corey (LHASA program2,3), C. Djerassi,4 I. Ugi,5 and J.
B. Hendrickson6 were, in many ways, ahead of their time
though, but for various reasons (narrated in ref. 7) did not
become widely adopted by the synthetic community. Fortu-
nately, recent years have witnessed a revival of interest in
this interesting and potentially impactful area of chemical
research and several platforms for organic-synthetic analyses
have emerged. Our own effort in this area – starting with
the 2005 paper on the analysis of large chemical networks8

– has culminated in the development of Chematica
retrosynthesis platform 7,9 that has recently been commercial-
ized by Sigma-Aldrich (under the trade name of Synthia)
and validated experimentally via execution of several syn-
thetic routes designed by the machine.9 Other notable ef-

forts have been the ARChem engine10 (to be incorporated
into SciFinder), the ASKCOS tool11 from MIT, or Segler and
Waller's software based on Monte-Carlo searches and de-
scribed in reference.12 While the ways in which the algo-
rithms underlying these engines come up with complete syn-
thetic pathways differ in many substantial ways, the
common component they all share are the chemical rules
(“transforms”) describing individual chemical reactions. In
fact, the quality of these rules is absolutely crucial since syn-
thetic pathways are very “unforgiving ” to errors in individual
steps – if our individual rules are, say, 80% correct, the
chance that a n-step synthesis is going to be error-free and
executable in the laboratory is only 0.8n (i.e., only 10% for a
ten-step synthesis). It is a straightforward but essential con-
clusion that any synthesis planning software will be only as
good as the reaction rules it incorporates. Yet, despite such
considerations, the articles on computer-aided synthesis fo-
cus mostly on the (often quite advanced) AI routines for
concatenating individual steps into pathways 8,9,11–14 while, at
the same time, spend little time on how the individual reac-
tion rules are (or should be) coded. We think that given the
progress and interest – or even hype15 – surrounding this re-
emerging field of chemical research, the time is ripe to sys-
tematize the approaches to and the logic of reaction rule
coding. Accordingly, in this Perspective, we will strive to pro-
vide an overview of these aspects for reaction rules (i)

1506 | React. Chem. Eng., 2019, 4, 1506–1521 This journal is © The Royal Society of Chemistry 2019

a Institute of Organic Chemistry, Polish Academy of Sciences, ul. Kasprzaka 44/52,
Warsaw 01-224, Poland. E-mail: nanogrzybowski@gmail.com
b IBS Center for Soft and Living Matter and Department of Chemistry, UNIST, 50,
UNIST-gil, Eonyang-eup, Ulju-gun, Ulsan, 689-798, South Korea
† Electronic supplementary information (ESI) available. See DOI: 10.1039/
c9re00076c

http://orcid.org/0000-0003-4808-7910
http://orcid.org/0000-0001-6613-4261
https://doi.org/10.1039/c9re00076c
https://pubs.rsc.org/en/journals/journal/RE
https://pubs.rsc.org/en/journals/journal/RE?issueid=RE004009


React. Chem. Eng., 2019, 4, 1506–1521 | 1507This journal is © The Royal Society of Chemistry 2019

machine-extracted from repositories of published reactions
(e.g., Reaxys, SciFinder, InfoChem, USPTO databases16–19), or
(ii) coded by expert chemists based on the underlying
reaction mechanisms. One of the main conclusions of our
survey is that while machine extraction approach is very
rapid, the chemical correctness of the rules it yields is lower
than those coded by experts – this difference becomes all
the more pronounced as one becomes interested in the syn-
thesis of more complex targets, for whose synthesis the hu-
man experts might actually benefit from computer's help.
Another message this article is intended to convey is that
translation of chemical knowledge into machine-readable
rules is a very nuanced process, in which one has to con-
sider not only the scope of admissible substituents and in-
compatible groups, but also a range of physical-organic
effects including electron densities, steric bulk, molecular
strain, and more. In calculating such quantities by quantum
mechanical, QM, or molecular mechanics, MM, methods, an
added challenge is to make them very fast and compatible
with automated synthetic planning, during which the num-
bers of candidate intermediates considered can be very large
(hundreds of thousands 7,9). Finally, we also aim to illustrate
which types of rules can be fine-tuned and improved by AI
models, and what precautions should be taken for such
models to be robust and meaningful. Altogether, we suggest
that rule coding combining mechanistic considerations, ele-
ments of QM and MM modelling, and AI can be viewed as a
modern embodiment of classic physical-organic chemis-
try,20,21 possibly reviving interest in this somewhat forgotten
but essential field of organic-chemical research.

Defining reaction core and its
environment
To begin with, a reaction rule must specify atoms that are
changing their environments and/or bonding patterns during a
chemical reaction. For example, during addition of an amine to
an alkene, a bond is formed between an incoming amine nucle-
ophile and a carbon atom, the double C� C bond becomes a
single one, and another C–H bond is formed (Fig. 1a). In a Di-
els–Alder cycloaddition, the double bonds of the diene and
dienophile rearrange to form a cyclohexene ring (Fig. 1b). Of
course, such a “local” description is chemically incomplete
since the flanking atoms are generally also important or even
all-important. In the first ex ample, the reaction can proceed
only when there is an electron withdrawing group ( e.g., an ester
or a ketone) activating the alkene for the nucleophilic attack
(Fig. 1c); for the Diels–Alder reaction, the electron-withdrawing/
accepting ability of the subst ituents on the diene and dieno-
phile will dictate regio-, site, or diastereoselectivity (Fig. 1d). To
account for such effects, the reaction rules need to be extended
to include admissible, nearby substituents at various positions.
Such extensions can be to different “radii ” – to within atoms
just flanking the reaction core (radius = 1), to within two
atoms from reaction core (radius = 2), etc. (Fig. 1e). In addi-
tion, chemical reactions might be prohibited by conflicting
groups present anywhere in the molecule – in our example of
double-bond amination, an iodide and a thiol present in re-
action partners introduce an incompatibility because allylic
iodide is a better electrophile than � ,� -unsaturated alkene
and thiol is a more reactive nucleophile than amine (Fig. 1f).

Fig. 1 Defining reaction core. Atoms changing their environments and bonds modified during a) addition of an amine to alkene and b) Diels –Alder
cycloaddition. Literature precedents 22,23 used for extraction of these cores are shown in c) and d), respectively. e) Expansion of the reaction core.
The core atoms changing their bonding patterns are coloured in red. Inclusion of the nearest-neighbour atoms (radius = 1, blue) and next-nearest-
neighbour atoms (radius = 2; green) increases the accuracy of the reaction rule and begins to cover important substituents – here, the presence of
an electron withdrawing group attached to the more distant end of C � C bond. f) Cross-reactive groups (here, allyl iodide and thiol) present any-
where in the substrates must also be considered as they will interfere with a desired reaction outcome.
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There are few conceivable ways of capturing such intrica-
cies of chemical reactivity into a machine readable format.
Over the past years, two major approaches have emerged (1)
extraction of reaction cores from databases such as Reaxys16

or USPTO19 and fine-tuning their substituent scope/applica-
bility based on the synthetic latitude of the examples found;
or (2) coding the rules manually, by chemists taking into ac-
count pertinent mechanistic considerations. In the following,
we will focus on these two core-based approaches and will
not discuss methods in which reactivity is predicted based on
the AI-trained scores for atom pairs24 or linguistic sequence-
to-sequence models.25,26 The performance of these ap-
proaches is described in the ESI† to ref. 27 and also ref. 28 –
in addition, examples included in the next section and in the
ESI† Fig. S1 evidence that such models produce unacceptably
large fraction of chemically problematic predictions.

Limitations of automatic rule
extraction
The advantage of machine-extracting rules from reaction da-
tabases is the speed of the method – in fact, with adequate
computational power, an entire Reaxys collection can be
scripted within few days. In the end, one ends up with tens
to hundreds of thousands of reaction rules with the specific
number depending on the source database and the radius
around the reaction core. For instance, Segler and Waller12

extracted transformation rules from 12.4 million single-step
reactions from the proprietary Reaxys repository. For the
transformations having at least 50 literature precedents and
encompassing the core atoms plus the radius =1 environ-
ments, they extracted � 17 000 rules; for the relaxed require-
ments of three literature precedents and only the core atoms,
the number was � 300 000. In a recent study29 by Watson
et al., the authors extracted from the publicly available
United States Patent and Trade Office, USPTO, database
(close to 2 million entries) a total of 83 942 unique trans-

forms for radius 0, 180 862 for radius 1 and 325 873 for
radius 2.

Of course, not all machine-extracted rules derive from sim-
ilar numbers of literature precedents – for popular reaction
classes, the number of such precedents can be up to hun-
dreds of thousands per one extracted rule (e.g., for general-
ized cores of Wittig olefination, Suzuki –Miyaura coupling, or
formation of an amide from carboxylic acid and amine sub-
strates); for more specialized chemistries, however, there
might be just few examples in the literature ( e.g., in Reaxys,
there are only � 20 examples of stereospecific C–H insertions
of carbenes yielding tertiary alcohols; Fig. 2a and ref. 30).
This is significant for our discussion since any machine-
learning of reaction-rule applicability is possible only for the
popular reaction classes. For the ones with just few examples,
it is impossible to automatically extract meaningful statistics
delineating the scope of the reaction, i.e., which substituents
are admissible and which are not, which groups are
conflicting with the reaction core, etc. This is, in fact, a seri-
ous flaw if one wishes to teach the machine some more ad-
vanced syntheses– for instance, the number of reported ex-
amples related to the stereospecific reduction of tertiary
alcohols used in total syntheses of curcumene31,32 and
himachalene32 is very limited and does not exceed 10. Impor-
tantly, all of these reactions were performed on simple sub-
strates (Fig. 2b) complicating prediction of the extracted
transformations' applicability to more advanced intermedi-
ates, especially bearing potentially cross-reactive functional
groups. In another example, anionic 4 + 2 cycloaddition in
Fig. 2c is represented by only 30 precedents but was the key
step in the synthesis of murrayafoline-A,33 olivine,34

clausamine E35 and claulansine D.36 This annulation occurs
via stepwise conjugate addition of a lithiated lactone, subse-
quent cyclisation forming [2.2.1] bicycloheptane, and elimi-
nation –tautomerisation (Fig. 2c) leading to the fused aro-
matic system. Without mechanistic understanding of this
complicated sequence, it is virtually impossible to properly

Fig. 2 Examples of rare but useful reactions. a) Base-induced dichloromethylation of derivatives of secondary alcohols (only 20 literature
examples). b) Stereospecific deoxygenation of tertiary alcohols (only 10 examples). c) Anionic 4 + 2 cycloaddition forming a fused aromatic system
(only 30 examples). Reaction cores without any environments are coloured in red.
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define the necessary substituents, e.g., the presence of
electron withdrawing group necessary for the conjugate addi-
tion to proceed.

Even for the popular reaction classes one has to be care-
ful. Although widening the core to the radius 1 or 2 environ-
ments generally increases accuracy of the transforms, it also
limits their scope, makes them very much case-specific and
non-generalizable (cf. previous paragraph), and still does not
treat adequately many chemical details. This point is corrobo-
rated by examples in Fig. 3 describing popular aldol conden-
sation between an ester and an aldehyde. Limiting the reac-
tion rule to only the core of changing bonds/atoms (b) or
supplementing this core (c) with immediate, radius = 1
neighbouring atoms allows for erroneous results such as
those shown in the rightmost column of Fig. 3b and c. Even
if radius = 2 is applied, the reaction template is incomplete
as it allows for the presence of highly acidic H's interfering
with expected reaction outcome (Fig. 3d).

The automated approach is also ill-suited to account for
truly long-distance effects that might come from groups
many bonds away – for instance, in Fig. 4a, the reduction
of a double bond is directed by a hydroxyl group37 located
four atoms away, while the regioselectivity of dihydroxy-
lation of a triene in Fig. 4b is controlled by an electron
withdrawing group 38 five atoms away. We observe that
extending the environments is not an answer here because
in this way one would soon end up with the number of
“rules” approaching the number of literature precedents in
the database one is learning the rules from – the only way
around this problem is to have an expert organic chemist

determine in which cases narrower cores are adequate and
in which they must be extended to capture distant substitu-
ent or scaffold effects.

Another relevant issue is the treatment of incompatible
groups – the generic automated approach devised so
far11,12,14,39 is to identify which groups are surviving a trans-
formation of interest and deem them as “compatible” ; those
groups that are not seen in reactions corresponding to a
given rule (or are “destroyed” in such transforms), are
deemed incompatible. This heuristics is rather crude since
the fact that there are no reactions in which a particular func-
tional group is absent does not mean this group is generally
prohibited in such a reaction – perhaps no one just tried a
particular group or groups' combination, which is all the

Fig. 3 Defining proper span of reaction rules. a) Base-induced aldol condensation between an ester and an aldehyde. b) Limiting the reaction
template to the bare reaction core (red) allows the rule to capture nonsensical results such as the one shown on the right. c) Inclusion of first-
degree neighbours (blue) still does not eliminate faulty predictions – here, addition of cyclopentane to aldehyde is still captured though it is chemi-
cally nonsensical for this reaction type. d) Extension to next-nearest-neighbour, radius = 2 environments (green) limits the number of nonsensical
predictions but even this extended rule allows for the presence of acidic H's from carboxylic acid (top) or benzoyl acetaldehyde (bottom) interfer-
ing with expected reaction outcome.

Fig. 4 Long-range control of organic reactions. a) Stereoselective
reduction of an alkene with Crabtree's catalyst 37 is controlled by a
remote hydroxyl group; b) sharpless dihydroxylation of polyene 38 is
controlled by a remote electron withdrawing group. The reacting
groups are coloured in red and the controlling, distant functionalities,
in orange.
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more likely for more specialized transforms having less litera-
ture precedents. Second, there are numerous cases in which
statistical approach fails because the same group might be
incompatible with a given reaction rule in some targets, but
compatible in others. As a case in point, consider examples
shown in Fig. 5 for which automatic assignment of certain
functional groups as compatible is chemically incorrect. Spe-
cifically, for methyl ester reduction performed en route to
jujuboside saponin 40 (Fig. 5a, top), we might “ learn” that
geminal methyl diester can survive the mono-ester's reduc-
tion; however, for the same reaction conditions applied to an
intermediate in plumisclerin A synthesis 41 (Fig. 5a, bottom),
we would learn the opposite – namely, that geminal methyl di-
ester reacts while monoester survives. Naturally, these conclu-
sions are chemically faulty: in general, methyl esters are in-
compatible during reduction of methyl diesters (and vice
versa) and the examples shown are scaffold-specific exceptions
for which one needs to separately code an additional, wider-
core reaction rule. Similarly, during the synthesis 42 of
milbemycin � 9 (Fig. 5b) one lactone is reduced in the presence
of another – this, however, is an exceptional example and, in
general, lactones should be qualified as incompatible during
reduction of another lactone moiety. The same problem of
falsely qualifying an alkene as compatible with ozonolytic
cleavage of another alkene is illustrated for the specific case in
Fig. 5c taken from the synthesis43 of hippospongic acid A.

Third, there are important classes of reactions for which
the cores are identical yet the mechanisms differ and so the
requirements of admissible vs. conflicting groups can be
markedly different. As an example, consider Buchwald–
Hartwig amination vs. nucleophilic aromatic substitution,
where in both cases amine reacts with an aryl halide (Fig. 6).
Although the core of these reactions is identical, the mecha-
nisms, scopes of admissible substituents and incompatible
groups are substantially different. In aromatic substitution,

the reacting aryl halide should be attached to an electron
deficient ring ( e.g., pyridine or nitroarene) while other aryl
halides (including iodides) attached to neutral or electron-
rich rings – even if present in the same molecule (Fig. 6b) –
remain unreactive. In the Buchwald –Hartwig amination, the
electronic requirements are less important and reaction is
not limited to electron deficient halides, though the reactivity
of halogens usually follows the order I > Br > Cl and thus
aryl iodides/bromides cannot be present while the chloride is
supposed to react (Fig. 6c).

Finally, machine-extracted rules may not properly handle
the stereochemical information. From the very basic level,

Fig. 5 False-positive assignments of functional groups as compatible or incompatible. Blue – reacting functional group; green – appropriately
assigned, stable functional groups; red – false-positive assignments of purportedly “compatible ” groups. These groups are compatible only for cer-
tain reacting molecules while for others, under the same reaction conditions, they are not stable ( i.e., incompatible). For detailed discussion, see
main text.

Fig. 6 Reactions with identical cores but different mechanisms,
scopes of substituents, and incompatible groups. a) Buchwald –Hartwig
amination and nucleophilic aromatic substitution share the same
reaction core and convert aryl chloride to arylamine. b) Nucleophilic
aromatic substitution can occur in the presence of aryl iodide but
requires electron deficient ring to proceed (compare with c). d) In
contrast, Buchwald –Hartwig amination of aryl chloride cannot be
performed in the presence of a more reactive aryl iodide.
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the proper handling of stereochemistry requires incorpora-
tion of so called canonical SMILES to ensure identical order
of parsing atoms in the product and in the substrates. Even
if this requirement is met, however, the tools like RDKit 44

still do not handle stereochemical notation properly and
more complex solutions like Stereofix7 or RDChiral45 are
needed. Moreover, the problem remains how to define the
reaction transform to handle relevant stereochemical infor-
mation not only in the substrate �s) but also chiral catalysts
or reagents. In the latter case, properly defined reaction
core should not allow for any nearby stereocenters in the
substrate causing the so-called “mismatching effects ” and
lowering stereoselectivity or yield (Fig. 7). For instance,
Morken's hydroboration –oxidation 46 catalyzed by phos-
phonite ligand (denoted L4 in Fig. 7a) should allow for un-
biased substrate (I) and “harmless” nearby stereocenters (II,
III) but preclude mismatched � -oxygenated stereocenters
(IV, red). Significantly, is it not easy to generalize such cata-
lyst/reagent effects, and the scope of “harmless” vs. “harm-
ful ” environments may be quite different for different trans-
formations – and thus not readily amenable to machine
rule extraction. For instance, Roush's47 anti-selective crotyla-
tion with E-boronate (Fig. 7b, denoted R,R-1/S,S-1) affords
products with acceptable diastereoselectivities in both
matched (I) and mismatched (II) cases whereas syn-selective
crotylation with Z-boronate denoted R,R-2/S,S-2 performs
well only in the matched (IV) case (Fig. 7b). Additionally,
diastereoselectivity of Leighton's48 syn- and anti-crotylations
with R,R-3/S,S-3 (Fig. 7b, bottom-right structure) is equally
high in each case.

On the other hand, when the observed stereochemical out-
come of the reaction is substrate-controlled, one should care-
fully evaluate the mechanism responsible for the observed
stereochemistry and ensure that reaction transform includes
all necessary structural features. For example, reactions of

alkenes are often controlled by the so-called allylic strain49

(Fig. 8a), intramolecular reactions and sigmatropic
rearrangements (Fig. 8b) often yield products deriving from
the most energetically favourable, pseudoequatorial transi-
tion state, face selectivity of additions to cyclic systems is
controlled by an entire set of substituents attached to the
ring and occurs from the less hindered side (Fig. 8c and d),
whereas stereoselective 1,2-additions to carbonyl groups
(Fig. 8e) and alkylations of enolates (Fig. 8f) often proceed
via chelated intermediates. In each case, the environments
necessary to capture these stereoelectronic factors (green) are
of different sizes and are significantly larger than just the
cores of modified bonds or atoms (red). As in some other ex-
amples described before, there is – at least currently – no
possibility to automate the extraction of such reaction rules.

Without spending much additional time on complications
deriving from manual entry errors in reaction databases
(Fig. 9a and b) or serious problems with proper atom map-
ping across the reaction rules28 (important to ensure that the
rules “know” which atom of the substrate becomes which
atom of the product; Fig. 9c), our conclusion from this part
is that the automatic-extraction approach entails serious
chemical problems. In Fig. 10 and in Fig. S1–S25,† this con-
clusion is further corroborated by specific examples of erro-
neous, automatically extracted rules – in many cases, describ-
ing very basic reaction classes– underlying the operation of
platforms such as Waller's MCTS12 or MIT's ASKCOS.11,14

We, of course, envision a possibility that the quantity and the
quality of available literature examples will, one day, increase
sufficiently to allow for more meaningful extraction and sub-
sequent machine learning – though one should remember
that although the “universe” of chemical reactions grows rap-
idly,8 the increase is mostly due to the proliferation of the
popular reaction types whereas the statistics on the expert-
level transformations, often scaffold-specific and applied to

Fig. 7 Defining reaction core to handle matched/mismatched cases in catalyst- or reagent-controlled stereoselective reactions. a) Morken's
hydroboration –oxidation cannot be performed in the presence of mismatched nearby oxygenated stereocenters. Properly defined reaction cores
are shown in blue. b) Lack of general rules for predicting mismatch effects. Scopes of admissible substituents for Roush's syn- and anti-selective
crotylations are significantly different. In contrast, Leighton's crotylation with R,R-3/ S,S-3 performs well in both matched and mismatched reagent/
substrate pairs (I–IV).
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natural products, is growing much slower. How to ensure
that more such expert-level data becomes available to the
community is currently unclear to us given that total synthe-
sis is, unfortunately, becoming less popular than few decades
ago. In the meantime, at least some other problems related
to automated rule extraction ( e.g., more accurate treatment of
incompatibilities) could be alleviated by publishing more
negative results from which machine-learning approaches
could benefit. Leaving such considerations to the community
(and the funding agencies) to ponder, we reminisce that we
ourselves were initially enticed to follow the path of auto-
matic rule extraction – but only until the rules so derived
proved inadequate when applied to retrosynthetic planning
involving non-trivial targets. When one reaches this conclu-
sion, one must reconsider the entire approach and face the
enormity of the task ahead – that is, of coding the rules indi-
vidually while taking into account reaction mechanism and
several physical-organic considerations.

Mechanism-based rule coding
Per our discussion in the preceding section and also quantifi-
cation in our previous works, 7 there are on the order of
100 000 distinct reaction classes constituting the body of

modern organic chemistry. The encouraging thing – and con-
trary to what some authors claimed12 – is that while the num-
ber of specific reactions published in the literature grows ex-
ponentially and doubles approximately every 10–15 years,8,61

the number of new reaction classes/types with distinct mech-
anisms is not increasing nearly as rapidly (based on our expe-
rience and estimates, there are ca. 3000–5000 such examples
per year). This makes the task of coding the rules manually
manageable, at least in principle – in our case, it took over a
decade and gave rise to, currently, over 75 000 reaction trans-
forms incorporated into Chematica.

Coding each of these transforms begins with a thorough
study and understanding of the reaction mechanism. As-
sume, for example, that we wish to code diastereoselective
Michael addition of terminal vinyl magnesium bromides to
cyclic enones (top-left portion of Fig. 11; for clarity, Mg and
Br atoms from the Grignard reagent are not shown on the left
side of the reaction scheme). The first condition to be met is
the intermolecular character of the reaction. This is moti-
vated by the fact that only intermolecular cyclisation can
ensure desired cis arrangement of R2 and R3 groups in the
product. In the SMARTS notation in the reaction record
shown in the figure, (field ‘Reaction's SMARTS’), this require-
ment is indicated by the ‘R0’ sign specifying that atom #9 is

Fig. 8 Defining reaction core for substrate-controlled stereoselective transformations. In each case, different model explains the observed stereo-
selectivity. a) Hydroboration –oxidation of alkenes is controlled by allylic strain and adequate reaction core should address relative size of substitu-
ents (RL, RS L-large, S-small). b) Stereochemistry of product obtained in Claisen rearrangement is dictated by relative size of substituents and
occurs via a pseudo-chair transition state; c) addition of a nucleophile to a cyclic ketone is controlled by an angular methyl group. Properly defined
reaction core must address the presence of trans-fused bicyclic system and angular substituent of any size. d) Alkylation of lactone is controlled
by a distant substituent and occurs from the less hindered face. e) Additions of nucleophiles to aldehydes and f) alkylations of enolates are com-
monly performed and controlled by chelated intermediates. Corresponding reaction rules should capture the presence of chelating groups (here,
OBn or OH) and relative sizes of substituents. In all panels, red = reaction cores spanning changing atoms and bonds, green = correct environ-
ments capturing substituents responsible for observed stereochemical outcomes. Examples are taken from ref. 50 –56.
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not allowed to be a part of any ring. On the other hand, the
presence of a ring between substituents R2 and R3 is allowed.
Next, we need to specify the substituents present on the five-
membered ring. Available literature on the topic indicates
that CH2 and oxygen are allowed at position #7 as cyclic ke-
tones and esters could serve as reacting partners. Also,
proper chirality of atom #2 has to be specified, as the stereo-
selective outcome is dictated by orientation of the substituent
present at this position. Because atom #7 is indicated as ei-
ther CH2 or oxygen, the substituents at position #1 are lim-
ited to those that are admissible for both ketones and lac-
tones serving as Michael acceptors. The substituents at
position #8 are limited to unsubstituted alkyl or a hydrogen
because: (i) bulky groups on the � -carbon reduce reactivity of
Michael acceptor, and (ii) it is necessary to avoid an addi-
tional chiral center that might influence stereoselectivity of
the reaction, especially in the presence of a ring between sub-

stituents R2 and R3. To prevent bulky groups that may cause
steric hindrance and disturb the addition, atom present at
position #10 of the vinyl magnesium halide is limited to hy-
drogen or unsubstituted alkyls. Other substituents, such as
vinyl group, need to be specified in separate SMARTS lines.
The reaction record also includes additional fields specifying
groups that need to be protected (e.g., aldehydes, primary
amines and thiols, in total 14 groups), groups that are always
incompatible in the reaction ( e.g., acid chlorides, other Mi-
chael acceptors,etc., in total more than 100 groups of which
47 are listed in the figure), typical reaction conditions, repre-
sentative literature sources, and 10 other fields (18 in total).
We note that different variants of stereoselective Michael ad-
dition ( e.g. with 6-membered enone serving as a Michael ac-
ceptor or other nucleophiles reacting as Michael donors – e.g.
, aryl Grignard reagents, amines, more substituted vinyl mag-
nesium halides, thiols etc.) are also included in Chematica.

Another example, in Fig. 12, illustrates encoding of a more
chemically advanced [2,3]-Wittig rearrangement with chirality
transfer. The first requirement is the acyclic character of the
ether (variants for cyclic substrates are also known, but they
need to be coded in separate lines delineating the scope of
substituents on a given ring system). The condition is met by
denoting carbon #6 as R0 (which means it cannot participate
in any ring). Another condition describes structure of the mi-
grating group. In our specific example, it is limited to an
unsubstituted allyl or allyl with methyl substituent at carbon
#7. We note that although many groups can migrate in the
[2,3]-Wittig rearrangement, and it is possible to write one,
general SMARTS (e.g., [CH2:6][#6, Sn:7], where #6, Sn–
means any carbon or tin atoms), it is not advisable to code
the rule in this way since � -(allyloxy)carbanions need to be
generated at low temperatures (usually Š78 °C) to suppress
the competing [1,2]-Wittig shift. 62 Even for the limited
SMARTS transcription encompassing only generally accepted
migrating groups such as phenyl, propargyl, or allyl, writing
one SMARTS line (e.g. [CH2:6]�CX3,CX2,c:7]) is not a good so-
lution because these groups differ in terms of incompatibility
requirements. Additionally, the line is restricted to the
unsubstituted or 2-methyl allyl (and not to any allyl) because
(i) it ensures syn selectivity of the newly created stereocenters
at atoms #1 and #6; and (ii) less substituted allyl is a better
migrating group. Another condition describes non-acidifying
character of the substituent R2 (comprised of atoms #5, 11,
12, 13 in the SMARTS line). The chemical rationale is that in-
creasing the acidity of protons adjacent to carbon #4 might
result in its deprotonation (instead of deprotonation of atom
#6) and migration of the second allyl group, thus resulting in
a different product. Another condition is the E configuration
of the resulting alcohol. [2,3]-Witting rearrangement is
known to be E-selective and the Z isomer is observed as the
minor one. The last requirement that needs to be considered
is proper relative stereochemistry at atoms #1 and #6, assyn
alcohol derives from Z-alkene while anti is obtained with sig-
nificantly lower selectivity from the E-isomer.63 As in the ex-
ample from Fig. 11, the reaction record also contains the list

Fig. 9 Errors in data sources translate into meaningless reaction rules.
a) A product in data entry 57 in SciFinder database (red) does not match
the one reported in the source publication 58 (green). The database
entry corresponds to a tandem N-methylation/C3-arylation of
pyrrolidine (with chlorotoluene being fragmented) while the original
reported reaction is an ordinary N-arylation. b) Stereochemistry of
several stereocenters is mis-assigned in Reaxys database entry
42850901 describing an instance of gold-catalyzed acetalisation. 59

Stereocenters marked red are all incorrectly inverted. c) Reaction tem-
plate derived from an incorrectly mapped Diels –Alder reaction from
the USPTO dataset (top) applied to retrosynthetic planning generates
faulty predictions. The reaction and substrates proposed for the syn-
thesis of an adduct coloured red will, in fact, yield the product
coloured green.
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of groups that require protection, those that are outright in-
compatible with the reaction, as well as ten other fields. We
note that filling in many of these fields requires careful anal-
ysis – for instance, there are some 430 incompatible groups
we routinely consider during coding, and the particular selec-
tion for a given reaction must reflect reaction mechanism as
well as reaction conditions.

While the coding protocols such as those we outlined in
this section offer a substantial improvement – in terms of
chemical correctness – compared to indiscriminate machine-
extraction of rules, they do not yet cover all aspects of rules'
applicability, as it is often impossible to capture all the rele-
vant effects just in the SMILES/SMARTS notation. These addi-
tional effects generally require augmentation by QM or MM

Fig. 10 Examples of incorrect predictions based on automatically extracted reaction rules. a) Electrophilic aromatic substitution of pyrroles
occurs at positions marked with arrows (left). MCTS algorithm described in ref. 12 incorrectly suggests the possibility of functionalization at a
less reactive position (red). b) Incorrect prediction for Suzuki coupling caused by lack of rules accounting for incompatible functional groups.
More reactive aryl iodide cannot be a spectator of Suzuki coupling of an aryl bromide. c) Erroneous prediction for the preparation of
p-iodophenyl boronic acid – this compound cannot be prepared as proposed from an aryl bromide due to higher reactivity of aryl iodide also
present in the substrate. d) Improper handling of stereochemistry in Mitsunobu reaction. Proposed stereoretentive process is possible only if
anchimeric assistance – missing in the extracted reaction transform – is accounted for. Extracted reaction core (grey frame) is common for
primary, secondary (reacting with inversion of configuration) and tertiary (hardly reactive) alcohols. e) Incorrect predictions of stereochemic al
outcomes are not limited to Mitsunobu displacements. Another incorrectly stereoretentive process is proposed for the simple alkylation of a
carboxylic acid with a secondary mesylate. In this case, the algorithmically extracted reaction template (grey frame) is also too general and
allows for substrates bearing primary, secondary and tertiary mesylates. f) Faulty predictions en route to a valerolactam derivative. The extracted
reaction core is too narrow and does not account for the reaction being substrate-controlled ( cf. Fig. 8d). Lack of any directing groups in the
substrate makes application of such a template to this target molecule incorrect. g) Incorrect prediction for a chiral-catalyst-controlled conju-
gate addition. The extracted reaction core is too narrow and, in this specific case, allows for mismatched ( cf. Fig. 8c and d) substituent. h) To
achieve any appreciable yields, the Bartoli indole synthesis requires 60 ortho -substitution which is missing in this automatically extracted reaction
template. i) Synthesis of tetrahydroisoquinolines via Pictet –Spengler cyclisation is feasible only when electron-rich (hetero)arylethylamines are
used as substrates. Automatically extracted reaction core is too narrow and allows for annulation of electron-poor pyridine. j) Information re-
lated to the presence of isotopically labelled atom is lost during generation of the synthetic precursors. Examples b –j were taken from ASKCOS
software. 11,14 For additional examples and details, see Fig. S1–S25.†
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calculations or by AI methods which we discuss in specific
sections below.

The importance of structural context
In our discussion above, one manifestation of “molecular
context” has been the treatment of groups that present cross-
reactivity problems or those that need to be protected. In ad-
dition, there are context dependencies that relate to the skel-
etal structure of the retron and/or the synthons. As an exam-
ple, let's consider a Wittig or a metathesis reaction – these
powerful reactions have very broad scopes but cannot pro-
ceed– due to strain – to install the double C � C bonds at the
bridgehead atoms of small bicyclic systems (the so-called
Bredt's rule). Specifying such outcomes at the level of reac-
tion transforms is unfeasible whereas performing detailed
calculations on-the-fly would take too much time (in particu-
lar, during retrosynthetic planning whereby very large num-
bers of intermediates are inspected). A more practical option
is to prohibit in all molecules considered during planning
those motifs that violate the Bredt's rules and, more gener-
ally, all those that are excessively strained. Some of such
“prohibited motifs ” are recognized as impossible by inspec-
tion, and some require more careful evaluation of strain via

molecular mechanics calculations (see Fig. 13a for a small se-
lection of such motifs from our library of ca. 600).

A slightly more subtle variation of this problem is what to
do with motifs which, in principle, can exists but only under
rather extreme conditions – e.g., bicyclo[1.1.0]butanes or
cyclopropenes. In such cases, we make the motif prohibited
unless it is explicitly present in the target one wishes to
synthesize.

A related problem arises when synthon/retron molecules
are not themselves strained but the reaction cannot occur be-
cause strain develops in the transition state, often during
intramolecular cyclization reactions. Some of such cases can
be captured by prohibiting pairs of motifs in the retron and
in the synthon(s) such that the former cannot form from the
latter. In the example shown in Fig. 13b, a trans-fused bicy-
clic system cannot be formed via SN2 reaction involving base-
induced ring opening of epoxide with carbamate. Such clear-
cut cases, however, are rare and, in general, one has to quan-
tify strain along the reaction coordinate. This problem is, of
course, not a new one but when combined with synthetic
planning in which large numbers of molecules are evaluated,
it has a distinct flavour – all such calculations have to be
performed very rapidly (in Chematica, well below 100 ms to
allow inspection of tens of thousands upon thousands of

Fig. 11 Mechanism based translation of diastereoselective Michael
addition into a machine readable format. The upper left part of the
figure presents the general scheme of the reaction in retrosynthetic
direction and the “decision tree ” guiding the coding of a
corresponding reaction rule. The reaction record also contains
information about groups that need protection, incompatibilities,
reaction conditions etc.

Fig. 12 Mechanism-based translation of [2,3]-Wittig rearrangement
into a machine readable format. The upper-left part of the figure
shows general scheme of the reaction in retrosynthetic direction and
the “decision tree ” guiding the coding of a specific reaction rule. The
reaction record also contains information about groups that need pro-
tection, incompatibilities, reaction conditions, etc.
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intermediates during a typical retrosynthetic search 7,9). In
some cases, classic physical organic chemistry knowledge is
very helpful as it provides us with the information about the
angles at which the cyclizing groups approach one another –
in this way, the mutual orientations of the reacting species
can be restricted, greatly simplifying the problem. For in-
stance, if a cyclization reaction is between a nucleophile and
a carbonyl group, the trajectory of approach is specified by
the so-called Bürgi–Dunitz 64 and Flippin –Lodge65,66 angles.
Calculation of energy along such a well-defined coordinate by
molecular mechanics is quite rapid and when the threshold
strain is calibrated against examples of reactions that are
known not to proceed, one can eliminate a sizeable propor-
tion of impossible cyclizations ( cf. examples in Fig. 14). This
being said, we emphasize that we do not yet have a general
method available to deal with all cyclizations, since in many
cases a unique“angle of approach” is hard to define and one
then has to sample more mutual orientations and molecular
conformations; these nuances will be described in our up-
coming papers on the topic.

Accounting for non-local electronic
effects
In some very popular reaction classes, the number of possible
substituents is not only extremely large – too large to enumer-
ate exhaustively – but their mutual placement is essential.
The problem here is that one cannot just specify in the reac-
tion transforms the lists of substituents at different positions
since not all their combinations are permissible. For in-

stance, for electrophilic aromatic substitutions on a benzene
ring, we cannot just specify lists of, say, H, Cl, Br, NH2, NO2,
etc. for every surrounding position because, as is well known
from organic chemistry classes, different substituents have
different ortho/para vs. meta-directing abilities and, depend-
ing on a specific arrangement of these groups present on the
ring, they might collectively activate or deactivate our posi-
tion of interest. The problem is further compounded by the
fact that the degrees of such influence can be different
depending on the aromatic or heteroaromatic system being
substituted. In such cases, the only legitimate strategy is to
define a reaction core very narrowly (i.e., an electrophile plus
an aromatic carbon being substituted) but supplement such
a reaction rule by a routine calculating the propensity of this
specific carbon atom to undergo the substitution reaction.

In our early works,7 we used a classical Hückel method to
calculate electron densities over aromatic systems and
allowed substitutions only at positions for which the densi-
ties were above certain threshold values. This method, how-
ever, had only � 75% accuracy over diverse aromatic systems.
The “diverse” is an important keyword here because methods
parameterized only on certain types of aromatic systems (see
ref. 72 and 73) are of limited use for generalized synthetic
planning (and the more accurate proton/electrophile affinity
approaches are prohibitively slow). In the end, we imple-
mented a “hybrid approach” combining Hammett substituent

Fig. 13 Strained molecules and reactions. a) A small sample of
strained motifs forbidden in retrosynthetic planning. * denotes any
atom. b) A bicyclic system cannot be prepared via base-induced ring
opening of epoxide due to high strain along the reaction coordinate.

Fig. 14 Energy profiles for several experimentally attempted S N2
cyclizations with either positive or negative outcomes. The examples
span alkylation of a ketone (red and green curves; from ref. 67),
opening of an epoxide (blue, ref. 68), cyclisation forming loline's
skeleton (orange; ref. 69), and cyclisation executed en route to cytisine
(black, ref. 70). The admissible energies must be below the red curve
which corresponds to a cyclization that is known not to proceed in
experiment. The energies were calculated using Merck Molecular
Force Field 94 (MMFF) and were close to energies obtained from more
precise HF/6-311+G ** calculations. Figure reproduced with permission
from ref. 71.
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constants, proton affinities averaged over all aromatic car-
bons within a specific ring type (pre-calculated at the DFT
level of theory using B3LYP functional with 6-31+G* basis
set), the Hückel method (with parameters for heteroatoms
taken mostly from ref. 74), as well as some additional heuris-
tics. This model, described in detail in the ESI † to ref. 9, eval-
uates aromatic substitution reactions with speeds commen-
surate with synthetic planning (10 –100 ms per reaction) and
offers accuracy above 90%.

Augmenting reaction rules by AI
models
The most general problem one might face when considering
rules' applicability is when both electronic and steric effects
are important. In situations when there are multiple reaction
precedents/examples available for a given, well defined reac-
tion type, one might fine-tune substituent scope by machine
learning, ML, methods. This type of approach has been used
recently by Doyle and co-workers75 for predicting the
substituent-dependent outcomes of Buchwald–Hartwig cou-
plings, although the specific implementation of AI methods
subsequently received critique76 for the lack of statistical
rigor in model testing.

To illustrate some key aspects of AI rule augmentation, we
consider a synthetically powerful 77,78 Diels–Alder reaction for
which � 20 000 reaction precedents are readily available in
Reaxys. As we discussed in detail in our recent work on this
topic,27 unsymmetrical dienes and dienophiles can react in
different orientations to give different regioisomers (Fig. 15a)
or diastereoisomers (Fig. 15b) or, when multiple diene/
dienophile sites are present in the molecule, altogether dif-
ferent products (Fig. 15c). These outcomes are dictated by
the substituents present on the diene (maximum six substitu-
ents) and the dienophile (maximum four substituents) – in
other words, the reaction core is small and well defined but

much of the game is in the atoms/groups decorating the core.
Clearly, enumerating all possible substituent combinations is
impractical and, indeed, quite pointless, as the outcomes for
the majority of them would have no experimental benchmark
to compare with. QM-based calculation are not only slow but,
as we showed in,27 offer an accuracy of only � 80% in terms
of predicting correct outcomes. On the other hand, the num-
ber of literature precedents is sufficient to train ML models
assigning certain “ features” to the substituents and learning
how the combinations of these features translate into reac-
tion outcome (the leading regio-, diastereo-, or site-isomer).
Without repeating the entire discussion from ref. 27, few
main points are worth re-emphasizing as their applicability is
beyond the Diels–Alder example:

(i) It is essential to use features that capture electron do-
nating/withdrawing propensities of substituents as well as
their steric bulk. With, respectively, Hammett constants 79

and the TSEI indices80 assigned to the substituents, the ML
models can offer accuracy well above 90% and are also appli-
cable to structurally diverse examples, including cases not
seen during model training.

(ii) Although atom-connectivity-based descriptors (e.g.,
ECFP4,81 MACCS, or RDKit44 fingerprints) or even physically
meaningless descriptors (e.g. random numbers assigned to
substituents) can offer high accuracies when trained on
structurally related examples, such models fail when
confronted with examples structurally different than those
seen during training.

(iii) The AI methods perform significantly better when pro-
vided some “ insight ” about the reaction. When the reaction
cores are not specified and the algorithms are learning from
just the structures of the products and reagents, their perfor-
mance is significantly worse.

Ensuring rules' quality and estimating
scope
As evidenced by our discussion so far, the number of possible
factors that need to be considered during reaction coding is
quite substantial. Of course, not all of the aspects we
highlighted need to be considered simultaneously: for in-
stance, calculations of electron densities usually are relevant
only to systems of delocalized � electrons (but see Fig. 16),
whereas AI augmentation routines should be considered only
for rules having large numbers (say, more than � 1000) of re-
liable literature precedents. Still, the coding process is cer-
tainly very time-consuming an also requires tremendous care
to eliminate possible human errors. In our team, we have
implemented several levels of quality control – special scripts
checking for rules' proper syntax, scripts testing applicability
of rules on some test-molecules, a peer-review cross-checking
system (chemists checking each other's transforms), and ulti-
mate verification of the results by a super-user who inputs
the reaction rules into Chematica's database. We also have in
place an error reporting systems from Chematica's end users
and standardized procedures how such errors are fixed. Over

Fig. 15 Selectivity of Diels –Alder reaction. a) Formation of
regioisomers from unsymmetrical dienes. b) Formation of endo-/ exo-
diastereoisomers. c) Formation of different products from substrates
with multiple reaction sites. Green – observed product, red – possible
by-product.
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the years, we followed these procedures to encode more than
70 000 reaction transforms whose ultimate validation has
been their correct performance in experimental execution of
computer-planned routes.9

In parallel, we have been keeping track of the retro-/syn-
thetic scope of our collection. One illustrative metric has
been how many transforms with specific substituents at each
position our rules cover – the most recent number stands at
� 4.5 million reactions ( � 70 000 rules/transforms, with a me-
dian of distinct 64 specific reactions per transform)
expanding to several tens of millions when ‘* ’ symbols
denoting “any atom” are considered (with a very conservative
assumption that each ‘* ’ admits just one substituent type).
This is significantly more than 320 000 unique radius = 2
transforms extracted29 from the USPTO collection, and more
than � 13 million literature precedents in the Reaxys data-
base, altogether attesting to the synthetic latitude of our col-
lection. The bottom-line message of this section is that, con-
trary to some claims,12 expert-coding of rules can not only
keep up with the “current literature ” (as deposited in reaction
databases) but can exceed its scope and make high-quality,
mechanism-based extensions to reaction variants not yet car-
ried out.

Some unsolved problems
Of course, there are still rules that need to be added and we
estimate that our ultimate collection will comprise some
100 000 transforms to address even the most complex syn-
thetic problems. At least some of these rules will benefit from
additional electronic density calculations, probably at levels
of theory higher than those used to predict aromatic substitu-
tions (cf. earlier in the text and ref. 9). Such calculations

Fig. 16 Reactions other than electrophilic aromatic substitutions that would benefit from electronic density calculation. a) Prins cyclisations of
electron-rich benzylic alcohols suffers from competitive oxonia-Cope rearrangement; b and c) organocatalytic aldol reactions proceed well for
electron deficient benzaldehydes; d and e) Mitsunobu reaction of electron-rich secondary alcohols suffers from competitive S N1 process leading
to erosion of ee; f) addition of nucleophiles to vinylarenes requires electron deficient arene to proceed. Substituents and yields listed in orange
and red correspond to cases that one would probably want to eliminate from the reactions' scopes.

Fig. 17 Unexpected epimerizations of thermodynamically unstable
molecules. a) Epimerization of the cis-diaryl tetrahydrofuran via p-
quinonemethide observed during attempted demethylation of phe-
nols.89 b) Epimerization of a piperidine derivative through retro 1,6/1,6
addition observed during attempted HWE olefination. 90 c) Epi-
merization of the trans-piperidine via retro 1,4/1,4 addition observed
during attempted conversion of an ester to a methyl ketone. 91 d) Epi-
merisation of strained trans-fused lactone 92 upon treatment with SiO 2.
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could, for instance, better delineate the applicability of
Prins cyclisations suffering from competing oxonia-Cope
rearrangement for electron rich benzyl-alcohol substrates82

(Fig. 16a), determine electron density thresholds for benzal-
dehydes participating in aldol reaction 83,84 (Fig. 16b and c),
penalize substitutions occurring at electron rich benzylic po-
sitions commonly suffering from competitive S N1 process
leading to erosion of optical purity 85,86 (Fig. 16d and e), or
help assure the electron withdrawing character of styrenes
alkylated with diesters87 (Fig. 16f).

Another challenge is to couple the reaction rules with MM
calculations of molecules' conformations to ensure that the
reaction sites are available and not sterically hindered – such
evaluation would be of most relevance to the synthesis of nat-
ural products for which there are many examples of confor-
mational effects dictating reactivity. 88 The specific molecules
formed as a result of rules' application should also be evalu-
ated for the stability of certain stereochemical motifs. For
instance, cis-substituted dihydrobenzofuran (Fig. 17a) is
known to be unstable during BBr 3 mediated demethylation
of phenol, 89 certain piperidines epimerize via retro-Michael/
Michael addition during HWE olefination 90 or conversion of
ester to methyl ketone91 (Fig. 17b and c), while trans-fused
Diels–Alder adduct shown in Fig. 17d epimerizes easily to a
more stable cis-lactone when treated with silica.92 It is pres-
ently unclear to us whether such subtle effects can be reliably
calculated/predicted or whether it is better to create and cu-
rate a growing, literature-based list of “unstable motifs ” that
would be matched against the outcomes of reaction rules.

Finally, an important problem to address is the estimation
of the pKa of CH acids and protic groups. For instance, dur-
ing alkylation of a valerolactam 93 anion with phenethyl bro-
mide, the low yield can be ascribed to the acidity of benzylic
H (red in Fig. 18a) and competing E2 elimination forming
styrene by-product. In the same genre but for a more complex
target, unexpected acidity of vinyl triflate thwarted the de-
sired deprotonation of lactone during Vanderval's synthesis
of Ineleganolide94 (Fig. 18b). Problems of this sort can be

solved by estimating the pKa values within the molecule and
inspecting if there are protons more acidic than the one at
our desired reaction centre. Although p Ka values for some
specific series of structurally related compounds have been
described in the literature, 95 a solution applicable to arbitrary
molecules in organic solvents is still missing. There are some
models developed internally by large pharma companies
or commercial packages from companies96–99 such as
Schrödinger, but it is unclear how accurate these tools are
(e.g., Schrödinger's package appears quite accurate for some
cases, but in some others – e.g., PhOMe calculated with Jag-
uar's DFT calculation with empirical corrections – gives pre-
dictions missing the experimental values by almost five p Ka

units!). We have been working on developing our own pKa

predictor but it is too early to estimate its ultimate accuracy.

Conclusions
In summary, translation of organic-chemical knowledge into
machine readable rules is much more than just writing out
SMILES/SMARTS strings describing reaction cores. The vari-
ous types of considerations and calculations that accompany
the coding process are, in fact, a modern embodiment of
physical-organic chemistry and an interesting junction be-
tween this seasoned area of chemical research and contem-
porary computing methods. Above all, the protocols we
strived to illustrate in this Perspective are a cornerstone on
which all higher-level routines to find complete synthetic
pathways rest – as we mentioned in the introduction and
wish to reiterate here, machine's ability to design high-
quality synthetic routes will be only as good as the quality of
the underlying rules describing individual reactions.
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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.  
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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). 
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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. 



28 
 

  

 

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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Abstract

In 2020, a“hybrid” expert-AI computer program called Chematica (a.k.a. Synthia)

was shown to autonomously plan multistep syntheses of complex natural prod-

ucts, which remain outside the reach of purely data-driven AI programs. The

ability to plan at this level of chemical sophistication has been attributed mainly

to the superior quality of Chematica's reactions rules. However, rules alone are

not sufficient for advanced synthetic planning which also requires appropriately

crafted algorithms with which to intelligently navigate the enormous networks

of synthetic possibilities, score the synthetic positions encountered, and rank

the pathways identified. Chematica's algorithms are distinct fromprêt-à-porter

algorithmic solutions and are product of multiple rounds of improvements,

against target structures of increasing complexity. Since descriptions of these

improvements have been scattered among several of our prior publications, the

aim of the current Review is to narrate the development process in a more

comprehensive manner.
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Data Science > Computer Algorithms and Programming

Data Science > Artificial Intelligence/Machine Learning

Quantum Computing > Algorithms
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1 | INTRODUCTION

The first attempts to use computers to design multistep syntheses1–7 date back to the 1960's and have, back then, met
with considerable interest and anticipation that the challenge of computerized retrosynthesis would be addressed in
short order. Unfortunately, time passed yet the vision of computers providing complete and chemically sound retro-
synthetic plans remained unrealized8—in fact, the experimental validations of machine's suggestions for the synthesis
of more complex targets failed9,10whereas those for simpler targets gave disappointing yields,11 worse than those in the
human-designed syntheses. In addition, the early programs were not really fully automated and, as in the pioneering
LHASA, provided only lists of one-step suggestions, from which the human operator had to construct complete path-
ways. Given that the numbers of reactions potentially applicable at each step are in tens to hundreds, such manual nav-
igation rapidly explodes the number of possibilities and the term“combinatorial explosion” has been coined12 to, pretty
much, deem the problem intractable, especially for the syntheses of complex targets requiring tens of steps.
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Notwithstanding, starting in the early 2000's, we revisited the problem from a perspective of large-scale networks13–15

akin to those underlying chess-playing programs such as the then-popular DeepBlue. Namely, we envisioned the pro-
cess of retrosynthetic design as a combination of (1) The“moves” defined by the reaction rules; (2) The large-scale net-
works, defined by the retron-to-synthon expansions according to these rules; and (3) The scoring functions that would
guide the navigation over such networks to find reaction pathways starting from readily available and structurally sim-
ple materials. In the initial series of papers,13–18 between 2005 and 2012, we described how large reaction datasets can
be translated into the bi-partite network representation and how they can be navigated to trace and score reaction
routes. These early attempts were based on“static” networks of the already published reactions but by ca. 2015, we
have augmented them with large-enough set of reaction rules that allowed de novo synthesis planning for arbitrary
and/or previously unknown targets (yielding, of course, syntheses not reported in the literature). These key elements
were combined in our Chematica platform and were formalized in the 2016 publication19 which, in many ways, revived
broader interest in computational synthesis. In that article, we presented first completely autonomously
designed and unprecedented routes to already nontrivial—though not yet complex—targets such as goniothalesdiol
A or (+ )-Cryptocarya diol.

From this point onward, two major lines of thinking have emerged. We continued to develop Chematica with the
main focus on expert-coded reaction rules20 and dual (“chemicals” and “reactions”) scoring functions based on chemi-
cally interpretable variables21,22(numbers of rings or stereocenters, penalties for group incompatibilities, etc.). In paral-
lel, we augmented these key components with various theoretical methods ranging from molecular mechanics, MM, to
quantum mechanics, QM,21 to Machine Learning, ML.23,24By contrast, virtually all other teams pursued purely data-
driven AI strategy,25–32 largely motivated by the assumption that only automated extraction of rules can keep the pace
of the “exponentially expanding” body of chemical knowledge (although, as recently shown, the growth is not nearly as
rapid, and only a very small fraction of reaction classes have enough literature examples to allow for meaningful
machine learning).33 These efforts have been based either on (i) automatic extraction of rules from large reaction data-
bases and then scoring the reaction“moves” by various types of neural networks, NNs, trained on these databases; or
(ii) template-free methods using the so-called transformer NNs trained on large reaction repositories.29,31

Given the recent feats of AI approaches in many other areas, the outcome of the“retrosynthesis rivalry” has been
somewhat curious and not in AI's favor. On one hand, the success of our“hybrid” expert-MM-QM-ML approach has
been documented by multiple experimental validations—by us21,22,34and others35—of complete, Chematica-designed
reaction routes leading not only to medicinally relevant targets21,35(Figure 1a) but also complex natural products,22,34

at the forefront of modern organic synthesis (Figure1b). Moreover, in,22 we showed that world's leading experts were
no longer able to distinguish the machine-planned syntheses of very complex targets from those designed by humans.
The program, rebranded as Synthia, is now commercialized and deployed by Merck KGaA in industry and acade-
mia35,36worldwide. On the other hand, the AI-based efforts have been very prolific in proposing various NN architec-
tures but the synthetic routes they produce continue to be limited to simple targets for which, one could argue, a
competent chemist would not really need any computational support. In particular, even when trained on reaction col-
lections as vast as Reaxys or SciFinder, such programs fail to plan routes to targets incorporating demanding stereo-
chemical or skeletal motifs (as, indeed, we verified in22 for the natural products Chematica tackled). We are also
unaware of any experimental validations of nontrivial syntheses suggested by these platforms.

While this dichotomy in performance is now becoming recognized,36–39 the source of Chematica's successful syn-
thetic planning has most often been attributed to its superior knowledge base of reaction rules which—based on the
underlying reaction mechanism—are coded to delineate a broad spectrum of functional groups and structural frag-
ments incompatiblewith a given reaction.20 Indeed, in this way, the rules can indirectly map the space of“ impossible”
reactions to which literature-based AI methods have really no access (other than stipulating that putative reactions not
reported in the literature are impossible, which is a dangerous oversimplification; see footnote #9 in [40]).

The quality of its chemical knowledge base is certainly important (and have been reviewed as such in [19,20,41]), but
this is not the sole significant difference between Chematica and its AI contenders. The other key component are the
algorithms with which these programs navigate the expanding networks of synthetic possibilities to find and then rank
complete synthetic pathways. In the AI approaches, the key development—since then used in most other works on the
topic—was the 2018 paper by Segler et al.32 in which they adapted the so-called Monte Carlo Tree Search, MCTS, to
expand the retrosynthetic tree by random sampling of the search space using rollouts starting from the tree's nodes.
The origins of MCTS can be traced to the 2006 paper,42 where the method (then, under a the name of“bandit-based
Monte-Carlo”) outperformed some alternatives, like asynchronous dynamic programming.43 By contrast, Chematica
has consistently used its own set of network-search algorithms with which it scores“synthetic positions” defined in
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F I G U R E 1 Examples of syntheses designed autonomously by Chematica and later validated in the laboratory. (a) In 2018, using its
basic search algorithm and scoring functions, Chematica was able to design efficient routes to medicinally important drug molecules21—like
the BRD 7/9 inhibitor shown here. In doing so, it was already showing some creativity: here, it skillfully applied the three-component aza-
Henry reaction to design a concise and much higher yielding route than the previously published eight-step synthesis of the same target.
(b) By 2020, with improved knowledge base and algorithms, the program was able to plan total syntheses of complex natural products.
Shown here is the synthesis of (R,R,S)-tacamonidine. This target was chosen because it had not been synthesized before and because the
multiple syntheses of its close analogue, tacamonine, are not amenable to the construction of the quaternary hydroxylated stereocentre
present in tacamonidine. For even more complex targets and routes, see Reference22and its extended figures and supplementary
information. Here, miniatures of Chematica's bi-partite graphs are shown above corresponding synthetic panels. In these graphs,orangecircular
node= target;violetnodes= unknown substances;greennodes= known substances (with numerals denoting synthetic popularity, i.e., the
number of literature-reported syntheses in which a particular molecule was used as a substrate;rednodes= terminal, commercially available
chemicals (with prices in $/g);bluehalo = protection needed. In the synthesis panels, substrates drawn/listed inredand greencorrespond to the
red and green nodes in Chematica's scheme. Experimental yields are given inbluefont below reaction arrows. In panel (b),yellowstar denotes
intermediate4 that is already known and whose synthesis could be found from Chematica's literature-based Network of Organic Chemistry
module13–19—however, upon reaching this starting material, the algorithm wasallowed to continue the de novo search and navigate the synthesis
all the way to very simple, commerciallyavailable building blocks (terminalrednodes). Figure and parts of the caption reproduced with
permission (a) from Reference21(Copyright 2018 Elsevier) and (b) from Reference22(Copyright 2020 Springer Nature)
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terms of both the molecules it creates and reaction operations it performs. In doing so, the program pursues multiple
search strategies supported by beam-search-inspired44 priority queues as well as multistep strategizing routines22,33 to
seek more far-sighted synthetic plans. Importantly, when MCTS and our algorithms were compared and used in con-
junction with Chematica's other components, both algorithms performed well for simple targets (which is in line with a
recent analysis of MCTS vs. an algorithm similar to Chematica's early versions [45]) but it was only the latter that was
able to navigate routes to complex natural products—as opposed to MCTS which typically found no pathways22 (likely
because difficult syntheses cannot be finished by MCTS's rollouts).

The focus of the present Review, however, is neither to delve into such comparisons nor to exclude the possibility
that in the future, the MCTS or other types of algorithms can be improved and adapted to advanced-level synthesis
planning. Instead, our objective here is to summarize the principles on which Chematica's current and successful
synthesis-planning search routines are based. This information has so far been scattered among several of our publica-
tions19,21,22,34,41,46–48 and likely described in insufficient detail. In this light, we think it is timely and important to pro-
vide a more thorough and unifying description of our algorithms and scoring functions. In doing so, our hope is that
they can be adapted to other synthesis-planning programs to enable synthetic designs more advanced than in the cur-
rent AI-based methods, and that they can also foster development of even more efficient network-search and scoring
routines.

2 | GENERAL CONSIDERATIONS FOR COMPUTERIZED
RETROSYNTHESIS

The process of retrosynthesis aims to design at least one viable synthetic route to some target molecule of interest by
iterative application of reaction rules encoding commonly accepted reaction types (say, SN2, Diel-Alder, Michael addi-
tion, Pd-catalyzed couplings, and many more). The reaction-core atoms, scope of admissible substituents in the core's
neighborhood, and also lists of incompatible groups can generally be expert-coded quite flexibly in the SMARTS nota-
tion, as described in detail in.20 However, it is worth re-emphasizing that in many cases, such SMARTS-encoded rules
need to be fine-tuned by more advanced models. For instance, for aromatic substitutions, SMARTS notation is ill-suited
to encode all possible ring types and substitution patterns. Instead, the positions at which such substitutions are allowed
are determined by algorithms utilizing, inter alia, Hammett constants and proton affinity calculations (Figure2a).
Hammett constants and steric indices are also used to vectorize certain reaction types for which statistics are abundant
enough to allow for Machine Learning (cf. vectorization of the popular and synthetically powerful Diels-Alder reaction
in Figure 2b,c). Moreover, when the conformations taken by the molecules matter for reaction outcomes, Molecular
Mechanics calculations are useful (e.g., to determine which types of intramolecular cyclizations are plausible,
Figure 2d).

Assuming the single-reaction rules are thus properly defined, they are first applied to only the target and produce
the first generation of substrates. These substrates (a.k.a.“synthons”) can then become the“targets” (a.k.a.“ retrons”) of
progeny searches—that is, the reaction rules may be applied to them to produce the second-generation of substrates/
synthons. The process is iterated until all substrates of a given reaction operation meet some stop criteria (e.g., they are
commercially available). Such stop-substrates are no longer expanded and“solve” the retrosynthesis problem in that a
path linking them to the target molecule has been established.

This general scheme merits four important comments that also outline the order of our subsequent discussion:

i. The iterative expansions create a network delineating the space of synthetic options.
ii. This network can be extremely large. As described in,19 there are, on average, some 100 reaction rules that“match”

any given retron molecule without any cross-reactivity conflicts, and the network is expanding extremely rapidly,
with ~100n molecule nodes withinn synthetic steps from the target.

iii. Given the network size, its navigation must be guided in the sense that, at each step, some algorithm (per the
nomenclature from Reference19a “scoring function”) must evaluate the sets of substrates and allow further expan-
sion of only the most promising ones. It should be noted that for advanced synthetic designs, the scoring scheme
may need to be more far-sighted than just one-synthetic-step-at-the-time and should be able to strategize over
multiple steps.22

iv. Assuming an adequately large collection of reaction rules (e.g., >100,000 expert-coded transforms currently in
Chematica), smart and strategizing scoring functions, and large collection of stop-point substrates, a good network

4 of 22 GRZYBOWSKIET AL.



search algorithm should be able to identify multiple and diverse synthetic plans. Indeed, in our practice with
Chematica, it has not been unusual to retrieve hundreds of plausible plans for a given target—in such cases, it is
also important to develop algorithms that present such pathways to the program's end user in some ranked order

F I G U R E 2 Examples illustrating some of the methods to fine-tune SMARTS-encoded reaction rules. (a) An algorithm to predict
regioselectivity of aromatic electrophilic substitution. First, the molecule is divided into individual rings. Rings are classified as benzene/
heterocyclic, fused/single and the most active position within each ring is determined using Hammett constants and heuristics. Then, the
algorithm performs three-step filtering to remove the less active rings using additional heuristics, Hammett constants and pre-calculated
values derived from proton affinity. For details, see supplementary information to Reference21. (b) To predict major diastereoisomers in
Diels-Alder cycloaddition (with possiblesynand anti products; top), it is necessary to vectorize the substituents—and their
stereochemistry—at the reaction core (i.e., C= C–C= C and C= C). Here, this is illustrated for thesynproduct whereby substituents are
sequentially added into the vector following counterclockwise numbering. In each block, substituent pointing down the plane is added first.
The substituents are then featurized with electronic Hammett constants and steric TSEI indices. To ensure that the classifier does not
depend on the order in which substituents are traversed, an equivalent vector (based on the ring rotated 180� around the axis bisecting the
1–2 double bond) is created (bottom). Desired classifiers are then trained on this composite and symmetric representation. (c) Substituent-
based vectorization, this time for predicting of regioselectivity of Diels-Alder cycloaddition. Each substituent of the diene (R1-R6) and
dienophile (R7-R10) is featurized with Hammett constants (listed outside the red and green circles) and TSEI indices and placed in the
vector shown as“block” illustrated on the upper right. Internal sub-blocks represent sets of substituents associated with the“halves” of the
molecules. The product is encoded as“1” if molecules react head-to-head and“2” if head-to-tail. With the representations described in
(b) and (c), Random Forest classifiers trained on ~3000 literature examples achieved accuracy of ~90% (see Reference23 from which part of
the figure is adapted with permission). (d) Examples of possible (black, green, orange, and blue) and impossible (red) SN2-type cyclizations
reported in the literature. Energy profiles along approximate cyclization coordinate are calculated with MMFF. The threshold for permissible
SN2-based cyclizations is set below the energy values traced by the red curve (see [20,21])
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reflecting their realistic costs. As we will see, the algorithms for computing such costs46 are also network-based but
traverse the already-generated network in the“opposite” direction, from stop-point substrates to the target.

3 | GRAPHS, SYNTHETIC POSITIONS, AND HYPERGRAPHS

We first consider how to represent individual chemical reactions in a manner compatible with the creation of a retro-
synthetic network. Say, a reaction produces productC from substratesA and B, A + B ! C. In a network/graph nota-
tion, A, B, and C will correspond to the “molecule nodes” that need to be connected by the so-called“directed edges.”
One way to do so is to draw such edges fromA to C and from B to C (Figure 3a)—this method, however, is inappropri-
ate as it may suggest thatC can be made either fromA or from B, whereas in reality it requires bothA and B. The way
to overcome this problem is to introduce another type of a node, the“reaction node” representing the reaction opera-
tion and denoted in Figure3b by a small diamond. In this so-called bi-partite representation, all causal relationships
between substrates and products are preserved—in our particular example, A and B togetherengage in reactionr1 to
yield C. With this notation, our retrosynthetic network can be represented as a directed graph (Figure3c) of molecule
nodes (containing molecular structures stored as canonical SMILES) and reaction nodes (containing details of the reac-
tion operations).

During retrosynthetic planning, this graph grows with every iterative expansion of“current” targets (retrons) into
substrates (synthons). In principle, the expansion can continue almost indefinitely but in practice only up to several
millions of nodes can be“expanded” and evaluated in realistic times and stored in machine's memory. Still, the graph
may rapidly become very complex and may contain, for instance, synthetically unproductive cycles (e.g., in a simple
example in Figure4a, red reaction arrows trace a directed cycle involving molecules“b” , “g” , and “ j” ). The existence of
cycles is, actually, a realistic problem encountered in several retrosynthetic platforms”—e.g., in Figure4b, one such
cycle in highlighted within a simple synthetic plan produced by MIT's MCTS-based ASKCOS planner.49 Yet another
problem to consider in the context of synthetic graphs is that the synthetic distance—measured by the number of reac-
tions between any given molecules—may depend on the synthetic route. For instance, in Figure4a, distance from the
target “a” to molecule “d” is just one reaction step (violetarrows) if used as part of a three-component reaction involv-
ing also “e” and “f” , but three steps (brown arrows) if used in a pathway though the“ i” and “c” intermediates. Such
nonuniqueness is problematic in assigning“synthesizability” scores to the nodes.

F I G U R E 3 Examples of synthesis graphs. A simpleA + B ! C reaction represented as (a) a conventional graph and (b) a bi-partite graph.
In the latter representation, there are two types of nodes (larger circular nodes correspond to molecules, smaller diamond nodes to reactions
operations, here just one reaction noder1). (c) A larger bipartite graph describing several methods of making a substituted 3-pyrroline target.
Yellow= target;red= commercially available substrates;green= molecules already reported in the literature;violet- molecules unknown in the
literature. Here, the coloring is just for illustration but reflects the color scheme used in realistic searches in Chematica (see Figures11and 12).
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Such considerations made us rethink the representation based on individual molecule nodes and led us to the con-
cept of a“synthetic position.”19 In chess, the position is defined by the placement ofall pieces on the chessboard. By
analogy, in synthetic planning,all substrates of a given reaction need to be considered in order to evaluate whether this
“retrosynthetic move” is promising—if only one substrate is“promising” but another is evidently hard to make or even
structurally impossible, there is no point in seeking the syntheses of the former. What this means is that the“synthetic
positions” we wish to evaluate should encompasssetsof all substrates generated in a given reaction, and that the net-
work of retrosynthetic options should be a directed“hypergraph” of such “hypernode” sets. The semantics of the
hypergraph is illustrated in the right portion of Figure5: The nodes of the hypergraph correspond to stages of synthesis,
and edges correspond to reactions that transform one set of substances into another set that may be obtained via a one-
step reaction operation. The problem of retrosynthesis therefore reduces to theoptimal path problemwidely studied in
computational graph theory and here aimed at finding some“optimal” synthetic route leading from the singleton set of
the target to any terminal nodes comprised of readily available starting materials.

4 | BASIC SCORING FUNCTIONS AND STOP POINTS

It should be emphasized that searching for the“optimal” synthetic pathway does not mean simply searching for the
shortest route. In real-world synthetic design, many factors need to be taken into consideration—for instance, it may be
preferable to perform an extra reaction but, by doing so, reach less expensive substrates; or one reaction may be prefera-
ble on account of being less technically cumbersome than some other type of chemistry, etc. In general, when scoring
the synthetic positions, it is necessary to evaluate both the molecules the algorithm encounters and the reactions that
yield them. In this spirit, Chematica has been using a scoring function that is intended to estimate and minimize the
“cost” of synthesis in terms of both chemicals and reactions. This function is a sum of two major components, each
based on a combination of chemically meaningful variables such as those summarized in Table1:

4.1 | The Chemicals' scoring function

CSF evaluates substrate sets/synthetic positions leading to a given product/retron and promotes those sets that are com-
posed of the simplest molecules. For instance, variableRINGS sums the rings while variableSTEREOsums the

F I G U R E 4 (a) An example illustrating problems in uniquely defining synthetic distance within a retrosynthetic graph and the existence
of synthetically unproductive cycles (see main text for details). (b) A screenshot of a synthetic plan produced by MIT's ASCKOS program49 to
a relatively simple target (an analogue of Apatinib). A cycle present in this route is denoted by the red arrow. Panel (a) adapted with
permission from Reference21(Copyright 2018 Elsevier)
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stereocenters present in all molecules of a given substrate set (i.e., the hypergraph's node). Comparing different sub-
strate sets leading to the same product, the one minimizing these variables is preferred—in other words, the RINGS
and STEREOvariables will promote substrate sets that, when all or some of their contents are reacted, increase the

F I G U R E 5 Scheme of a synthesis graph (left) and (a part of) the corresponding synthesis hypergraph (right). The labels near hypergraph
edges indicate the corresponding reaction nodes in the synthesis graph. Note that more than one hypergraph edge might be related to a
single reaction from the synthesis graph (as is the case here for reactionr4). Figure reproduced with permission from Reference21
(Copyright 2018 Elsevier)

T A B L E 1 Key variables available in Chematica/Synthia to define CSF (green) and RSF (red) scoring functions

Variable Description

SMALLER� Summed lengths of the SMILES strings of all substrates, each raised to some user-specified power�

HOOD� More advanced version of the SMALLER variable. HOOD counts certain functional groups (whose
atoms are no to be disconnected) within the SMILES as one atom (e.g.,O-tosyl group is counted as
a single‘O')

STEREO Number of stereocenters in the substrates

RINGS Number of rings in substrates

CONFLICTS + 1 of extra cost for each functional group incompatible with reaction conditions. It is recommended
to use this variable with a very high coefficient

PROTECTIONS + 1 of extra cost for each functional group that needs to be protected

NONSELECTIVITY + 1 of extra cost for each reaction having multiple reaction sites on a molecule. It is recommended to
use this variable with a very high coefficient

FILTERS + 1 of extra cost for each reaction in a sequence in which a fragile functional group is carried along
the synthetic pathway. It is recommended to use this variable with very high coefficient

HIDE SMILES, HIDE SMARTS,
HIDE NAME

Variables to exclude certain molecules, molecular patterns, or keywords (i.e., keywords in reaction
names or reaction condition records)

TUNNEL_COEF A coefficient between 0 and 1 that reduces cost of c.a. 100 special, two- or three-step reaction
sequences transforming highly reactive functional groups into less reactive ones (e.g., a sequence
of reactions from an alkyl iodide to a silyl ether; see Figure8b)

FGI_COEF A coefficient between 0 and 1 that reduces cost of reaction sequences that do not decrease molecular
complexity but help find “bypasses” around reactivity conflicts; see Figure8c

STEP Variable increasing cost of reaction rules that are combination of several individual steps. For
instance, SAMP/RAMP alkylation entails three individuals steps (installation of chiral auxiliary,
alkylation and removal of chiral auxiliary) and so the cost increases thrice
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number of rings and/or stereocenters the most. VariableSMALLER, on the other hand, takes as argument the lengths
of the SMILES(“SMILES_LEN”) of all molecules in a given substrate set, raises them to some powern > 1, and then
sums them up, SMALLER¼

P
substratesSMILES_LENn

i . In particular, for a given number of substrates,SMALLER
assumes minimal value when the disconnection is, per E.J. Corey's nomenclature,50 “central” and into like-sized frag-
ments. The preference for such central disconnections increases with increasing exponentn (e.g., if a retron is discon-
nected into two like-sized synthons, CSF will roughly scale as 1/2n + 1/2n which is equal to 0.5 forn = 2 and only 0.25
for n = 3). When different putative reactions disconnect the molecule into different numbers of fragments, mul-
ticomponent reactions are generally preferred (e.g., dividing into two vs. three like-sized fragments will translate into
the SMALLERvalues scaling, respectively, as ~1/2n + 1/2n vs. ~1/3n + 1/3n + 1/3n, where the latter is smaller forn >
1). In addition, CSF algorithm is accompanied by routines that check if the substrate molecules contain any of the few
hundred hard-coded structurally forbidden motifs, e.g., small rings with unsaturated bonds, systems with double bonds
at bridgehead atoms, or highly strained bicyclic systems such astrans-cyclohexene oxide. Such molecules are eliminated
from consideration. In a broader context, the CSF strives to approximate the“cost” of making a molecule (i.e., the real
cost of substrates to which the algorithm is ultimately expected to navigate) and corresponds to the heuristic cost func-
tion of the vintage A*-type algorithms.51 Its role it to guide the search toward less complex molecules, thus avoiding
exponential branching and searching parts of the unpromising regions of the solution space.

4.2 | Reaction scoring function

In its basic variant, the Reaction Scoring Function, RSF, is calculated for each reaction performed by the program and
approximates the“cost” or difficulty of a particular reaction operation. Such assessments are possible because each of
the expert-coded reaction rules inChematicais accompanied by extensive lists of functional groups that, based on
mechanistic considerations, are judged incompatible with a given reaction or groups that need to be protected before
the reaction proceeds—as mentioned in the introduction, this is one of the key advantages of expert-coded rules over
machine-extracted ones, because it considers impossible reactions that are virtually never reported in the literature. For
example, an imine group present in any of the substrates is strictly incompatible with aldehyde reduction reaction
because it would be reduced to an amine; an alcohol or phenol may be used in a Grignard-type reaction but only if it is
first protected (“masked”), etc. To quantify such chemical“conditionals” and in addition to a certain standard cost of
performing a reaction operation, RSF's variableCONFLICTSadds + 1 to every incompatible group detected. When
CONFLICTSis multiplied by some very high coefficient, it effectively removes any conflict-bearing reactions from con-
sideration. VariableNONSELECTIVITYuses a similar scheme to penalize reactions that can proceed in more than one
place of the same molecule, in effect decreasing the yield of reaction at only the desired location—typically, this vari-
able is also used with highly penalizing coefficient, but its value sometimes can be lowered to allow for more syntheti-
cally “creative” solutions (cf. Sarpong's analyses in Reference36) assuming that some nonselectivity problems can be
circumvented by judicious choice of reagents and reaction conditions. VariableFILTERS is another variable with
high-cost coefficient as it serves to penalize steps that drag along fragile functional groups, instead of reacting them
immediately after formation. In contrast, variablePROTECTIONS(which adds + 1 for every group that needs protec-
tion) is typically multiplied by a moderately valued coefficient and therefore assigns a smaller penalty/cost to reactions
that require protection, in effect preferring—but not mandating—those that are protection-free (naturally, a very high
value of the coefficient will remove such reactions altogether and the algorithm will then seek only the protection-free
routes which are desirable52 but not always possible). Algorithmically, the RSF mirrors the edge cost function of“classi-
cal” graph search algorithms such as A*51 or Dijkstra.53

In Chematica, the scoring functions can be flexibly defined in a calculator-like panel as algebraic combinations of
variables discussed above and in Table1, and with weights reflecting the user's preferences. Irrespective of these func-
tions' specifics, however, the search routines (cf. next section) will always seek syntheses that minimize the overall cost
prescribed by the sum of CSF and RSF. As a rule of thumb, giving higher weight to the RSF will increase the cost of per-
forming reactions relative to the cost of chemicals, resulting in the algorithm seeking shorter routes even at the expense
of more expensive substrates.

As an example, a scoring function we have commonly used,FUNCTION1 ¼CSF1 þ RSF1 ¼SMALLER3 þ 60þ 120�
PROTECTIONþ 1,000,000� CONFLICTSþ NON_SELECTIVITYþ FILTERSð Þwill strongly prefer central disconnec-
tions (SMALLER to the cube power), and eliminate any reactions suffering from cross-reactivity conflicts, nonselectivity
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issues, or those in which chemically unstable groups are dragged along (all such reactions are heavily penalized by the
1,000,000 coefficient). If reactions entail no such problems, this function will add an only moderate cost of performing a
reaction operation (60 and, if a reaction requires protection, 120). In effect, this function will be able to seek longer
routes starting from inexpensive substrates. By contrast,FUNCTION2 ¼CSF1 þ RSF2 ¼SMALLER3 þ 60,000þ
120,000� PROTECTIONþ 1,000,000� CONFLICTSþ NON_SELECTIVITYþ FILTERSð Þ will heavily promote the
shortest routes on account of the 60,000 and 120,000 RSF costs of performing any problem-free reactions (such routes
will stop at virtually any available substrates, even the ones that are very expensive).

On the last note, the stop-point substrates can be of two kinds—they can be chemicals that are either commercially
available (in default version, from Sigma-Aldrich catalog although other catalogs can easily be configured) or those
whose synthesis (or syntheses) is known. In the first case, the molecule comes with an actual catalog price rescaled to
dollars per unit quantity and the user can specify that he/she is interested in stopping only at molecules that are below
a certain threshold price. In the second case, the molecules are characterized by the so-called synthetic popularity mea-
sure19,54,55which quantifies the numbers of literature-reported reactions in which a given molecule has been used. The
user can then select as stop points only the molecules for which the synthetic popularity measures are high, the ratio-
nale being that if such molecules are not in the Sigma-Aldrich catalog, they are widely used and can be readily synthe-
sized. As could be expected, for molecules for which both measures are available, the price correlates with synthetic
popularity—what this means is that the algorithm can stop at some commercially and some synthetically popular
substrates, and the latter measures can be converted, at least approximately, to dollars per unit quantity.

5 | BASIC SEARCH ALGORITHM

Let us first illustrate the basic version of the A* search algorithm, one that Chematica used until ca. 2017/2018 and orig-
inally described in the supplementary information to21 (see also the pseudocode of a sequential version of this algo-
rithm in Figure 6). Starting from a desired target, the exploration of the synthesis graph and its induced hypergraph is
guided by the constantly updated CSF+ RSF sums. The hypergraphs' vertices (i.e., sets of currently available substances
that further need to be synthesized) are CSF-RSF-scored and stored in the so-called priority queue, PQ, implemented as
a binomial heap56 (which is a data structure offering high efficiency of insert operations). The individual substances
within the most promising (i.e., lowest CSF+ RSF score) hypernodes are expanded by the application of all retro-
synthetic reaction rules matching a given substance. A single expansion operation produces all synthetic options one
reaction away from the molecule being“expanded”; in reality, the process is parallelized and many molecules are
expanded simultaneously with the results collected and managed by a multi-processing service. This process is contin-
ued iteratively until the search reaches substrates that meet the stop-point criteria. When this happens, a synthesis
pathway is established as a hyperpath through the hypergraph (though, of course, it is also retrievable from the synthe-
sis graph).

This general scheme merits several comments. First, to avoid querying the same chemical node for retrosynthetic
expansion several times and to know when a molecule's expansion into immediate synthons can be used for hypernode
expansion, we keep track of the statuses of all nonterminal molecules, as illustrated in Figure7 and defined as:
EXPLORED, when already successfully expanded for possible retrosynthetic steps;EXPLORATION-IN-PROGRESS,
when the node is being expanded but results have not yet recovered; andUNEXPLORED, when the node has not yet
been queried for retrosynthetic expansion. In addition, we keep track of the“synthesizability status” of molecules
which can be propagated“upwards” in the synthesis graph while the status of any node has changed:COMPUTED
means that the node already has (at least one) computed synthesis—that is, the molecule is a terminal stop-point of the
search (e.g., commercially available) or all substrates necessary to synthesize this molecule via some reaction areCOM-
PUTED; NONSYNTHESIZABLEmeans that this node isEXPLOREDand has no incoming reactions or all of the reac-
tions producing it have some substrates which areNONSYNTHESIZABLE; NOT-COMPUTEDotherwise. Hypernodes
containing substrates which are NONSYNTHESIZABLE are not further expanded. Furthermore, keeping track of these
statuses also allows us to detect when the algorithm identifies the first completed synthesis—this happens when the
target becomesCOMPUTED.

Second, when the algorithm reaches the stop-point (terminal) chemical nodes, their CSF values are replaced by
actual/catalog costs, which are then propagated“upwards” through the graph of COMPUTEDmolecules, gradually
replacing the CSFs (which, as we discussed before, serve only as estimates of the real cost during the searches). We will
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discuss the upwards propagation in detail in Section7, where this procedure will allow us to rank the pathways, if mul-
tiple such pathways are found.

Third, our search protocol avoids becoming stuck in the same regions of the synthetic space—specifically, as it
keeps visiting hypernodes sharing the same“history” of expansions (i.e., similar fragments of already examined syn-
thetic routes), penalties are being added to their CSF+ RSF. In this way, these synthetic proposals are becoming less
and less desirable, ultimately forcing the search to withdraw and explore elsewhere.

6 | MULTISTEP STRATEGIZING, ADVANCED SCORING, AND IMPROVED
SEARCH ALGORITHM

With the algorithm and scoring functions described thus far, Chematica was able to construct syntheses to nontrivial
drug molecules21 such as in the example in Figure1a. However, even upon significant expansion of its reaction knowl-
edge base (to >100,000 expert-coded reaction rules), application of additional variables in the scoring function
(e.g., those reflecting Corey's rules on synthesis logic50), or the use of state-of-the-art NN-based scoring functions,40 the
program was still not able to find routes to really complex targets, especially natural products, and if it happened to find
a route, it was often roundabout and unremarkable.

Analysis of Chematica's failures in such advanced-level syntheses revealed that the program was not able to“ think ”
in an expert-like, farsighted manner—in particular, it did not know when and how to strategize over multiple steps and

F I G U R E 6 A Python language pseudocode of a sequential version of the basic A* search algorithm. Supplementary information to
Reference22provides a more detailed pseudocode, describing one-step, retron-to-synthons expansions (“spiders”), and construction of
descendant hypernodes of a given hypernode

F I G U R E 7 A sample synthesis graph illustrating various statuses of molecules updated during search. Nodes marked S denote
“ terminal” starting materials meeting the stop conditions; other nodes are nonterminal and can have statusesEXPLORED= E or
UNEXPLORED= U. NONSYNTHESIZABLEmolecules (i.e., ones which are expanded but have no incoming reactions or all reactions
producing them have someNONSYNTHESIZABLEsubstrates) are in blue,COMPUTED(i.e., terminal or having at least one incoming
reaction with all COMPUTEDsubstrates) in red andNOT-COMPUTEDin yellow.

GRZYBOWSKIET AL. 11 of 22



sometimes pursue steps that, individually, offered no structural simplification but could open-up elegant synthetic pos-
sibilities at the later stages of planning. Accordingly, we set out22 to furnish the program with “multistep logic” such
that it would recognize when certain reaction choices implysuccession(or elimination) of other transformations. Such
causal relationships are key for the so-called Artificial Generalized Intelligence,57,58AGI, and we hoped that with their
inclusion the program could mimic better the synthetic designs by human experts. Taking inspiration from classic total
syntheses, we implemented four modalities of multistep strategizing:

(1) We taught Chematica when to pursue two-step sequences in which the first one (in the retrosynthetic direction)
increases structural complexity but, by making such an“ investment,” enables a disconnection offering high degree of
structural simplification (Figure 8a). Only few hundreds of such“tactical combinations,” TCs, had been known before
but we used big-data analysis of all possible reaction combinations to discover additional millions34—some 100,000
most useful of these TCs were then included in Chematica, allowing the program to efficiently (and often elegantly)
overcome local maxima in structural complexity.

F I G U R E 8 Multistep strategizing modalities to facilitate Chematica/Synthia's advanced-level planning. (a) Tactical combinations help
navigate over intermediate synthons that are more complex than retrons. Overcoming such local complexity maxima allows the search to
reach much simpler, downstream synthons. Here, the structural complexity of the diol target is first increased by introducing an additional
ring (transforming the diol into a five-membered lactone). This“uphill ” step, however, is not unproductive as it enables a stereoselective
conjugate alkenylation-alkylation controlled by the structure of the substrate. This transformation disconnects the complex intermediate into
three much simpler substrates, in the process removing two stereocenters. The parts of the molecules common to both reactions in the
sequence (reaction core) are coloredgreen. (b) Examples of“ tunnel” sequences converting molecules (markedred) with highly reactive
functional groups (here, alkyl and vinyl iodides, an aldehyde) into more stable ones (markedgreen) featuring an ester, an alkene or a silyl
ether. Two-step“ tunnels” shown here are traced byred, green, and bluereaction arrows over blurred backgrounds. (c) Navigation around
reactivity conflicts. When Chematica encounters an elegant, structure-simplifying disconnection (here, Cu-catalyzed conjugated addition;
crossedredarrow) but cannot execute this particular reaction because of a reactivity conflict, it first tries to perform a functional group
interconversion to remove this conflict (here, by exchanging the highly electrophilic aldehyde into a ketal or a terminal alkene (arrows
coloredgray) and only then retries the promising disconnection (greenarrows). Without taking such bypasses, the program would pursue a
much less productive/simplifying step marked by thebluearrow. (d) Simultaneous and tandem reactions implemented in Chematica for,
inter alia, the management of protecting groups. In the scheme on the left, silylation of both primary and secondary alcohols can be
performed in a single step. If performed step-wise, the program would consider the unprotected primary alcohol as a reactivity conflict;
sequential primary-then-secondary protection could be possible but inefficient. In the scheme on the right, the removal oft-butyl ester and
Boc protection from the amine can be achieved simultaneously, in one step. If performed step-wise, the unprotected group would be
(correctly) seen as also reactive, and Chematica would penalize such steps. Panel (a) adapted with permission from Reference34(Copyright
2020 Elsevier) and panel (b), from Reference22(Copyright 2020 Springer Nature)
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(2) We implemented into the program a smaller number, ca. 100, of two- or three-step reaction sequences
(Figure 8b) commonly employed in total synthesis on natural products.59 Considered individually, the steps within
these“tunnel” sequences appear futile but when taken together, they serve to convert highly reactive groups into more
stable ones, overall reducing the numbers of reactivity conflicts and enabling additional synthetic options.

(3) We introduced routines that allowed Chematica to navigate around some types of reactivity conflicts. Previously,
the program had no means of pursuing elegant, structure-simplifying options that entailed a cross-reactive group—we
now taught the machine to probe“bypass” sequences to first try a functional group interconversion, FGI, and resolve
the conflict, and only then retry the promising step (Figure8c).

(4) Finally, we allowed the program to perform simultaneous and tandem reactions which, under given reaction
conditions, could proceed in one rather than multiple reaction steps (Figure8d). A sub-class of these improvements
related to the all-important protection group management and, in particular, ability to perform multiple suitable protec-
tions or deprotections in one step (in this case, the protection and deprotection operations were treated explicitly, as
actual reactions and not only as“need to protect” flags used in earlier versions of Chematica).

In Chematica, these multistep routines can be activated either as on/off options (e.g., use or do not use TCs) or as
additional variables in the RSF, for example,FGI_COEFand TUNNEL_COEFvariables (see Table1) that take values
between 0 and 1, and serve to reduce the cost per step and thus facilitate reactions included in“ tunnels” or “bypasses.”

F I G U R E 9 Sample hypergraphs illustrating operation of a standard A* algorithm versus our modification using BeamPQ. Numbers
inside the hypernodes denote their costs used by the queues. In (a), the hypernodes currently stored in a PQ are filled inblue. A* would pop
from an ordinary PQ a hypernode with score 5, while from a BeamPQ with widthW = 2, it would pop the node with a higher score, 8, but at
lower depth. Panels (b–d) all have the same part of a hypergraph but searched using different methods: (b) a standard A* algorithm, (c) one
using our BeamPQ withW = 2, (d) one using a BeamPQSet with two BeamPQs withW = 1. In each panel, hypernodes that were popped for
expansion are on colored backgrounds. Numbers next to the hypernodes specify the order in which these nodes were selected. In (d), the
costs used by the two queues for going“deep” and “wide” are shown inside the hypernodes in, respectively, black and red. The hypernodes
popped from these queues and returned by BeamPQSet are onblueand greenbackgrounds, respectively. In (b–d), the only terminal node is
shown in red
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With these additions, a typical scoring function might look likeFUNCTION3 ¼CSF1 þ RSF3 ¼SMALLER3 þ 60�
TUNNEL_COEF� FGI_COEF� STEPþ 1,000,000� CONFLICTSþ NON_SELECTIVITYþ FILTERSð Þwhere the second
term lowers the cost of reaction operation, 60, for“ tunnels” and FGI “bypasses” (but increases it using theSTEPvari-
able if a reaction operation entails multiple sub-steps, e.g., SAMP/RAMP alkylation entails three individuals steps,
installation of chiral auxiliary, alkylation, and removal of chiral auxiliary).

With the inclusion of multistep strategies, the program performed better but with the basic search algorithm
described earlier, the searches were still prohibitively long (often timing out) and also not predictable in terms of the
scoring functions to be used. In particular, we noticed that for some complex targets, CSF functions such as
SMALLER3—forcing more central disconnections and trying to reach simple substrates as soon as possible—were per-
forming well but in some other cases, they also timed-out without finding any routes. In such failed searches, the algo-
rithm rapidly decreased the CSF to reach molecules that could no longer be easily simplified—it then became stuck in
some unpromising areas of the search space, typically at large search depths. These problems could sometimes be
remedied by scoring functions allowing for more peripheral cuts and thus“broader” rather than “deeper” searches
(e.g., CSF= SMALLER1.5) but the times to find the solution were prohibitively long—the search depth increased too
slowly for some longer pathways to be found on reasonable timescales.

Our first approach to improve performance was to force the algorithm to explore the search space more broadly,
even when “deep”-searching CSF functions (likeSMALLER3) were used. To achieve this, we implemented a novel,
beam-search-inspired priority queue (BeamPQ; for pseudocode, see SI to22) replacing standard PQ in the simple A*
algorithm. As we have seen in Section5, selecting a hypernode for expansion from a standard PQ always returned the
lowest-scoring/“cheapest” hypernode stored in it. By contrast, BeamPQ, ensures that before the cheapest hypernode is

F I G U R E 1 0 A Python language pseudocode of a BeamPQSet priority queue that uses internally several BeamPQs. For details on the
implementation of a BeamPQ priority queue, see the pseudocodes in the supplementary information to Reference22
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selected, a given number (called beam width,W) of the best-scoring hypernodes at each lower depth must be already
tried (Figure 9a). In more detail, BeamPQ internally keeps a standard PQ, but also remembersW cheapest hypernodes
pushed onto it at all search depths; it also keeps track of hypernodes that have not yet been selected for retrosynthetic
expansion. The algorithm first chooses the cheapest hypernoden from the internal PQ. If there are no“remembered,”
not-yet-selected hypernodes at lower depths than the depth of hypernoden, then n is returned. Otherwise, the cheapest
such remembered nodem at the lowest depth is returned andn is pushed back onto the internal PQ. Of course,
BeamPQ also keeps track of which nodes it has already returned and makes sure that the same node is not returned
twice (e.g., once asm and then asn as above). The difference between our basic and BeamPQ algorithms are illustrated
in Figures 9b,cusing the same hypergraph and the first six hypernodes selected from a queue. In Figure9b, the basic
A* search with an ordinary PQ rapidly descends to higher search depths and, because it never expands the hypenode
with nonminimal cost 14 at depth 1, it is unable to find the terminal hypernode (coloredred). By contrast, in Figure9c,
A* using BeamPQ with widthW = 2 expands both hypernodes at depth 1 before it proceeds deeper—as a result, it can
“overcome” high-cost node 14 and ultimately reach the terminalrednode.

Although this algorithm gave results chemically better than our basic searches, it was still prone to becoming stuck
at higher search depths. In a further effort to improve it and analyze more like a human expert, we wanted it to (i) to
simultaneously probe different synthetic options“widely” yet pursue more“deeply” those that appear most promising;
and (ii) all along, allow the different search strategies to exchange their“experiences” and learn from each other's
results.

We achieved this by using a“composite” priority queue which internally keeps a set of BeamPQs (BeamPQSet),
each using hypernode costs computed by a different CSF. When the algorithm selects hypernodes for retrosynthetic
expansion (using a pop method according to the pseudocode in Figure10), it does so from each internal queue in
turn—for instance, in case of two queues, BeamPQ1 and BeamPQ2, the first selection is done from BeamPQ1, the sec-
ond from BeamPQ2, the third again from BeamPQ1, and so on. This said, if selection from an internal queue yields a
hypernode that has already been selected by another internal queue and returned by the BeamPQSet, the algorithm
rejects such a hypernode and tries selecting from the same queue until a hypernode not returned before is found or the
queue becomes empty (in which case it tries to select from the next internal queue). Overall, the algorithm can follow
several different search strategies defined by the CSFs of the internal queues. Moreover, when a new hypernode
(resulting from expansion of its parent hypernode) is added to BeamPQSet, it is added to all of the inner BeamPQs with
scores computed by the CSFs for these queues (see the push method of BeamPQSet in Figure10)—this allows these
individual search strategies to share their results.

In a typical scenario, two BeamPQs are used: BeamPQwide with a CSF scoring function preferring wider exploration
(e.g.,SMALLER1.5) and BeamPQdeep with a CSF preferring deeper searching (e.g.,SMALLER3). When used together,

F I G U R E 1 1 Chematica-planned synthesis of conidiogenone B, a complex cyclopiane diterpene featuring a challenging 6-5-5-5 ring
system and six contiguous stereocentres (of which three are quaternary). This 14-step synthesis relies on intramolecular alkylations to
construct five-membered rings and Diels–Alder cycloaddition to build the six-membered ring. When planning this route, it was essential for
Chematica to employ multistep strategies—in the screenshot of the pathway's graph (shown on the top), these strategies are marked bypink
and red reaction arrows. Figure reproduced and caption adapted with permission from Reference22(Copyright 2020 Springer Nature)
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the first queue helps discover promising beginnings of routes (e.g., hypernodes which make it to the list ofW best-
scoring ones for BeamPQdeep at lower depths) whereas the second strives to“ finish” these syntheses off. This is illus-
trated in Figure 9d where, for simplicity, the widths of both queues are assumed asW = 1 (in realistic searches,
Chematica usesW = 200–500). The first selection (of the root hypernode) is arbitrarily done from BeamPQdeep, followed
by selection from BeamPQwide which assigns the chosen hypernode with the score/cost of 2 (according to BeamPQdeep,
this node has score of 12, as indicated by the number in the upper portion of the node). The next hypernode is from
BeamPQdeep and has score 11 (3 according to the“wide” search). This is followed by selection from BeamPQwide of a
hypernode with score 2 (14 according to the“deep” search). As this hypernode is expanded, and its descendants are
pushed onto both queues, the previously cheapest hypernode at search depth 2 (i.e., one previously scored at 11/3)
ceases to hold the“record” status and is supplanted by the hypernode for which the BeamPQdeepscore is equal to 9. This
illustrates the cooperation between the two strategies in the sense that a more promising beginning of a pathway sought
by BeamPQdeepis found at depth 2 thanks to BeamPQwide. The next selection is from BeamPQdeepand is the hypernode
with score 9 (rather than hypernode with lower score 8 but at depth 3). Then, after the hypernode with score 9 is
expanded and BeamPQwide returns the hypernode with scores 12/3, the hypernode with cost 7 is selected from
BeamPQdeep, and expanding it leads to a solution being found (red-colored terminal node).

A notable addition to this overall scheme was that in order to increase search diversity, welimited the number of
retrosynthetic options suggested upon expansion of any molecule node (typically, to ca. 20 top-scoring reactions). While
this might sound paradoxical, it is actually easy to rationalize—without such a limit, it could happen that the hundreds
of synthetic options emanating from one or few specific retrons gave rise to enough hypernodes to“ fill in ” the entire
width W of a BeamPQ. If this happened, the strategies probed by the program could all share the same few retrons and
the diversity of solutions would be poor. By imposing the limit, we made it more likely that theW hypernodes at every
search depth comprised structurally diverse molecules, ultimately translating into more diverse syntheses being probed.

With these improvements, the program finally became adept in identifying chemically sound routes to even very
complex targets. We documented this in22 where Chematica—using only its default scoring functions based on the
abovementioned“deeper,” SMALLER3, and “wider,” SMALLER1.5, CSFs and a standard RSF—designed syntheses to
ca. 30 complex natural products, at the forefront of modern synthesis (Figure11). In addition to validating three total
syntheses by experiment (as in the example shown in Figure1b), we mixed the set of 20 Chematica-designed paths and
20 similar-complexity total syntheses from recent literature. We then asked 18 world's top-level synthetic experts to vote
whether a particular path was of human versus machine origin, and also to rank its subjective elegance on a 1–10 scale.
The experts' scores were similar for both human and machine syntheses, meaning that Chematica passed a form of a
Turing test (for all routes, detailed metrics and results, see Reference22and its Supplementary information).

7 | SELECTION AND RANKING OF PATHWAYS

In the said work on natural products, we aimed to mimic the most common uses of Chematica by synthetic chemists
whereby only default-scoring functions are applied and only the top-scoring solution is usually examined.36 However,
the stringent criterion of using default settings and analyzing just the best-scoring path does not harness one of the key
advantages of computerized synthesis, namely, that the machine can producemany valid pathways, differing in the key
disconnections and in the overall strategy of assembling the target. In our practice with Chematica, we have routinely
seen the program produce tens of diverse and chemically valid plans to mid-complexity targets and often multiple mate-
rially different solutions for complex ones (see Figure12 for examples of alternative syntheses of tacamonidine found
by Chematica upon applying a variable penalizing specifically the Pictet-Spengler cyclization central to the route from
the Figure 1b). This said, we also observed many roundabout or repetitive solutions which, if not properly scored and
ranked, would only serve to pollute the list of useful results. Mindful of such considerations, we implemented46 algo-
rithms that (i) selects portions of the searched networks that span only the productive syntheses found during a given
search; (ii) score and rank theses syntheses according to a metric more realistic than the CSF and RSF functions (which,
as we discussed, only roughly approximate the actual cost while searching for routes); (iii) penalize pathways that are
similar to each another; and (iv) present to the user a limited number of routes that are both economical and diverse.

In brief, within the post-search reaction network (Figure13a), we retain only the “synthesizable” molecule nodes
(i.e., molecules for which there exists a route connecting them with the stop-point substrates) and“viable” reaction
nodes (i.e., reactions for which all substrates are synthesizable) (Figure13b). We then retain only those nodes that are
ancestors of the target and the target itself (Figure13c). As defined in,46 the cost of each molecule node within this
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“solutions graph” is the smallest cost of all syntheses that can make some desired quantity of this chemical; the cost of
a reaction node is the smallest cost of all synthetic routes containing this particular reaction and giving this reaction's
product at a desired scale.

Following these definitions, for each nonstarting-material chemical,c, in the network, its cost is calculated recur-

sively ascost cð Þ ¼minr � pred cð Þ cost rð Þð Þ, while for each reaction node,cost rð Þ ¼fixed_cost rð Þþ
P

c � pred rð Þ
cost cð Þ
yield rð Þ, where

F I G U R E 1 2 Examples of alternative syntheses of tacamonidine proposed by Chematica. Color coding of the nodes is the same as in
Figure 1. Synthesis (a) starts with Friedel-Crafts acylation of tryptamine. This is followed by alkylation of the ketone60 controlled by a chiral
hydrazine, Sharpless' dihydroxylation, and reduction of the cyclic imine61 (subsequent steps assemble the remaining rings). Routes in (b,c)
rely on the formation of a chiral amine (controlled by Ellman's sulfonamide) via addition of an organometallic reagent derived from
2-iodoindole or reduction of an acyclic ketimine. We observe that in (b), indole addition to chiral sulfinylimine requires the formation of a
dianion, or introduction of N-protecting group. In both plans, remaining stereocenters are formed using Evans-type auxiliary to control
enolate alkylation62 and Sharpless' asymmetric dihydroxylation. Synthesis in (d) starts from 2-allylaniline. The 6-5-6 ring system is formed
via a copper-catalyzed carboamination of the alkene.63 The key step is an intramolecular conjugate addition64 followed by late-stage indoline
and alkene oxidations. For pathway details and discussion, see section 3.12 of the supplementary information to Reference22from which
the figure is reproduced and caption adapted by permission (Copyright 2020 Springer Nature)
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fixed_cost rð Þis the cost of performing synthetic operations at some unit scale,preddenotes the set of predecessors of a
given node in the network, andyield rð ) denotes estimated reaction yield (of note, for diverse reaction types, the yield
values are hard to predict accurately by either ML or thermodynamic models65–67 and in the context of route selection
we consider here, it is more practical to use some average values, like, the 75–80% average yield of all organic reactions
reported in the literature67).

The working of the recursive formula is illustrated by the example in Figure14. Assuming for simplicity that all
reactions therein have the same yield (say, 50%), we first consider the (left) branch of the network starting from a sub-
strate whose cost per mmol is 3. This cost is propagated upwards, to the violet-node intermediate as 1+ 3/50%= 7,
meaning that in order to make 1 mmol of this intermediate, it is necessary to use 2 mmol of the starting material and
pay the cost of 1 for performing the reaction (reaction costs are shown inside the diamond-shaped reaction nodes). For
the right branch of the network, the two substrates cost, respectively, 1 and 2 per mmol, and the unitary cost of reacting
them is 2. Accordingly, making 1 mmol of the violet-node intermediate will cost 2+ (1+ 2)/50%= 8. Next, the costs of

F I G U R E 1 3 Selection of cost-effective yet diverse pathways from a graph explored during synthetic search. For the sake of illustration,
we assume here 50% yield for all reactions. (a) The entire postsearch reaction network.Yellow= target,red= commercially available
substrates with numbers denoting hypothetical costs converted to“per mmol.” Costs of reaction operations are indicated in the diamond-
shaped reaction nodes. Some of the space probed by the search algorithm involves nodes that did not ultimately lead to complete syntheses
of the target (in reality, the majority of the network is of this type). In (b,c) such molecule and reaction nodes are removed. In (d), the costs
of nodes in the remaining“solutions” subgraph are recursively propagated from starting materials to the target. In (e), the lowest-cost
synthesis (green) is found and in (f) its reactions are penalized byP = + 5 (rednumbers) to increase diversity of additional solutions.
Question marks denote nodes whose costs increase upon addition of the penalty. Costs of these nodes are recalculated as in (g). In panel (h),
the new “best” synthesis is identified. Additional routes can subsequently be found by repeating the penalization-selection cycle.
Figure reproduced and caption adapted from Reference46with permission (Copyright 2019 Royal Society of Chemistry)

F I G U R E 1 4 An example illustrating recursive propagation of costs (assuming, for simplicity, all yields to be 50%).Whitenumbers inside
the redmolecule nodes denote costs of these starting materials (per mmol). Numbers inside diamond-shaped reaction nodes specify fixed
costs of synthetic operations at unit scales. Figure reproduced and caption adapted from Reference46with permission (Copyright 2019
Royal Society of Chemistry).
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the two intermediates thus calculated are propagated further upwards, to derive the cost of making 1 mmol of the tar-
get, 1+ (7+ 8)/50%= 31. It is easy to confirm that the result of this recursive calculation is the same as for traditional
chemical balancing, whereby to make 1 mmol of target, 4 mmols of each substrate need to be used (chemicals' cost
4�3+ 4�2+ 4�1 = 24), and the two reactions using the substrates are performed at double the scale of the final reaction
yielding the target (reactions' cost 2�1+ 2�2+ 1�1 = 7).

Returning to Figure13d, once the costs of all nodes are recursively propagated, the least expensive synthetic path is
identified by tracing from the target to the substrates and, at each depth, choosing the lowest-cost reaction (e.g., 11
followed by four in Figure 10e). Although the graph can now be re-searched to returnn best-scoring pathways, this
approach does not ensure the chemical diversity among the selected routes. To enforce such diversity, the algorithm
iterates the following loop until it identifies a desired number of routes (or until no more syntheses can be found):

(i) Add penalty P (e.g.,+ 5 in Figure 13f) to the fixed costs of each reaction from the most-recently found synthesis;
(ii) Identify all molecule and reaction nodes that are affected by the penalization (nodes marked by question marks

in Figure 13f);
(iii) Recalculate the costs of all affected nodes (Figure13g)
(iv) Select the newest lowest-scoring route and (Figure13h) and go back to (i).

Examples of pathways found with and without the diversification routine can be found in.46 Therein, the reader will
also find additional details of the algorithm (e.g., avoidance of cycles, some limiting behaviors) as well as performance
metrics. On the latter topic, we note that the times to select a given number of ranked syntheses scale approximately
linearly with the size of the synthesis graph. Even for large graphs and on a standard machine (e.g., one with 2.5 GHz
AMD Opteron 6380 processors), these times are on the order of seconds, which is insignificant compared to the times
of synthesis searches (minutes to hours).

8 | SUMMARY AND OUTLOOK

The selection and diversification routines complete the portfolio of graph-based algorithms we have used in
Chematica/Synthia's advanced-level synthesis planning. Development of these algorithms has spanned over a decade of
research and has, to a large extent, followed a cycle of algorithm development and testing in increasingly more complex
syntheses. The solution thus created rests on many pillars, each of which is essential for Chematica's synthetic
prowess—the conflict-aware reaction rules, the MM, QM, and ML routines fine-tuning applicability of rules, the
graphs, hypergraphs and scoring functions to represent and evaluate synthetic positions, the multistep routines to plan
further than just one step ahead, the network searches querying the space of synthetic solutions according to multiple
search strategies, and the selection-diversification algorithms.

With this “hybrid” approach, computers have finally achieved the level of human synthesis experts. This said, we
do recognize the need (and opportunity) for additional improvements, though mostly in some technical aspects—for
instance, further (and ongoing) augmentation of the reaction rule set, acceleration of routines that examine stereo-
chemistry of complex molecules (which has been the slow component of Chematica's searches), or further fine-tuning
of reaction rules with routines to rapidly evaluate transition states (e.g., to eliminate unfeasible cyclizations36). In a
broader context, we hope the solutions we described here will also resonate with colleagues developing purely data-
driven, ML retrosynthesis algorithms. We anticipate that Chematica-like search and scoring schemes could help
improve the performance of these programs and allow them to tackle targets more complex than currently. This focus
on complex targets is important. Indeed, our experience tells us that mostly complex targets are of interest to the
demanding audience of synthesis experts who are unlikely to use any retrosynthetic planners unless they offer help
them with advanced—and not the trivial—problems.
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CONSPECTUS:Teaching computers to plan multistep syntheses of arbitrary target molecules� including natural products� has
been one of the oldest challenges in chemistry, dating back to the 1960s. This Account recapitulates two decades of our group’s work
on the software platform called Chematica, which very recently achieved this long-sought objective and has been shown capable of
planning synthetic routes to complex natural products, several of which were validated in the laboratory.
For the machine to plan syntheses at an expert level, it must know the rules describing chemical reactions and use these rules to
expand and search the networks of synthetic options. The rules must be of high quality: They must delineate accurately the scope of
admissible substituents, capture all relevant stereochemical information, detect potential reactivity con� icts, and protection
requirements. They should yield only those synthons that are chemically stable and energetically allowed (e.g., not too strained) and
should be able to extrapolate beyond examples already published in the literature. In parallel, the network-search algorithms must be
able to assign meaningful scores to the sets of synthons they encounter, make judicious choices which of the network’s branches to
expand, and when to withdraw from unpromising ones. They must be able to strategize over multiple steps to resolve intermittent
reactivity con� icts, exchange functional groups, or overcome local maxima of molecular complexity.
Meeting all these requirements makes the problem of computer-driven retrosynthesis very multifaceted, combining expert and AI
approaches further supplemented by quantum-mechanical and molecular-mechanics calculations. Development of Chematica has
been a very long and gradual process because all these components are needed. Any shortcuts� for example, reliance on only expert
or only data-based approaches� yield chemically nai�ve and often erroneous syntheses, especially for complex targets. On the bright
side, once all the requisite algorithms are implemented� as they now are� they not only streamline conventional synthetic planning
but also enable completely new modalities that would challenge any human chemist, for example, synthesis with multiple constraints
imposed simultaneously or library-wide syntheses in which the machine constructs“global plans” leading to multiple targets and
bene� ting from the use of common intermediates. These types of analyses will have profound impact on the practice of chemical
industry, designing more economical, more green, and less hazardous pathways.
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Mrksich, M.; Grzybowski, B. A. Computational Planning
of the Synthesis of Complex Natural Products.Nature
2020, 588, 83� 88.4 Chematica’s ultimate demonstration
in designing syntheses of complex natural products using
strategic, multistep planning. Syntheses are scrutinized
by world’s synthesis experts and pass the Turing test.
Three natural products are synthesized according to
Chematica’s plans.

1. INTRODUCTION
The story of computer-aided synthesis is almost as old as the
history of modern computing with� rst programs envisioned5

by the late 1950s and developed vigorously from the 1960s
onward.6� 12 By the time Apollo 11 landed on the Moon in
1969, E. J. Corey and W. T. Wipke were well advanced in the
development of their� rst synthesis planning program called
OCSS,6 which then was split and evolved into Corey’s
LHASA,7 and Wipke’s SECS.8 To be sure, these early
programs were not really fully automated. For instance,

Figure 1.Chematica-designed, enantioselective synthesis of complex natural products: (a) marine steroid, aplykurodinone-1, and (b) cyclopiane
diterpene, conidiogenone B. Reproduced with permission from ref4. Copyright 2020 Springer Nature.
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LHASA provided suggestions of speci� c reactions, but the task
of choosing the“right synthetic moves” from which to
construct complete and chemically plausible pathways� that
is, the essence of synthetic design� was left to the human user.
Still, even with such semiautomatic frameworks, the goals were
very ambitious and the optimism was high� needless to say, by
1985, LHASA was used to guide synthetic choices for targets
as complex as quinic acid13 or erythronolide B.14 Unfortu-
nately, these plans were generally not accompanied by
experimental e� ort, and the sole literature-documented
laboratory validation of LHASA, the synthesis of a highly
simpli� ed taxol core, failed on the� rst step.15 In 2006, a
synthesis of a relatively simple azaspirane planned by a
Japanese program SYNSUP was carried out16 but the yields
were generally unsatisfactory and below those in other, human-
designed routes. Time passed, but no other experimental
validations were forthcoming. Even though new approaches
and programs continued to appear (for review, see refs1 and
17) and attracted chemists of Ivar Ugi’s caliber,12 the early
enthusiasm subsided. By the early 2000s, the� eld was largely
abandoned.18 This PI remembers that one of the common
arguments of the day was that“the combinatorial explosion”14

of potential synthetic options� multiplying with each synthetic
step and rapidly generating an enormous network of synthetic
possibilities� might be an insurmountable problem whose
solution would require unrealistic computing power and
impractical search times, especially for complex target
molecules requiring longer syntheses. Yet, the turn of the
millennium was also the time when computer programs
became very adept in searching comparably sized networks of
chess moves and were able to select strategies to defeat human
champions. If DeepBlue could orchestrate a multistep game to
beat Gari Kasparov, why would not a synthesis-planning
program be able to construct a coherent sequence of synthetic
“moves”? In principle, one would only have to (1) rephrase the
problem of synthesis in terms of network theory, (2) teach the
computer the rules of chemistry, and (3) devise functions to
score synthons and pathways the machine was generating. In
practice, this“only” turned into a two-decade-long journey
fueled by initial naivety, humbling on many occasions, but in
the end extremely ful� lling when the machine� now known as
Chematica or Sigma-Aldrich’s Synthia� recently4 started to

construct syntheses as complex as those inFigure 1. The goal
of this Account is to systematize the logic that guided us
through this long e� ort and narrate gradual and multifaceted
improvements� combining“expert” and AI approaches� that
were required to progress from the planning of syntheses of
relatively simple drugs to the syntheses of complex natural
products. Now that computers have� nally reached this level of
advanced synthesis planners, we also consider tasks in which
they can perhaps surpass humans: in synthetic design with
multiple constraints, in library-wide syntheses, and some more.
We believe that in the years to come, such tools will have
profound and lasting impact on synthetic design both in
academia and in industry.

2. CHEMISTRY AS A NETWORK

We began around 2002/2003 with the translation of organic-
synthetic knowledge into a network problem. Our� rst papers
on the topic19,20 focused on the representation of millions of
literature-reported reactions as a giant Network of Organic
Chemistry, NOC. As we showed, the NOC has the so-called
scale-free architecture, which is conserved from the inception
of modern chemistry, evolves according to well-de� ned and
immutable dynamics, and is characterized by the presence of
highly connected“hub” molecules central to synthesis.

By 2009, we made several important additions to the
network formalism.21 First, we began to use the so-called
bipartite representation,21,22 in which the network comprises
two types of nodes, one for molecules (inFigure 2a colored
circles) and one for reaction operations (small diamonds).
This representation preserves all causal relationships between
substrates and products and allows us to unambiguously de� ne
and evaluate entiresetsof substrates, which is especially
important in convergent syntheses in which a retron molecule
is disconnected into similar-complexity synthons, neither of
which can be neglected in further planning. Second, we
introduced rudimentary scoring functions quantifying the costs
of entire pathways as the sum of“labor”/reaction costs and the
cost of the substrates. By about 2012, we improved these
NOC-search algorithms to allow for (i) the construction, in a
matter of seconds, of multistep pathways leading to targets as
complex as Taxol (Figure 2b, c) and taking into account
various user-imposed constraints (e.g., avoidance of certain

Figure 2.Syntheses as graphs and networks. (a) The“normal” representation on the left implies that target T can be made fromeitherA or B� in
reality,bothA and B are required. This requirement is captured by the bipartite representation on the right, whereby both A and B“enter” a
diamond-shaped reaction node. (b) The cost-optimized, 40-step-long synthesis of paclitaxel/taxol found by the NOC-searching algorithm.
Reaction arrows are colored by the years in which particular reactions were reported. (c) Increasing the cost of labor, the program seeks solutions
that are shorter but start from more expensive substrates (here, commercially available baccatin III). Panels b and c: Reproduced with permission
from ref1. Copyright 2016 John Wiley and Sons.
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toxic or otherwise undesired intermediates) and (ii)
parallelized, multitarget searches seeking synthetic plans that
bene� t from the use of multiple common intermediates.1,23 In
parallel, we were developingstatistical algorithms that
estimated reactivities and cross-reactivities of individual groups
(based on the statistics of reactions present in the NOC)24,25

and also methods that predicted which individual reactions
could be connected into one-pot sequences (based on the
compatibility of reaction conditions and any cross-reactivity
con� icts). We validated several such sequences by experi-
ment.26

3. REACTION RULES: MACHINE EXTRACTED OR
EXPERT-CODED?

These network-search algorithms were e� cient but chemically
blind and uncreative� they treated molecules as mere graph
nodes and traversed a“static” network of already reported
reactions. Since our overriding goal had always been to design
newsynthetic routes to arbitrary target molecules, we obviously
had to extrapolate beyond literature-published precedents,
teach the machine the general rules of chemical reactivity, and
use these rules to de novo create and navigate networks of
synthetic suggestions.

There are two legitimate ways to teach computer reaction
rules. One approach is to extract them automatically from
literature-reported examples. A reaction template� encoded in
the so-called SMARTS notation27� then corresponds to atoms
that change during a reaction (reaction core) and, optionally,
some additional� anking atoms/groups (environment).
Templates sharing a common core can be grouped with out-
of-core substituents representing reaction scope (Figure 3a). In
the 2000s, automated extraction was pioneered28 by Orr Ravitz
and colleagues from the Simbiosys company (later acquired by
Wiley and more recently by CAS). An extremely appealing
feature of the automated approach is that reaction collections
as large as Reaxys can be extracted within a day or so.
Unfortunately, the reaction templates obtained in this way
su� er from multiple limitations. Referring the reader to our
recent review of this topic,29 we only brie� y mention that
automatic extraction may not capture all relevant stereo-
chemical information (e.g., when environment is truncated at
or near a stereocenter such that substituents’ priorities are
lost), does not recognize and exclude erroneous database
entries (which are, unfortunately, plentiful), resulting in
chemically nonsensical rules, and cannot meaningfully
extrapolate substituent scope beyond published examples
(see footnote 9 to ref34). We have seen these and other
problems with machine extracted reaction templates in our
own work on Chematica and in the programs created by
others; such templates might work for simpler syntheses30� 32

but are not accurate enough for stereoselective and sca� old-
directing reactions necessary for the synthesis of complex
targets. Accordingly, about a decade ago we decided to
proceed with expert-coded rules. This was probably the hardest
strategic decision we had to make because the number of
synthetically useful reaction types is on the order of 100 000
and encoding them manually is a task of gigantic
proportions� indeed, it took us a decade of focused e� ort to
reach this number and also develop a host of auxiliary
algorithms to, for example, enforce proper stereochemistry
which is not adequately treated by publicly available software
tools used to process SMILES/SMARTS. Ultimately, however,
we have created a collection of chemical rules of

Figure 3.Encoding reaction rules. (a) In stereoselective addition of
organometallic reagents to bicyclic ketones, the reaction“core” (in
gray) is small, but to ensure that the rule predicts proper
stereochemical outcome, one should also consider the“environment”
(colored in red). (b) Further analysis of mechanism and of the
underlying literature prompts a series of additional conditions,
represented here as a decision tree for the aryl/methyl nucleophile
(additions of other organometallic reagents, for example, acetylides,
long alkyl, or vinyl Grignards have slightly di� erent trees and are
coded separately). Conditions represented by blue diamonds ensure
presence of the so-called angular group guiding the approach of the
nucleophile (here, the presence of bicyclic system,trans junction
between rings and quaternary stereocenter neighboring ketone are all
required), while conditions in pink diamonds serve to prohibit
potentially mismatched stereochemical e� ects (here, additional
substituents located in the cyclopentanone fragment, bulky fragments
in the neighboring ring, or presence of two contiguous quaternary
stereocenters are not allowed). (c) A fragment of a reaction record
with chemical considerations encoded in the SMILES/SMARTS
notation.
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unprecedented breadth and quality, one that is now easily kept
au courantby the addition of newly discovered reaction types.

4. IMPORTANCE OF MOLECULAR“CONTEXT” AND
ML MODELS

When a reaction rule is applied to a particular retron, it is
extremely important to account for the molecule-wide
“context”� that is, for the out-of-the-core groups that cannot
be present due to cross-reactivity and those that should be
protected (Figure 3). To avoid false-positive reaction
suggestions, we have treated reactivity con� icts very
stringently, considering close to 400 potentially con� icting
functionalities for each reaction. In vast majority of cases, these
lists included groups that were not reported in literature
precedents� making such extensions reliant on detailed
studies of reaction’s mechanistic aspects (Figure 3b). To
account for groups that are incompatible but could be
protected, it was also important to categorize the reaction
conditions, such that the program would (i) recognize need for
protection and (ii) could suggest appropriate protecting
groups.

Even such detailed descriptions, however, turned out to be
insu� cient for important reaction types in which the numbers
of substituent combinations are very large. For instance, it is
hardly feasible to enumerate all possible patterns of
substituents (over various ring systems) a� ecting aromatic
substitutions� in this case, we taught Chematica to assess the
feasibility of substitution at di� erent locations by electron-
density calculations, as detailed in the Supporting Information
to ref2. For other reaction types for which the reaction cores
are well-de� ned and the numbers of literature precedents are
large (e.g., Diels� Alder, Suzuki, Michael, etc.), machine
learning algorithms were used to learn from these precedents
and to make very accurate predictions of regio-, site-, or
diastereoselectivity.33 It should be noted, however, that
performance of these methods has been satisfactory only
when the descriptors used to represent the reacting molecules
had physical meaning and captured steric or electronic e� ects.
With such physically meaningful descriptors,33 ML models can
project beyond examples they saw during training and can
quantify the e� ects of previously unseen substituents. With
these and many other algorithmic enhancements, the knowl-
edge-base of Chematica became a mix of expert and ML/QM
approaches. Some years ago, we started to refer to this system
as a“hybrid” between knowledge-based and AI.

5. SCORING SYNTHETIC POSITIONS AND
NAVIGATING THE NETWORKS

Before this hybrid could be unleashed to plan speci� c
syntheses, it had to learn (1) how to score the synthetic
options that emerge upon expansion of each retron molecule
into its progeny synthons and (2) how to search the networks
that emerge as a result of large numbers of such expansions
(Figure 4).

While developing Chematica, we have implemented and
tested various scoring functions: purely AI, hybrid knowledge-
based/AI combinations, and heuristic. Referring the reader to
ref34for details, we brie� y note that data-derived AI functions
(i.e., various types of neural networks, NNs, trained on large
repositories of published reactions) performed poorly for
advanced chemistries and complex targets, which are
represented relatively sparsely in reaction databases� con-

sequently, these NNs were not suitable for advanced planning
we sought. In terms of repeating synthetic approaches
resembling those reported in the literature, the hybrid model
(NN trained on Chematica’s reaction rules matched onto
literature-reported reactions) outclassed both heuristic and
purely data-derived NNs. On the other hand, our experience
has been that for the discovery of the most elegant routes or
syntheses of targets not yet“seen” in the literature, heuristic
functions1� not biased by prior art� perform most satisfac-
torily. These functions score both the reactions and the sets of
substrates generated at each step. They strive to reduce
molecular complexity (in terms or molecule size, number of
rings, number of stereocenters), promote central disconnec-
tions, and use various advanced variables to penalize reactions
that proceed nonselectively.

The scoring functions prescribe which of the retrons are
worth expanding into synthons� that is, they prevent
combinatorial explosion and guide smart navigation over the
networks of synthetic possibilities. Although algorithm theory
furnishes variouspret-a-portersolutions for searching large
networks (A*, Monte Carlo Tree Searches30� 32), we have
found them limited in advanced planning (see ref4 for
discussion). Instead, we developed a scheme4 that uses
multiple scoring functions realizing di� erent search strategies
but exchanging information� through the so-called priority
queues� about their separate pursuits. In a basic variant, one
function explores the network“widely” and examines broad
spectrum of alternative synthetic approaches, and one searches
“deeply” trying to disconnect the most promising synthons
into simple starting materials as rapidly as possible.

It is important to note that as its collection of reaction rules
grew and network-search algorithms matured, Chematica
began to identify very large numbers of plausible synthetic
routes (for simpler targets, in the thousands). As no user
wished to inspect so many pathways, it became important to
rank them and select only those that were really economical
and also substantially di� erent from one another. To this end,

Figure 4. Synthetic options during iterative retron-to-synthon
expansion around scabrolide A target (drawn on the bottom right
and, in the network, marked by a white arrow). Only few initial
expansions are shown. In real searches, such graphs comprise tens of
thousands of expanded“spiders”.
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we implemented a separate algorithm35 that back-traces the
already-found routes from substrates to the target, in the
process propagating realistic, dollar-per-gram costs of the
starting materials, estimating reactions’ yields,36,37 considering
pathway structure (linear vs convergent), and eliminating
chemically repetitive routes (to enhance diversity).

6. FIRST EXPERIMENTAL VALIDATIONS

By 2017/2018, most of the algorithms described above were
implemented and Chematica knew about 50 000 reaction rules
allowing it to comfortably plan plausible syntheses of drug
molecules. It was at this stage that we began to validate the
program’s predictions by experiment. Eight targets were
selected, of which six were chosen by Sigma-Aldrich as a
“synthetic challenge” to Chematica. These molecules were

medicinally relevant, of high market value, and had proven to
be challenging in Sigma’s prior synthesis attempts. We had
hoped that the program’s top-scoring plans would prove more
e� cient than prior art or allow for the� rst-ever syntheses for
maybe half of the targets� in the end, Chematica ful� lled these
criteria in all cases. Its plans, such as those shown inFigure 5,
were concise, improved signi� cantly on previously reported
yields (if prior syntheses were known), and in several cases
made use of nontrivial disconnections (e.g., stereoselective,
three-component aza-Henry reaction in the synthesis of BRD
7/9 inhibitor shown inFigure 5a, three-component Gewald
reaction used to make hydroxyetizolam inFigure 5b). The
paper2 describing these validations received considerable press
coverage but also some dismissive comments on account of the
targets’ stereochemical simplicity. It was very clear to us that to

Figure 5.Experimental validation of Chematica-designed syntheses leading to medicinally relevant targets. Syntheses of (a) BRD7/9 inhibitor, (b)
hydroxyetizolam, (c) dronedarone, and (d) hydroxylurasidone. Experimental yields are in red font. In Chematica pathway miniatures: yellow nodes
= targets, violet = unknown molecules, green = known molecules, red = commercially available chemicals, and blue halos = protection needed.
Reproduced with permission from ref2. Copyright 2018 Elsevier.
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convince the leaders of the� eld, Chematica would have to up
its game� preferably, to complex natural products.

7. FROM DRUGS TO COMPLEX NATURAL PRODUCTS
Algorithmically, the challenges of natural product synthesis are
2-fold: (i) the networks of synthetic options to explore are
much larger (� 100n nodes,1 wheren is typically in tens for
natural products vs <10 for drugs) and (ii) approaches aiming
to simplify the structure at every step have low chance of
working. It is no longer a question of knowing more reaction
rules but of the ability to arrange these rules into highly logical
and often nuanced sequences. Indeed, even when Chematica
was taught some 100 000+ rules (including large fraction of
advanced, stereoselective reactions) and used its newest
scoring functions, it could not� nd plausible routes to complex
targets. Close inspection of the networks the program
generated revealed that it was especially reluctant to enter
into the sequences that o� ered no immediate gain� for
instance, Chematica did not see the point in manipulating
functional groups or in increasing structural complexity, even if
such“investments” could lead to elegant, structure simplifying
steps later on. In other words, the program was thinking one-
step-at-a-time (which is a common feature of all other
retrosynthesis programs based on AI) and could not really
strategize over multiple steps. Going back to the drawing
board, we decided to equip Chematica with some additional
causal reasoning used by expert chemists to determine which
reactions should trigger (or prohibit) the use of others.
Learning from thousands of classic total syntheses, we distilled
this chemical“if-then” causality to four classes of rules de� ned
in ref4 as follows:

(1) Tactical combinations� that is, two-step combinations
of reactions having overlapping reaction cores and
overcoming local complexity maxima to o� er signi� cant
structural simpli� cation (Figure 6a). We recently
reported38 systematic discovery of close to 5 million of
such sequences (vs� 500 known before) of which some
100 000 most useful ones were incorporated in
Chematica. If the program identi� es a possibility for
an “uphill,” complexity-increasing move� which it
would normally almost never take� then, it automati-
cally checks if this step can be followed by a“downhill”
reaction from our list of 100 000. If so, two steps are
performed.

(2) Functional Group Interconversions, FGIs (Figure 6b),
are� 100 two- or three-step reaction sequences, which
convert highly reactive groups into less-reactive ones and
thus allow for more synthetic options on a terminal
synthon of the sequence. A retron-matching sequence is
performed automatically provided there are no chemical
incompatibilities in any of the constituent reactions.

(3) Bypasses are combinations of reaction moves whose role
is to resolve intermittent reactivity con� icts (Figure 6c).
If Chematica encounters a very promising reaction but
cannot perform it on account of a con� icting group
being present, it� rst attempts an auxiliary reaction or
FGI to remove this incompatibility and only then retries
the highly desirable step.

(4) Simultaneous and tandem reactions are combinations of
two, three, or four reactions of di� erent types judged to
be executable in one“superstep” if reaction conditions
are suitable. These combinations are also applicable to

the management of protecting groups, allowing for the
introduction or removal of several such groups in one
step (Figure 6d).

With these multistep routines added, Chematica improved
dramatically in the sense that it began to repeatedly� nd
syntheses of complex targets, including natural products at the
forefront of modern synthesis4 (Figures 1and 7a). Seeking
some independent assessment of these routes, we� rst turned
for help to the world’s top synthetic chemists. In short, we
curated a collection of 20 Chematica-planned and 20
literature-reported natural product syntheses (Figure 7a).

Figure 6.Causal reasoning and examples of strategic sequences. (a)
Intentional complexi� cation from the target to an intermediate can
lead to a much simpli� ed substrate in subsequent retrosynthetic step.
(b) FGI sequences convert highly reactive into more stable and
synthetically less con� ict-prone groups. (c) Bypasses resolve
intermittent reactivity con� icts. Here, alkylation of a ketone enolate
with an iodoalkane harboring OH group is not possible (red arrow)
but becomes feasible (green arrows) after conversion of the
problematic hydroxyl into an alkene or a silyl ether. Without the
bypass routine, Chematica would pursue a much less simplifying
allylic oxidation (blue). (d)“Supersteps” perform simultaneously two
or more di� erent reactions if their conditions are compatible (here,
debenzylation of a benzyl ether and a phosphonate ester can proceed
simultaneously but not stepwise). Reproduced with permission from
ref 4. Copyright 2020 Springer Nature.
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We, then, asked the experts to score each pathway on a 0� 10
scale for the perceived (i) likelihood it was designed by a
human or by the machine and (ii) elegance. The results
(Figure 7b, c) were exciting, as the expert-assigned scores were
not statistically di� erent for the human versus machine
designed synthetic plans� in other words, Chematica passed
the so-called Turing test (previously attempted only for much

simpler targets and syntheses30), meaning it could emulate
advanced human synthetic planning! Naturally, these paper
analyses would be incomplete without experimental validation
of Chematica-designed plans, which we carried out for three
natural products di� ering in complexity and having no prior
examples of total syntheses. The simplest target was
(� )-dauricine, and its straightforward synthesis relied on the

Figure 7.Chemical Turing test. (a) One of 40 total syntheses evaluated by the experts� this one, of callyspongiolide A, was designed by
Chematica. (b) Distributions of scores (perceived human or machine origin on the horizontal axis, subjective elegance on the vertical axis) assigned
by the synthesis experts to each of the 20 human-designed and 20 machine-designed syntheses. (c) The so-called ROC curves quantifying expert
choices. Average for all experts (thick red curve) is close to the diagonal signifying the choices were close to random� meaning that Chematica and
published syntheses were no longer distinguishable. For details, see ref4 from which the� gure is reproduced with permission. Copyright 2020
Springer Nature.
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Pictet� Spengler cyclization performed using Davis auxiliary
(Figure 8a). Chematica-planned synthesis of tacamonidine
(Figure 8b) was more challenging and interesting because the
syntheses of its close analogue, tacamonine, could not be
adapted to construct tacamonidine’s quaternary hydroxylated
stereocenter. In the machine-designed route the tricyclic
tryptoline system was constructed by Pictet� Spengler
cyclization, which was then followed by an original and logical
sequence of intramolecular indoleN-acylation, asymmetric

dihydroxylation, and ultimate ring-closing alkylation. Finally,
synthesis of a challenging bridged polycyclic sesquiterpene
called lamellodysidine A (Figure 8c), relied on Suzuki coupling
of a hydroborated triene with a vinyl halide, intramolecular
Diels� Alder cycloaddition (constructing the target’s tetracyclic
[2.2.2]-bicyclooctene framework), and hydrolysis of methox-
yfuranone (whereby the program correctly predicted selective
formation of the thermodynamically more stable and less
hindered stereoisomer). As described in detail in ref4, all three

Figure 8.Total syntheses planned by Chematica and validated by experiment: (a) (� )-dauricine, (b) tacamonidine, and (c) lammelodysidine A.
For details, see ref4 from which the� gure is reproduced with permission. Copyright 2020 Springer Nature.
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syntheses proceeded in good yields, as indicated by
experimental values indicated by blue fonts.

8. THE FUTURE: BEYOND HUMAN?
With the demonstrations described above, Chematica has
� nally become the� rst computer program to successfully
emulate synthetic designs at an expert level. In that sense, we
feel it is fair to say that the long quest for automated synthetic
planner is nearing completion. Of course, Chematica should
and will be taught additional reaction rules and its algorithms
will be further improved and accelerated, while its hardware
base will expand to allow for wider access. At the same time,
the crucial algorithmic components for the problem have been
de� ned and implemented.

At this point, we wish to risk some forward-looking
statements. First, we do not foresee any major hurdles with
the software’s adoption by the synthesis community. Much like
Reaxys and Sci-Finder accelerated literature searches for
synthetic procedures (vs going to the library), so can programs,
such as Chematica streamline traditional synthesis design,
rapidly suggesting a variety of synthetic approaches from which
to choose. Second, we do not see any real threat of such
programs“taking away jobs” (as sometimes claimed) from the
chemists� chemists will de� nitely be needed not only to
execute the computer’s plans but, even more importantly, to
discover new methodologies. Third and unlike the 1970s,
when synthetic planning programs appeared as rapidly as they

faded away, the long-term survival of modern platforms seems
to be secured by the support of large organizations (e.g.,
Chematica/Synthia is backed and further developed by Sigma-
Aldrich/Merck, ACS/CAS is developing its own SciFindern

tool39 tracing back to Orr Ravitz’ ARChem, and Reaxys is
o� ering Synthesis Planner40 based on M. Waller’s AI
technology30). Fourth, referring to an often-invoked argument
that the maintenance of expert-coded reaction rule databases is
not sustainable, there is no such threat� although millions of
speci� c reactions are published every year, only few thousands
(at most) are new reactiontypesand keeping track of these
transformations is not a problem.

Last but not least, we would like to comment on the use of
synthesis-planning programs in tasks that are arguably beyond
cognition of individual chemists. Although we certainly
acknowledge that human experts can develop routes to
virtually any target, the planning might get very complex if
many additional requirements/constraints are imposedsimul-
taneously. Say, one wished to develop a route to an isotopically
labeled target� either singly or perhaps with more isotopic
labels� starting not only from inexpensive substrates below a
certain molecular mass, but also avoiding any protection
chemistries and, perhaps, the use of rare-earth-metal catalysts
in the last steps and toxic intermediates along the entire route.
These are quite a few conditions to keep track of and several
catalogs of specialized building blocks or regulated substances
to consult. For the machine, handling multiple conditions and

Figure 9.Retrosynthetic analysis with additional constraints. (a, b) Syntheses of [M+6],13C-labeled warfarin designed by Chematica. The
program’s top-scoring solutions are for two isotopomers that can be sourced from relatively inexpensive13C6 benzene. (c) Known, patent-protected
syntheses leading to sitagliptin rely on disconnections around the chiral amine. When these bonds are locked (marked red in panel d), the program
rapidly� nds other patent-evading solutions, such as the one in panel e. Panels c� e were reproduced with permission from ref41. Copyright 2019
Elsevier.
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“memorizing” multiple catalogs is not a problem, and syntheses
such as those shown inFigure 9a and b are found in a matter of
minutes (for details, see ref3). In a similar genre, one might
wish to design a synthesis of a known drug with similar
constraints and, additionally, avoiding disconnection of certain
bonds central to existing process patents (Figure 9c,d).

Figure 9e, taken from our recent work,41 shows some patent-
circumventing routes Chematica found for a blockbuster drug
called sitagliptin. Avoidance of speci� c reactions and hard-to-
source key substrates is yet another option, which we42 and
others43 have shown useful in seeking alternative paths to
important antiviral compounds (of note, in ref43, Cernak’s
group validated such plans by experiment). Finally,Figure 10
illustrates a situation in which there are multiple and
isotopically labeled targets3 (M+6, 13C isotopically labeled
derivatives of ten anticoagulant rodenticides), and the program
is asked to develop a global synthetic plan to make all of them
in the most economical way, hopefully sharing between
individual routes as many intermediates as possible and using
an economical source of13C atoms. Keeping track of such
synthetic networks� no longer just individual pathways�
might be a rather daunting task for a human chemist. For a
computer, it is few hours of work.

In summary, whereas the synthesis of very challenging,
natural products targets is likely to remain the area of
Chematica’s academic applications, it is the multiple-constraint
searches that are expected to have the most profound impact
on the practice of chemical industry, designing more
economical, more green, and less hazardous pathways. As
these developments are already taking place, our own focus is
now shifting to what we believe is the next great challenge for
the machines� namely, to discover completely new reaction
types which could then be fed-back into retrosynthetic

planners to further improve their might. We will report� rst
results of this new pursuit shortly.
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Selection of cost-e � ective yet chemically diverse
pathways from the networks of computer-
generated retrosynthetic plans †

Tomasz Badowski,‡a Karol Molga ‡a and Bartosz A. Grzybowski *ab

As the programs for computer-aided retrosynthetic design come of age, they are no longer identifying just

one or few synthetic routes but a multitude of chemically plausible syntheses, together forming large,

directed graphs of solutions. An important problem then emerges: how to select from these graphs and

present to the user manageable numbers of top-scoring pathways that are cost-e � ective, promote

convergent vs. linear solutions, and are chemically diverse so that they do not repeat only minor variations

in the same chemical theme. This paper describes a family of reaction network algorithms that address

this problem by (i) using recursive formulae to assign realistic prices to individual pathways and (ii) applying

penalties to chemically similar strategies so that they are not dominating the top-scoring routes. Synthetic

examples are provided to illustrate how these algorithms can be implemented – on the timescales of � 1 s

even for large graphs – to rapidly query the space of synthetic solutions under the scenarios of di � erent

reaction yields and/or costs associated with performing reaction operations on di � erent scales.

Introduction
Recent years have witnessed the revival of interest in computer-
assisted retrosynthetic planning, which has been an elusive goal
since the late 1960s.1–11 With foundational work on the repre-
sentation of large collections of chemical reactions as
networks12–14 and the so-called bipartite graphs15–18 and with
modern hardware and algorithm s allowing for rapid searches
for synthetic pathways, synthetic planning by computers has
� nally become a tangible possibility. Indeed, several so� ware
platforms 7–11,19,20 have been developed di� ering in the details
of search algorithms and also in the origin of synthetic rules
(expert-coded19,20 based on reaction mechanisms vs. auto-
matically extracted from the literature 7–11). The year 2018 also
marked the � rst demonstration 20 – on our Chematica platform
– of autonomous computer desi gn and subsequent experi-
mental validation of multiple e � cient syntheses leading to
medicinally important targets. Despite this undeniable prog-
ress, however, several challenges remain and need to be
considered, especially if the programs are to be adopted by
practicing organic chemists. One of the challenges we
consider here is how to present to the program's user synthetic

solutions that are not only via ble but also economical and
chemically diverse.

In the early stages of its development, Chematica was able to
identify relatively small numbers of viable syntheses which were
o� en variations of a similar synthetic theme. With the increasing
knowledge base of reactions and with improved algorithms for
the exploration of synthetic options, 19,20 however, the searches
started to identify increasingly large numbers of chemically
correct solutions which themselves formed large synthetic
networks (cf.Fig. 1). The question then arose how to estimate and
rank the realistic costs of these possible pathways, taking into
account not only the absolute number of steps and the costs of
starting materials but also the path structure – that is, its linearity
vs.convergence, the placement of the convergence points within
the pathway, or the optimal “timing ” to use the most expensive
reagents (see examples in Fig. 2). In addition, because organic
molecules can be made in di� erent ways and the ultimate choice
of a pathway o� en re� ects practical considerations (ranging from
the availability of certain reagents or equipment to the familiarity
of a given chemist with particular types of reactions/procedures),
it is important to present to the user multiple choices di � ering in
the key reactions they entail. We note that although the problems
of (i) � nding a desired number of the best/lowest-cost solutions
within the so-called directed graphs with weighted nodes ( e.g., in
random time-dependent networks, 21–23 transit networks, 21,24,25 or
reaction networks19,20,26) and also (ii) identifying qualitatively
di� erent pathways (e.g., within transportation networks 27) have
been individually studied in graph theory, the speci � c
approaches are not easily extendable to realistic synthetic–
organic planning ( cf. Discussion in Section S3†). Curiously,
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neither cost e� ectiveness nor diversity has been addressed in
the existing retrosynthetic pla tforms, which might explain why
the relevant publications usua lly describe just one top-scoring
solution (diversity issue) and why the published pathways are
o� en linear rather than convergent sequences (lack of realistic
treatment of costs and yields). In our earlier versions of
Chematica,16,19,20 the selection algorithms were also rudimen-
tary and the cost-calculation schemes were not only extremely
slow (running for thousands of seconds for large graphs of
solutions) but also did not properly capture the e � ciencies of
individual steps and the overall path structure (linearity vs.
convergence), translating into unrealistic costs of starting
materials consumed and/or reaction operations performed ( cf.
Section S3.1†). In light of these considerations, we see the
improved approaches – re� ecting true synthetic costs and
operating within just seconds – described in the current paper
as an important advance not only for Chematica but also for
other e� orts in this exciting area of research.

Computer-assisted retrosynthetic searches rely on iterative
expansion of the parent/retron nodes into daughter/synthon
nodes and on navigating the thus-created synthetic space
(with the help of various scoring functions) to ultimately reach
simple and commercially avail able substrates. Since the

search procedures are not the subject of our current work (for
details, see ref. 9, 19 and 20), the starting point for our anal-
yses is an already existing large graph of molecules consid-
ered/“visited” during synthetic planning. In a more technical
parlance, we consider a large directed bipartite graph (Fig. 1a)
composed of two types of nodes: molecules represented in all
� gures as circular nodes and reactions represented as smaller
diamond-shaped nodes. The molecule nodes are of three
types: the target (marked yellow in the � gures), its progeny
nodes (in speci� c chemical examples in Fig. 6–10 colored green
if a molecule is known in the literature 19,20 and violet other-
wise) corresponding to synthetic intermediates, and
commercially available starting materials ( red). To enable
meaningful cost estimates of the synthetic pathways, the
starting materials must have realistic prices standardized to
a certain common quantity – in Chematica, there are over
200 000 such nodes from the Sigma-Aldrich catalog and their
prices are all standardized to “per gram,” which is easily
convertible to “per mmol ” we use here. The reaction nodes
carry with them some “ � xed cost” of performing a reaction
operation r to obtain some unit quantity of the product – this
cost can be loosely construed as a cost of labor plus
equipment/solvent/puri � cation and does not yet account for

Fig. 1 Reaction networks/graphs inspected during synthetic searches and the subgraphs of viable solutions. (a) The graphs of all molecule nodes
visited during Chematica's retrosynthetic searches for the syntheses of the triarylamine target (same as in Fig. 6). The network on the left is for the
early stage of the search (15 iterations of expanding retrons into progeny synthons; overall within � 20 s computing time on a 64-core machine)
and contains 456 nodes ( i.e., all molecules and reactions considered during the search). The graph on the right is later in the search (123 iterations
within <2 min of computing time on a 64-core machine) and contains 5300 nodes. (b) The corresponding subgraphs of the networks from (a)
contain only the viable syntheses. Note that as the search progresses, the subgraphs of solutions are themselves becoming quite complex, here
increasing from 90 nodes after 15 iterations to 779 nodes after 123 iterations. Color coding of the nodes: yellow ¼ target; violet ¼ intermediates;
red ¼ commercially available starting materials; small gray diamonds ¼ reaction nodes.
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the prices of speci� c substrates and/or reaction yield that are
considered only when evaluating speci� c pathways. The algo-
rithms we describe below do not change if the “ � xed costs” are
the same or di� erent for di � erent reaction types (as in the
example in Fig. 3). Finally, the reactions are assumed to
proceed with a certain yield – although yields of each reaction
in the network can be estimat ed individually (by machine-
learning 28 or by thermodynamic models 29), we assume here,
without losing generality of the algorithms, that the yields of
all reactions in the graph are the same. In Chematica, the
speci� c value of such a“global” /average yield can be set by the
user allowing him/her to query the graph of synthetic solu-
tions under di � erent yield scenarios.

Results and discussion
Scoring and selecting cost-optimal pathways

With algorithmic details described in the ESI, Section S1,† the
general procedure for pathway selection is illustrated in Fig. 3.

Within the initial network in Fig. 3a, we de � ne (i) chemical
nodes as “synthesizable” if they are targets of at least one
synthetic pathway tracing back to commercially available
substrates and (ii) reaction nodes as “viable” if all their
substrates are synthesizable. In the � rst step, the algorithm
� nds all synthesizable nodes in the network in a depth- � rst-
search-like manner and using the fact that a chemical is syn-
thesizable only if it is commercially available or is a product of
some viable reaction. If the target is not among the synthesiz-
able nodes, then the selection algorithm stops without return-
ing any pathways. Otherwise, it proceeds as follows. A subgraph
of the network induced by synthesizable nodes is computed and
retained (Fig. 3b). This step removes all substance nodes that
are not synthesizable and reactions that are not viable. Then,
the remaining subgraph is further restricted to one induced by
ancestors of the target and the target itself (Fig. 3c). This step
removes nodes which do not belong to any pathways leading to
the target. Over the remaining subgraph, called the solution
graph, the cost of each chemical node is taken as the smallest

Fig. 2 E� ects of path structure on the cost of syntheses. The schemes illustrate hypothetical synthetic plans in which 1 mmol of the � nal product
(yellow nodes on the right) is made from the same substrates (red nodes with prices per mmol given by the white numbers, i.e., 1, 3 or 5 of some
currency). All syntheses use three reactions. The reaction operations in this bipartite representation are indicated by small diamond nodes and are
assumed to proceed in 50% yield each. Intermediates are denoted by violet circles. Black numbers within yellow circles give the calculated cost
of making 1 mmol of the target while red numbers next to the substrate nodes are costs of the starting materials that need to be used for this
purpose. (a) More expensive substrates should be introduced later in the synthesis. Here, placing the substrate with cost “3” at the second step (II)
lowers the cost of materials needed for the synthesis of 1 mmol of the target from 68 to 60. Likewise, as the substrate with cost “5” is introduced
in the � rst (I), the second (III), or the third step (IV), the overall cost is progressively lowered, from 60 to 52 to 42. (b) The realistic overall cost of
synthesis should also incorporate the cost of reaction operations per some unit scale (here “5” for making 1 mmol of a given reaction product).
Blue numbers next to reaction nodes denote the scale required for each 50%-yield reaction to ultimately produce 1 mmol of the target. Given
this 50% yield of each step and with reference to the optimal solution (IV) from panel (a), 4 mmol of the product of the � rst step has to be prepared
(cost 5 � 4 ¼ 20), 2 mmol of the product of the second step (cost 5 � 4 ¼ 10), and ultimately 1 mmol of the target (cost 5 � 1 ¼ 5). Overall, the
cost of the pathway is 77 and is the sum of materials' costs (42) and reaction operations' cost (35). In contrast, with the same yields, the more
convergent approach marked as (II) reduces both the labor cost (25 vs. 35) and the cost of starting materials (36 vs. 42). (c) A multicomponent
reaction (MCR) used en route to a given target o � ers most signi� cant cost savings if this “convergence point ” is placed later within the pathway
and when it uses the most expensive substrates. Here, these conditions are met for (VII).
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cost of all syntheses that can produce this chemical. The cost of
any reaction node in the network is the smallest cost of all
synthetic pathways containing this particular reaction and
giving this reaction product. Accordingly, for each non-starting-
material chemical, c, in the network, its cost is prescribed
recursively by cost(c) ¼ min rþ pred(c)(cost(r)), while for each

reaction node we have costðrÞ ¼fixed_costðrÞþ
X

cþ predðrÞ

costðcÞ
yieldðrÞ

,

where � xed_cost(r) was discussed in the preceding paragraph
(cost of performing synthetic operations on some unit scale)
and pred denotes the set of predecessors of a given node in the
network. In the subsequent step, the costs of all nodes in the
network are calculated bottom-up ( i.e., from the starting mate-
rials to the target) using a Dijkstra-like algorithm similar to the
one for � nding minimum-weight B-paths in weighted hyper-
graphs24 (see also ref. 26).

To illustrate how these operations work, let us � rst consider
a simple tree in Fig. 4 in which each of the intermediates can be
made in only one way and all reactions have, say, 50% yield. For
the le� branch, the substrate with price “3” enters in the reac-
tion with a � xed cost of “1” . Because of the 50% yield, making
1 mmol of this reaction product requires 2 mmol of the
substrate, and the total reaction cost is 1 + 3/50% ¼ 7. For the
reaction in the right branch, the unit cost is di � erent (“2” ; this
reaction may be just harder to perform experimentally) but the
cost calculation is analogous, 2 + (1 + 2)/50%¼ 8. These costs
are assigned to the intermediates and propagated to the target
in another 50%-yield reaction – the overall cost of making
1 mmol of the target will be 1 + (7 + 8)/50% ¼ 31. The result of
this recursive procedure agrees with the overall chemical
balance – indeed, to make 1 mmol of the target, we used 4
mmols of each substrate (cost 4 � 3 + 4 � 2 + 4 � 1 ¼ 24) and
performed the initial two reactions (from the substrates) on
twice the scale of the � nal reaction making the target – hence,

the cost of reaction operations is (2 � 1 + 2� 2) + 1� 1 ¼ 7 and
the total cost of making 1 mmol of the target is 24 + 7 ¼ 31. We
note that such calculations can be performed rapidly for arbi-
trary graphs including those that contain cycles (see the small
cycle involving the violet node in the bottom row of networks in
Fig. 3) – the cycles, however, are chemically unproductive and
the costs they entail are always higher than for acyclic pathways
(compare the costs of paths 1 / 4 vs. 1 / 4 / 9 / 4 in
Fig. 3d).

Coming back to Fig. 3d, we observe that in realistic networks,
there is generally more than one pathway to make a given
chemical – for instance, the second-from-the-le� intermediate
can be made in three ways,via reactions with costs of 5, 19, and
4. Of these, we chose the least expensive option and assign to
the intermediate the cost of 4, as prescribed by the formula
cost(c) ¼ min rþ pred(c)(cost(r)). Having scored all nodes within the
graph, we then easily identify the most cost-e� ective pathway by
subsequent choices (from target “down”) of the lowest-scoring
reactions at each synthetic generation (in our example, “11”

Fig. 3 Stages of selecting cost-e � ective yet diverse pathways from a synthetic graph. Parameters used are 50% yield for all reactions and penalty
P ¼ 5. (a) A hypothetical chemical reaction network created during a retrosynthetic search. Hypothetical costs of substrates per mmol are given
over red nodes and � xed costs of reaction operations are indicated inside the diamond-shaped reaction nodes. Note that not all pathways
terminate in commercially available starting materials (red nodes) as the search algorithm visited/probed some intermediates that did not lead to
complete synthetic solutions. Such nodes and the pathways they are involved in are removed from consideration in (b) and (c). (d) The costs of all
nodes in the remaining subgraph are computed by propagating from starting materials to the target as described in detail in the main text (see
also Fig. 4). (e) The lowest-cost synthesis of the target is selected and here indicated in green. (f) Penalty P is added to the reactions from the
selected pathway (here, P ¼ +5, red numbers). Nodes whose costs increase due to such penalization are marked with question marks and are
recalculated as in (g). The new “best” synthetic pathway is selected in (h) and the penalization-selection cycle can be again repeated as needed.

Fig. 4 A simple example illustrating bottom-up propagation of costs.
All reactions have the same yield of 50%. Costs of starting materials
(per mmol) are given by the numbers in the red nodes. Fixed costs of
synthetic operations are indicated inside the diamond-shaped reac-
tion nodes. For details of the calculations, see the main text.
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followed by “4”; Fig. 3e). The information about other pathways
(i.e., their fragments and estimated costs) is kept in a priority
queue, like in an A* algorithm, and the graph is re-searched via
a greedy-descent-type algorithm to� nd the second, third, etc.
best pathways (see algorithmic details in the ESI, Section S1.4†).

Note that if one wishes to � nd pathways composed of
minimal numbers of steps – which is a common situation in
small-scale pharmaceutical synthesis whereby time is of
essence and one might not even care about the prices of
substrates or yields but just focus on synthesizing the target as
rapidly as possible in amounts adequate for the upcoming
assays– then the algorithm's parameters should be set to 100%
yields, zero cost for all starting materials, and all � xed costs set
to some common value. Under such assumption, the overall
pathway score is simply the sum of the � xed_cost(r) over all r's
(with the exception of some pathways which are not trees; see
ESI, Section S1.1†). In another limiting case, when the � xed
costs (labor costs) are negligible (� xed_cost(r) ¼ 0), the cost is
equal to the total cost of starting materials needed to synthesize
1 mmol of the target (taking into account the loss of mass for
realistic yields <100%). The full scoring scheme we consider
takes into account not just the number of steps (through the
� xed_cost cost term) or costs of starting materials but also both
of these factors simultaneously along with yields and most
optimal placement of convergence points within a pathway.

Assigning penalties and ensuring synthetic diversity

The selection algorithm described so far can return n best-
scoring pathways but does not guarantee in any way that
these pathways are structurally diverse. For instance, two top-
scoring solutions for the synthesis of triarylamine in Fig. 6d
rely on the key Buchwald–Hartwig-type amination of the bro-
mopyrimidine and di � er only in the method of preparation of
the diarylamine. In the same spirit, negligible modi � cations
such as changing an aryl bromide to an iodide are formally
di � erent pathways to the computer but are pretty much equiv-
alent to a user chemist. To avoid these and other unproductive
repetitions and to select cost-e� ective yet chemically diverse
pathways, we proceed as follows. A� er � nding the best pathway
(cf. above), the algorithm repeats the following sequence of
steps until it � nds the requested number of pathways or
discovers that there are no more pathways le� in the network:

(i) A penalty P is added to the � xed costs of each reaction
from the most-recently-found pathway (Fig. 3f) and, to avoid
reusing similar synthetic solutions in other pathways, also to
other reactions in the network that have the same product and
non-trivial ( i.e., having at least four carbon atoms) substrates;

(ii) A depth-� rst-search-like algorithm is used to identify the
nodes (both reaction and molecule nodes) whose cost is
a� ected due to the newly imposed penalization (nodes marked
with question marks in Fig. 3f);

(iii) The costs of all a� ected nodes are recalculated by
a modi� ed Dijkstra algorithm (Fig. 3g);

(iv) Finally, a new lowest-cost pathway is identi� ed and cycles
(i)–(iv) are repeated. For all other algorithmic details, see the
ESI, Sections S1.5 and S1.6.†

Algorithms' performance

One of our key motivations for developing the selection and
diversity routines has been to allow queries of the solution
space on timescales much shorter than those involved in the
initial retrosynthetic planning creating this space. During ret-
rosynthetic planning, Chematica has to perform multiple
operations ranging from relatively rapid matching of the
reaction-rule templates (such matching is common to all ret-
rosynthesis platforms) to much slower and Chematica-peculiar
assignments of proper stereo- and regiochemistry, calculations
of electronic populations for some reaction types, and several
more (for details, see ref. 19, 20 and 30). In e� ect, searches for
the solutions take from minutes for medicinal-chemistry targets
to hours for complex natural products, in the end presenting to
the user a given number (on the order of 100) of top-scoring
solutions and, at this point, discarding the remaining ones.
Retaining (e.g., saving on disk) the entire space of solutions
allows the user to query it multiple times under di � erent
scenarios (costs of reactions, average yields, and magnitudes of
imposed diversity penalties). Importantly, querying a solution
graph does not involve all the slow routines of retrosynthetic
planning and should thus be possible on much shorter time
scales– indeed, typical times for assigning costs and selecting
pathways are on the order of 1 s, even for large solution graphs
and for di � erent target molecules. Speci� cally, Fig. 5a shows the
times t100 to select (on a machine with 2.5 GHz AMD Opteron
6380 processors) 100 lowest-cost pathways from solution graphs
ranging in size from 90 to ca. 12 000 nodes – these solution
graphs are for the actual synthetic examples we discuss later in
the text (triarylamine, Fig. 6; Bayer's Clofedanol, Fig. 7; Amgen's
AMG641 modulator of the calcium sensing receptor, Fig. 8). As
seen, theset100 times are on the order of 0.25 s without any
diversity penalties and � 0.5 s when diversity penalties P are
added and costs of nodes need to be recalculated as new
pathways are being selected. We note that the times to selectn
lowest cost pathways,tn, scale approximately linearly with n and
are also below 0.5 s for the largest solution graphs (Fig. 5b).

Illustrative synthetic examples

To illustrate how the above procedures work in practice, we
considered several realistic synthetic-design examples in which
the solution graphs were created by Chematica within 2–10
minutes using its standard scoring functions (see ref. 19 and 20)
and comprised pathways terminating in commercially available
starting materials (with prices in USD per gram, converted by
the program to per mmol). We queried the solution graphs
varying the average yields, the� xed costs of individual reactions
on a 1 mmol scale, and the diversity penalties (henceforth
denoted, respectively,Y, RxC, and P).

(i) Pathway ordering under various yield scenarios. In the
� rst example, Chematica designed routes to an unsymmetrical
triarylamine used previously in the context of photochemical
synthesis of complex carbazoles in continuous � ow.31 Within
ca.2 min the program searched the graph of 17 881 nodes (6826
intermediates, 293 starting materials, and 10 761 reactions;
Fig. 6a), from which a solution graph composed of 3176 nodes
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Fig. 5 Typical times to select pathways from the solution graphs. (a) Times t100 to select 100 lowest-cost pathways from graphs of di � erent sizes
(graph size increases as the search algorithm identi � es new solutions); (b) times tn to select n lowest-cost pathways from the maximum-size
solution graphs considered here ( � 3000 nodes for triarylamine from Fig. 6; � 12 000 nodes for Bayer's Clofedanol from Fig. 7; and � 5400 nodes
for Amgen's AMG641 modulator of the calcium sensing receptor from Fig. 8). Cross markers are for selection without diversity penalty P; solid
circles are for selection with penalty P ¼ 10 000.

Fig. 6 Top-scoring syntheses of unsymmetrical triarylamine 31 proposed by Chematica under di � erent yield scenarios. (a) Full graph searched
during the retrosynthetic planning and (b) the solution graph. (c) Chematica's screenshots of the four top-scoring syntheses obtained with yields
of all steps set to 100%. (d) Ordering of these top-scoring solutions changes when the yield is set to a more realistic 80%. (e) Chemical details of
the pathways. The top scoring pathway A2 is identical to the one performed experimentally in ref. 31. For further details including reaction
conditions proposed by Chematica, see the ESI, Section S4.† In (c and d), RxC speci� es the � xed cost of performing each reaction on a 1 mmol
scale ($1) while the color coding of the nodes in Chematica's pathway miniatures is as follows: yellow ¼ target; green ¼ intermediates whose
syntheses have been already reported in the literature and are stored in the Network of Organic Chemistry, NOC; 12,14 violet ¼ intermediates not
known in the NOC; red ¼ starting materials commercially available from Sigma-Aldrich. Pairs of white numbers over the starting materials specify
the costs and amounts of these starting materials necessary to make 1 mmol of the target.
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(392 intermediates, 293 starting materials, and 2490 reactions)
was selected (Fig. 6b). When this solution graph was queried
with the � xed cost of each reaction operation per mmol, RxC¼
$1, and with an average yield of Y ¼ 100% – that is, naively
omitting mass losses at each step– the costs of the top-scoring
pathways in Fig. 6c and e were simple sums of costs of per-
forming reactions (here, $1 per mmol step � 2 steps ¼ $2 per
mmol) plus the costs of starting materials. While all these
solutions, relying on Buchwald –Hartwig amination, were
chemically correct, the algorithm was not able to capture the
di � erences in the costs of various starting materials being used in
the � rst vs. second steps. In particular, the costs of syntheses
utilizing the most expensive reagent, bromopyrimidine, in the
� rst (A1) vs.the second steps (A2) were exactly the same (“$2.73,”
numbers to the le� of the pathways in Fig. 6c), which is in contrast
to the considerations from Fig. 2 showing that most expensive
substrates should come in “closer to the target”. This problem was
avoided by specifying a more realistic average yield (Y ¼ 80%,
close to the average yield of all known reactions, see ref. 28) such
that the pathway costs now re� ected mass loss at each step–
under this condition, the top-scoring pathways A2 and B2 (Fig. 6d
and e) used the expensive bromopyrimidine in the second step.
We note that the top-scoring pathway A2 was actually validated
experimentally in ref. 31 which inspired this example.

In the second example, more relevant to pharmaceutical
chemistry, Chematica designed pathways leading to Clofeda-
nol, a dry cough suppressant. Choosing from the solution graph
created within 10 min search time and comprising 12 074 nodes
in total, the cost-optimal pathways were sought with the same
� xed per-mmol cost of each reaction (RxC¼ $1) but under two
di � erent average-yield scenarios,Y ¼ 99% and Y ¼ 80%. Under
the � rst scenario, the lowest-cost pathway– marked as (A) in
Fig. 7 – commences with the three component Mannich reac-
tion of 2-chloroacetophenone, followed by addition of phenyl-
magnesium bromide to the obtained ketone. This solution
resembles the route patented in 2009 by Zhejiang Hisoar
Pharma.32 The second-scoring synthetic plan, (B), starts with the
addition of acetonitrile to appropriate benzophenone, reduc-
tion of the nitrile to an amine, and reductive dimethylation with
formaldehyde. This strategy is, in fact, the same as the method
of preparation described in Bayer's initial (1962) patent covering
Clofedanol.33 Finally, the third-best solution, (C), also relies on
the Mannich reaction of acetophenone, followed by the addi-
tion of Grignard reagent derived from o-bromochlorobenzene.34

In contrast, when the average yield is Y ¼ 80%, Bayer's pathway
is disfavored. In re-evaluating it, the algorithm recalculates the
amounts and costs of necessary starting materials (e.g., one now
needs 0.42 g of benzophenone vs. 0.22 g under 99%-yield

Fig. 7 Top-scoring syntheses of Clofedanol proposed by Chematica under di � erent yield scenarios. (a) Chematica's screenshots of the three
top-scoring syntheses obtained with yields of all steps set to 99%. (b) Ordering of these top-scoring solutions changes when the yield is set to
a more realistic 80%. (c) Chemical details of the pathways. RxCspeci� es the � xed cost of performing each reaction on a 1 mmol scale ($1). Yellow
numbers over reaction arrows are � xed costs rescaled to the scale required to ultimately make 1 mmol of the target. Colors of the nodes and all
legends are explained in the caption to Fig. 6. For further details including reaction conditions suggested by Chematica, see the ESI, Section S5. †
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assumption) and scales the costs of performing synthetic steps
on larger scales (compare yellow numbers in Fig. 7a and b;e.g.,
the addition of acetonitrile to benzophenone must now yield
over 1.5 mmol of the adduct if 1 mmol of Clofedanol is expected
at the end). Consequently, pathway (B) appears to be less
economically feasible and is ranked lower than both approaches
taking advantage of the Mannich reaction. Of course, when
making such comparisons in industrial reality, it would be
essential to use substrate catalogs with wholesale prices avail-
able to a speci� c organization, not catalog prices of Sigma-
Aldrich focusing on the sales of small quantities of specialty
chemicals. Fortunately, connecting a requisite catalog to
Chematica or any other retrosynthetic program is a technically
trivial task.

(ii) Pathway ordering under various yield and � xed-reaction-
cost scenarios. The example in this section is intended to
illustrate how the optimal pathways vary when both the average
reaction yields and the � xed costs of performing individual
reactions on a given scale change. Speci� cally, we query the
graph of synthetic solutions leading to Amgen's AMG641 (ref.
35) – an orally e� cacious, positive allosteric modulator of the
calcium sensing receptor – varying Yfrom 99% down to 80% and
RxCfrom $20 (expensive, probably small-scale synthesis) to $0.2

(relatively inexpensive, probably larger scale production). For Y ¼
99% and RxC ¼ $20, the best-scoring solution in Fig. 8a is
a three step linear sequence initialized by an elegant
one-pot ortho-lithiation/Pd-mediated coupling 36 with 4-tri-
� uoromethylbromobenzene; subsequent oxidation of the benzylic
position 37 and alkylation of commercially available chiral amines
yield the target molecule. When reaction costs remain the same
but one accounts for the mass loss at each step (Y¼ 80%; Fig. 8b),
the best solution is a convergent three-step sequence, mirroring
the original Amgen's route and using benzylic alcohol to alkylate
the amine in one-pot oxidation-reductive amination 38 and boronic
acid (prepared in one step from appropriate bromoarene) to
construct the biphenyl part of AMG641.

Although both of these routes are chemically correct, they
might not be optimal if AMG641 goes into large-scale produc-
tion characterized by lower reaction-operation costs (e.g., ach-
ieved by solvent recycling, use of crystallization rather than
chromatography, etc.). To emulate such hypothetical scale-up,
we kept Y ¼ 80% but decreasedRxCto $2 and then to $0.2. In
the � rst case, the best-scoring solution (Fig. 8c) is actually the
same as in Fig. 8a for Y ¼ 99%. We note, however, that the
overall cost of this plan recalculated with Y ¼ 80%, RxC¼ $2
constrains is, as expected, very di� erent ($10.2 per mmol vs.

Fig. 8 Top-scoring syntheses of AMG641 proposed by Chematica under di � erent yield and reaction-cost scenarios. Chematica's miniatures and
the pathways shown below them were selected from the solution graph (created in 7 min of retrosynthetic planning; 5363 nodes in total)
assuming the following values of parameters: (a) Y ¼ 99%,RxC¼ $20; (b) Y ¼ 80%, RxC¼ $20; (c) Y ¼ 80%, RxC¼ $2; (d) Y ¼ 80%, RxC¼ $0.2.
Yellow numbers over reaction arrows are � xed reaction costs rescaled to the scale required to ultimately make 1 mmol of the target. Pairs of
white numbers over the starting materials specify the costs and amounts of these starting materials necessary to make 1 mmol of the target.
Colors of the nodes are explained in the caption to Fig. 6. For further details including reaction conditions suggested by Chematica, see the ESI,
Section S6.†
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Fig. 9 Top-scoring syntheses of AMG641 proposed by Chematica without and with the application of diversity penalties. Chematica's sets of
solutions shown in (a and b) have several identical (red) or very similar (blue and grey) steps when the pathways are selected from the solution
graph with no penalty for reuse of already used reactions. When such a penalty is added (c and d) diversity of the synthetic plans returned is
improved and each transformation is used only once. FGP is the cost of reactions requiring protection (of substances whose nodes are sur-
rounded by blue halos). In Chematica, the cost of protection is set by the user, typically at twice the cost of reactions not requiring protection
(here, FGP¼ 2 RxC). For further details including reaction conditions suggested by Chematica, see the ESI, Section S7. †
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$62.1 per mmol in Fig. 8a), re� ecting slightly higher quantities
and costs of starting materials ($2.56 vs.$1.38) but much lower
costs of reaction operations (7.63$ vs. 60.6$). Finally, further
decrease ofRxCto $0.2 adds an extra step (labor/operations are
now cheap!) but sources the synthesis from very inexpensive
starting materials (4-methylanisole and chloroarene). This four
step linear sequence is shown in Fig. 8d and begins with the
Suzuki coupling of aryl chloride and boronic acid prepared via
ortho-lithiation and trapping of the obtained aryllithium with
trimethyl borate. Subsequent oxidation of the benzylic position
and junction with an appropriate amine leads to the target
molecule. Taken together, the examples we discussed in this
section illustrate that by varying the Y and RxCparameters, the
machine makes pathway selections that re� ect the economical
di � erences between medicinal chemistry and manufacturing
operations.

(iii) Selection of diverse pathways. The pathways we
described in previous examples were all chemically viable and
the selection algorithm adapted to di � erent scoring/pricing
scenarios, but within each scenario, the variability among the
n best-scoring pathways was far from satisfactory – in other
words, the n top-scoring pathways selected for given values ofY
and RxC could rely on the same or chemically equivalent

transformations. This limits the menu of solutions the user is
presented with. To illustrate the problem and how to remedy it
by imposing penalties P on the reuse of equivalent transforms
(see Fig. 3 and accompanying algorithm described earlier in the
text), we required that Chematica returns three top scoring
syntheses of the AMG641 target under the twoY–RxCscenarios
from Fig. 8b,c but with vs.without diversity penalization. With
no penalization ( P¼ 0) the selection algorithm proposed sets of
synthetic plans in which the same or similar transformations
were used several times. For example, the� rst and second
solutions shown in Fig. 9a (Y ¼ 80%, RxC¼ $20 per mmol) rely
on the Suzuki coupling of p-tri � uoromethylbenzeneboronic
acid with either bromo- or chloroarene ( grey). Additionally, the
necessary haloarene is preparedvia alkylation of the same
benzylamine with either appropriate bromobenzyl bromide or
chlorobenzyl alcohol (blue) while the preparation of the boronic
acid in both plans starts from the same bromobenzene ( red)
undergoing Br/Li exchange and trapping with tributyl borate.
Similar redundancy was observed in results obtained under
di � erent Y–RxCscenarios (Y¼ 80%, RxC¼ $2 per mmol) and is
illustrated in Fig. 9b. Here, the only minor di � erence between
the top and the second-best solutions is, in fact, the leaving
group of the benzylating agent used in the N-alkylation. In both

Fig. 10 Top-scoring syntheses of trans whisky lactone proposed by Chematica without and with the application of diversity penalties. (a) Without
any diversity penalties, all pathways use the same method to install the C3 stereocenter (red frames). (b) When P ¼ 10 000 penalties are imposed,
all three top-scoring plans are substantially di � erent and rely on di � erent methodologies. For further details including reaction conditions
suggested by Chematica, see the ESI, Section S8.†
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pathways, the last step (blue) requires the same amine under-
going alkylation while the construction of the biphenyl part of
AMG641 takes advantage of the identical lithiation –arylation
(red). In sharp contrast, results obtained a � er applying large
diversity penalty (P ¼ 10 000) are chemically diverse. In partic-
ular, sets of synthetic plans shown in Fig. 9c and d rely on the (i)
alkylation of the amine with the m-bromobenzyl alcohol and
subsequent Suzuki coupling, (ii) ortho-lithiation/arylation, fol-
lowed by hydroxylation and N-alkylation, or (iii) alkylation of the
amine with p-methoxybenzyl alcohol and late-stage lithiation/
arylation. All of the transformations used in these sets of
plans are unique and used only once in the entire series of
solutions – though, we observe, these relatively simple
syntheses still bear some“thematic ” similarity.

Accordingly, to allow for more synthetic latitude and diver-
sity, our � nal example deals with more complex enantiose-
lective syntheses oftrans-whisky lactone (3-methyl-4-octanolide)
isolated from oak wood and responsible for the taste of aged
spirits. 39 With no penalization applied ( P ¼ 0) each of the three
top-scoring synthetic plans relies on the formation of buteno-
lides and subsequent trans-selective 1,4-addition of organo-
cuprate (derived from methylmagnesium iodide; Fig. 10a, red
frames) to set the C3 stereocenter, mimicking previous litera-
ture approaches.40,41 The necessary enantioenriched butenolide
can be obtained from hexanal via proline-mediated amino-
xylation-ole� nation 42 (Fig. 10a, top path). We note that this
approach was demonstrated experimentally during preparation
of the structurally similar trans-cognac lactone.42 Alternatively,
the butenolide can be prepared via enantioselective isomeriza-
tion-cyclisation 43 of b,g-alkynoic ester which is available in one
step from hexyne and chloroacetate (Fig. 10a, middle), or via
enantioselective addition 44 of protected acetylene to pentanal,
followed by carbonylative cyclisation45,46 (Fig. 10a, bottom). In
contrast, a� er applying diversity penalty (P ¼ 10 000), the
alternative pathways no longer hinge on the 1,4-addition and
both contiguous stereocenters are forged prior to the formation
of the lactone. In particular, the second-best solution (Fig. 10b,
middle path) now takes advantage of the Krische's crotylation 47

of pentanal setting both stereocenters. Hydroboration of the
homoallylic alcohol thus obtained yields a 1,4-diol undergoing
oxidative cyclisation48 to the target molecule. Finally, the third-
plan (Fig. 10b, bottom) commences with a chiral-auxiliary-
controlled cyanomethylation of the enolate with bromoaceto-
nitrile. 49 Subsequent addition of butynal controlled by a chiral
catalyst50,51 yields hydroxynitrile, which then undergoes reduc-
tion of alkyne and intramolecular alcoholysis to the whisky
lactone target.

Conclusions
In summary, we described a family of algorithms that select and
score the most economical and diverse synthetic pathways from
large graphs of synthetically viable solutions. This problem has
not been addressed in detail in previous literature on computer-
assisted retrosynthesis likely because– until now – few solu-
tions were produced during retrosynthetic searches and any
chemically viable outcome has been deemed a success. Now,

with much improved algorithms and modern computing power,
the situation has changed and one faces theembarras de richesse
problem, with very large numbers of potential solutions, all
chemically plausible. With the algorithms like the ones we
described, one can save the entire solution space and then
query it rapidly, within seconds, for pathways meeting desired
cost scenarios (instead of re-running the slow retrosynthetic
search with di � erent parameters). As we mentioned in the text,
to truly re � ect the realistic costs of speci� c organizations, the
algorithm should be interfaced with catalogs of starting mate-
rials with prices peculiar to these organizations. In the future,
one could also think of augmenting the penalization schemes –
here, used to ensure chemical diversity– to downplay the use of
reagents that are undesirable (toxic, volatile, etc.) or reaction
types known to be particularly di � cult or � nicky.
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Article

Navigating around Patented Routes
by Preserving SpeciÞc Motifs along
Computer-Planned Retrosynthetic Pathways
Karol Molga,1 Piotr Dittwald, 1,* and Bartosz A. Grzybowski1,2,3,*

SUMMARY

By keeping track of lists of speciÞc bo nds one wishes to preserve, a computer
program is able to identify the key disconnections used in the patented synthe-
ses and design synthetic routes that circumvent these approaches. Here, we
provide examples of computer-designed syntheses relevant to medicinal
chemistry, in which the machine avoids ÔÔstrategicÕÕ disconnections common to
industrial patents and is forced to use different starting materials. The ability
of modern retrosynthetic planners to navigate around patented solutions may
have signiÞcant implications for the ways in which intellectual property related
to multistep syntheses is protected and/or challenged.

INTRODUCTION

Teaching the computer to plan multistep chemical syntheses leading to non-trivial
targets has been an elusive goal for over Þve decades,1Ð6and it has only been recently
that the Þrst comprehensive validation of in silico synthetic predictions has been pro-
vided. SpeciÞcally, in Klucznik et al.,7 we described how the Chematica program (see
Computational Methods for a synopsis and Szymku�c et al.6 and Klucznik et al.7 for a
detailed description) designed, without any human supervision, complete pathways
leading to eight structurally diverse and medicinally relevant targets and how these
pathways were subsequently executed in the laboratory, offering substantial im-
provements over previous approaches or providing the Þrst documented routes to
a given target. With such reassuring examples at hand, one can consider expanding
the scope of automated retrosynthetic des ign modalities. One of the interesting and
important possibilities is to challenge the machine to search for pathways signiÞ-
cantly different than those already publi shed or patented. In principle, this can be
done by excluding speciÞc intermediates or reaction types along the route (see Sup-
plementary Section 6.4 in Klucznik et al.7). In practice, however, creating lists of
ÔÔexcludedÕÕ substances or reaction types is not only cumbersome for the softwareÕs
user but can also be of limited valueÑindeed, it does not prevent the machine
from using intermediates chemically equivalent to those present in original routes
or alternative methodologies resulting in identical retrosynthetic disconnections.
Here, we describe a more convenient and robust approach in which the machine
helps identify the targetÕs ÔÔkeyÕÕ bonds (whose disconnections are most common in
a patent portfolio and also most structure s implifying) and performs synthetic plan-
ning with these bonds ÔÔpreservedÕÕ to ultimately Þnd qualitatively different, patent-
circumventing synthetic plans. The computer can succeed in this task because it
has a vast knowledge base of methodologies (in Chematica, ca. 60,000 reaction rules)
that can substitute for reactions used in the patents and has access to diverse collec-
tions of starting materials (in the current study, � 200,000 commercial chemicals from

The Bigger Picture
Although intelligent algorithms can
now reliably design synthetic
pathways leading to arbitrary
targets, to date no methods are
available to ensure that machine-
designed syntheses are
substantially different from prior
approaches. Developing such
methods could not only boost the
general synthetic creativity but also
be of practical value, enabling
navigation around syntheses
protected by seemingly
unbreakable patents. Here, we
describe a family of algorithms that
can Þrst identify the key
disconnections underlying known
and/or patented routes and thenÑ
by preserving the ÔÔkeyÕÕ bonds
during in silico retrosynthetic
planningÑseek alternative, patent-
evading syntheses, including those
leading to blockbuster drugs.
Although such algorithms will help
inventors of new drugs enumerate
and preemptively patent large
numbers of viable synthetic routes,
ensuring that their products are
safe from generic copies, they may
also ultimately yield more efÞcient
and economical syntheses of
pharmaceuticals, driving costs
downÑmeaning that once
expensive and exclusive
medications are more readily
available to all.
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Sigma-Aldrich with prices per gram and >7 million literature-known substances). We
illustrate the strength of this bond-preservation approach by designing patent-
evading syntheses (each constructed within a few minutes) of three commercial
drugs: linezolid (Figure 3), sitagliptin (Figure 4), and panobinostat (Figure 5). The
computer-generated plans are chemically sensible and, in many cases, are substan-
tiated by literature examples of similar methodologies used for the syntheses of other
targets. Although Chematica is now a commercial product, 8 the bond-preservation
algorithm we introduce here is generic and may beneÞt and extend the scope of other
retrosynthetic software,3Ð5especially those that are trained on collections of reaction
precedents and thus inclined to Þnd solutions that closely resemble previously
published syntheses.5

RESULTS AND DISCUSSION
IdentiÞcation of Essential Disconnections in the Networks of Patented
Syntheses
As long as there are just a few patented syntheses of a given target, identiÞcation of
the ÔÔkeyÕÕ disconnection(s) on which these patents hinge can be achieved by inspec-
tion. In more realistic situations, however, syntheses of blockbuster drugs can be
protected by tens to hundreds of patents claiming hundreds of synthetic steps
and altogether forming quite complex reaction networks, such as those shown in
Figure 1 for PÞzerÕs linezolid (Figure 1A: patent network comprising 138 unique
molecules and 156 unique reactions used in all patents 303 times), Merck & Co.Õs
sitagliptin (Figure 1B: 410 molecules and 469 unique reactions used 1,081 times),
or NovartisÕs panobinostat (Figure 1C: 28 molecules and 21 unique reactions used
42 times). Accordingly, to help guide the design of patent-evading routes, it could
be useful to task the machine with identifying the bonds in the target whose forma-
tion is essential to the patents. By essential, we mean not only those bonds whose
disconnections are most popular in the patents (e.g., some trivial protections or de-
protections or the formation of some common substrates may be quite popular but
non-essential chemically) but also those that offer the most structural simpliÞcation
during synthesis. Syntheses in which at least some of such bonds were not discon-
nected could be qualitatively different from the patented routes (e.g., would start
from substantially different substrates, use different methodologies, etc.).

Reactions from patented syntheses are easily available by querying repositories such
as Reaxys or SciFinder; however, they come as individual steps rather than complete
synthetic plans, and the atoms in them are not numbered. Therefore, our Þrst step is
to assign atom mappings to each of these reactions. We do so by using ChematicaÕs
SMARTS reaction templates and our in-house atom-mapping codes (commercial
mappers in ChemDraw or Marvin can also be used) to match both substrates and
products and also unambiguously assign the reaction type. Such processed
reactions are assembled into a network over which atom numbering is then uniÞed,
starting from the target and proceeding from retrons to synthons (see Supplemental
Information Section S3 for a pseudocode). This uniÞcation of atom numbers is impor-
tant to keep track within the network of which bonds (denoted by atom pairs) of the
target are being disconnected or made in each speciÞc reaction r.

Importantly, for each reaction r in the network, the set of disconnected bonds is
assigned a complexity weight wr quantifying how essential this transform is. This
weight is the product of two components: (1) one that is akin to ChematicaÕs chem-
ical scoring function6,7 and scores highly the reactions that disconnect the retron into
equally sized synthons (or into multiple substrates, as in multicomponent reactions;
see the Figure 1 legend for the formulas) and (2) one that scales with the number of
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atoms common to the retron of a speciÞc reaction and the ultimate target of the
entire synthesis (this measure gives higher weight to disconnections performed on
more advanced intermediates). We note that for each of the targetÕs bonds, the
algorithm sums the weights wr of reactions in which this bond was disconnected,
normalizes these sums, and ultimately color codes the Þnal scores into the targetÕs
bonds, as in the structures shown in the bottom row of Figure 1. The closer the score
is to unity, the more essential the formation of a particular bond is to the patented
approaches. Consequently, to maximize our chances of Þnding patent-evading
routes, these ÔÔkeyÕÕ bonds or even the structural motifs they belong to are recom-
mended to be preserved (i.e., never disconnected or altered) during ChematicaÕs
synthetic planning.

Bond Preservation Algorithm to Accompany Retrosynthetic Planning
At Þrst sight, tracking of not-to-be-altere d motifs might be implemented easily by
checking whether the desired substructure remains intact in the synthons of each re-
action the computer considers. However, this approach works well only when the
substructures are larger and unique (Figure 2A). With smaller motifs or individual
bonds, one rapidly runs into problems associated with their non-uniqueness (e.g.,
which of the seven CÐC bonds inFigure 2B should really be preserved). In addition,

Figure 1. Network Representation of Patented Syntheses and the ÔÔEssentialÕÕ Bonds Underlying the Patented Approaches
The top row has networks unifying all reactions in the patents protecting the syntheses of linezolid (A), sitagliptin (B), and panobinostat (C). Color coding
is as follows: yellow, target molecule; blue, inte rmediates; and red, starting materials. The botto m row shows the target molecules with bonds color
coded according to their importance in the patented routes. Scores closer to unity (red color) indicate the most essential bonds; bonds with scores < 0 .1
or with no patent-reported disconnections are not colored. These scores wer e calculated for each bond by summing and normalizing the complexity
weights wr of all reactions in which a particular bond was disconnected. The indiv idual weights reßected the structural simpliÞcation a given reaction
offered as well as number of atoms common to this reactionÕs product and the networkÕs ultimate target,wr = simplificationðrÞ$common atomsðrÞ. The

ÔÔsimpliÞcationÕÕ term was deÞnedakin to ChematicaÕs simplest scoring function, simplificationðrÞ=

P

i

An
prod ;i

P

i

An
substr;i

, where A stands for the number of atoms in

the product(s)/substrate(s), and power n is greater than 1 (here, as in one of ChematicaÕs standard scoring functions,n = 3). This measure promotes
ÔÔcentralÕÕ disconnections into same-size fragments. For instance, if the number of atoms in the reactionÕs (sole) product isAp = 10 and the two substrates
each have Þve atoms,As1 = As2 = 5, then the value of the simpliÞcation factor is 103/(53 + 53) = 4. For less central disconnections, say, 7:3, the value is
always smaller (e.g., 103/(73 + 33) = 2.7). Note: for compounds with large numbers of rings or stereocenters, the simpliÞcation factor might need to take
these measures into account (in ChematicaÕs scoring functions, this can be expressed by linear combinations ofAn (or SMILES_lengthn), number of rings,
and number of stereocenters terms; for further details on scoring functions, see Szymku�c et al.6 and Klucznik et al.7).
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a motif might appear to remain intact but, in reality, changes during the reaction (see
examples of oleÞn metathesis in Figure 2C or lactonization in Figure 2D). To avoid
such problems, we number the atoms within the motif(s) to be preserved and
then, during all generations of retrosynthetic planning, keep track of the pairs of
atoms corresponding to bonds not to be disconnected. Importantly, while doing
so, we minimize search times and memory usage by merging the solution space
for identical synthons along different putative routes. Down to technical level (see
also Supplemental Information Sections S1ÐS3), the userÕs graphical input of the
target molecule, t, with ÔÔpreservedÕÕ bonds marked (Figure S1), is Þrst translated
into Extended MolÞle format and then into a SMILES string. Atom labels are stored
as SMILES atom index properties, and a list of pairs indicating protected bonds is
created and stored as a ÔÔbond setÕÕB(t) (see text below the central node correspond-
ing to the target in Figure 3). As the retrosynthetic search commences, the matching
reaction templates are applied, and the Þrst generation of synthon sets is created.
For each candidate retron-to-synthon(s) transformation, r / s1; s2; . ; sN (where
r = t in the Þrst generation), the labels of marked atoms are propagated from the ret-
ron to the synthons. The algorithm then checks whether the set of bonds marked in
the target, B(t), is preserved among the synthons. SpeciÞcally, deÞning the subset of
these bonds in a synthon si as B(si), we require that Bðr = tÞ= Bðs1ÞW. WBðsNÞ,
where W is a union set operator. Only reactions fulÞlling this condition are further
considered and evaluated (e.g., in Chemat ica, by its scoring functions quantifying
simpliÞcation of the structure, assigning penalties for protection requirements,
non-selectivities, etc.; for details, see Szymku�c et al.6 and Klucznik et al.7). The
most promising options are further ÔÔexpandedÕÕ into subsequent generations for
which the same procedure of atom labelin g is used and to which the same criteria
of bond-set conservation are applied. Duri ng consecutive expansions, the searches
strive to keep the search space as compact as possibleÑfor instance, in a relatively
frequent scenario where the same synthons are found within different pathways, they
are stored as one molecule within the search graph. This being said, if identical syn-
thons contain different marked bonds, they can possibly have different retrosyn-
thetic histories and are thus stored as separate entities distinguished not by the mo-
lecular structure but also by the list of ÔÔprotectedÕÕ bonds (seeFigure S2). The search
continues until all synthons are commercially available or, if the user chooses so,
described in literature. All in all, the algorithm has the following desired

Figure 2. Shortcomings of Naive Preservation of Structural Motifs
A naive algorithm that inspects if the speciÞed not-to-be-disconnected motifs (marked in red) are
preserved in the synthons (A) works well if these motifs are large and unique but (BÐD) fails when (B)
several non-unique bonds are present (here, seven single CÐC bonds in the main skeleton9) or (C
and D) when actual changes of the bonds within motifs are not detected. For instance, in (C), the
red-colored double bond C 2=C3 might seem to be preserved, but in reality it is disconnected
during oleÞn metathesis,10 as indicated by the atom numbers. Similarly, in (D) the ester motif
appears intact but in reality is not preserved during lactonization reaction. 11
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characteristics: (1) it preserves the not-to-be-altered bonds along entire pathways it
identiÞes; (2) it can preserve motifs that are disjoint in the targetÑin such a case, at a
given generation, more than one bond set BðsiÞis not empty, meaning that the mo-
tifs are split between different synthons; and (3) it can be implemented to prevent
either complete bond disconnections or changes in bond order (the latter, by add-
ing bond-order labels to atom labels). For the pseudocode of the algorithm, see
Supplemental Information Section S3.

Syntheses of Linezolid
In our Þrst example, we charged Chematica with Þnding pathways that would navi-
gate around multiple patented routesÑvisualized as a network in Figure 1A and
listed in Figure S5Ñleading to PÞzerÕs linezolid (tradename Zyvox), antibiotic,1.
As we have seen inFigure 1A, the key disconnections in the patents are within the
oxazolidinone ring, and this ring is chosen as a motif to be preserved. In the patented
syntheses, the oxazolidinone ring is formed via (1) base-induced cyclization of halo-
hydrin 2a or 2b or of epoxide 2c, 2d, or 2e with N-aryl carbamate 3a or isocyanate 3d;
(2) cyclization of 3b; or (3) Curtius rearrangement of 3c (Figures 4A and S5 for com-
plete list). Without any bond-preservation constraints imposed on the target,
Chematica proposed similar plans, where the top-scoring pathways ( Figures 4B
and 4C) construct oxazolidinone via the opening of a known oxirane 5a with
carbamate 5b (prepared from appropriate amine 4a) or 5c (prepared via Curtius re-
arrangement of benzoic acid 4b) and subsequent N-arylation of morpholine 12,13

(Figures 4B and 4C; for further reaction details, see ChematicaÕs raw output in
Figure S7). In contrast, after specifying the bonds within the oxazolidinone ring as

Figure 3. Illustration of the Retrosynthetic Search Algorithm with Bond and Motif Preservation
Numbering of atoms in the target molecule t is encoded in its SMILES (here, C=CC [C:1]([C:2])
[C:3](=O)[O:4]C) and the accompanying set of atom pairs (denoting bonds not to be
disconnected; here, B(t) = {[1,2], [3,4]}). Each reaction operation (represented by an open
diamond) generates a set of synthons (circles). If the union of bond sets over the synthons is
different than in the target, then such a reaction candidate is removed from further consideration
(nodes colored in gray). The remaining synthon nodes can be further expanded (e.g., second-
generation expansion on the right). The searches terminate when reaching buyable chemicals (red
nodes) or, if allowed by the user, substances whose syntheses have already been published (green
nodes). The violet node denotes a new or unknown substance and cannot be a stop point for the
search. For realistic, more complex targets, the number of expanded ÔÔspidersÕÕ is in the
thousands. From such graphs, the program selects and ranks a user-speciÞed number (usually 50)
of qualitatively different (i.e., without trivial variations), viable pathways. Such pathways are
displayed as illustrated in Figures 4, 5, 6, 7, and S7ÐS15.
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Figure 4. Patented versus Patent-Evading Routes to Linezolid
For a Figure360 author presentation of Figure 4, see https//dx.doi:10.1016/j.chempr.2018.12.004#mmc3.
(A) Most patent-protected syntheses of linezolid rely on the formation of the oxazolidinone ring.
(B and C) Similar solutions identiÞed by Chematica without any bond-preservation constraints.
(D and E) Qualitatively different synthetic plans found by the program when th e bonds within the oxazolidinone rings are preserved. In the miniatures of
ChematicaÕs pathways, color coding is as inFigure 3. In addition, the numbers in the red nodes are prices from Sigma-Aldrich catalog (in $US/g), and the
numbers in the green nodes are synthetic popularities (i.e., the number of l iterature-reported syntheses in which a particular molecule was used as a
substrate). The total search time for all syntheses shown in the Þgure was� 5 min. For details of ChematicaÕs pathways, including suggested reaction
conditions, illustrative references, and more, see ChematicaÕs raw output inSection S6.
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not to be broken (bonds marked red in the target structure in Figure 3D; also see
Video S1), the algorithm is forced to avoid the abovementioned key steps from
the patents, and its three top-scoring solutions (top portion of Figures 4D and 4E)
start from commercially available halobenzenes 6a and 6b undergoing copper-cata-
lyzed amination with morpholine under ZhangÕs or NolanÕs conditions.12,13 Subse-
quent arylation of the commercially available 7 with remaining, less-reactive aryl
chloride14,15 yields the desired N-aryl oxazolidinone 8a. The four-step sequence is
completed by either (1) formation of the azide under Mitsunobu conditions and sub-
sequent one-pot reduction and acylation or (2) oxidation of the alcohol to the alde-
hyde followed by reductive amidation. 16 Another family of ChematicaÕs synthetic
plans (middle part of Figures 4D and 4E) utilizes an ÔÔoppositeÕÕ reactivity pattern
whereby the more reactive aryl iodide 6c or 6d is allowed to react with 7. Subsequent
(1) conversion to alkyl bromide and reaction with acetamide anion or (2) oxidation to
aldehyde and reductive amidation lead to 8b used in the Buchwald-Hartwig amina-
tion of morpholine to complete the synthesis. Finally, the solution shown in the lower
portion of Figures 4D and 4E starts from the commercially available ßuoroaniline.
Conversion via diazonium salt to iodoarene (incidentally, previously obtained in
85% yield and used for functionalization of cytoxazone 17) followed by N-arylation
of 7, formation of azide, and conversion to acetamide yields the product in four
steps. We note that although Sigma-AldrichÕ catalog price of 7 (>$100/g) used as
a common intermediate in ChematicaÕs plans is rather high, this compound can be
prepared in one step (not claimed in any patent) from orders-of-magnitude less
expensive 3-amino-1,2-propanediol and d iethyl carbonate in 60% yield according
to SteckhanÕs procedure.18

Chiral-Pool-Oriented Syntheses of Sitagliptin
In the second example, the target was sitagliptin 9, which is an oral antihyperglyce-
mic agent marketed by Merck & Co. as Januvia, with annual sales in 2017 approach-
ing $4 billion. The current patented approaches ( Figures 5A and S6) rely on (1)
addition of enolate 19 derived from bromoester to chiral sulÞnylimine 10 (Figure 5A,
top), (2) enantioselective reduction20Ð22 of ketoester 11 (Figure 5A, bottom), or (3)
formation of ketoamide 12 via one-pot condensation of meldrum acid with arylacetic
acid 13 and secondary amine 14 with subsequent reductive amination setting the
stereocenter with chiral rhodium catalyst, 23 engineered transaminase,24 or a chiral
auxiliary.25 Without any additional constraints, Chematica suggests (Figures 5CÐ
5E) solutions closely mirroring these approaches, relying either on the stereoselec-
tive reduction of commercially available ketoamide 12 or on the addition of enolate
derived from amide 15a (prepared in one step from 14 and bromoacetic acid) to
chiral imine derived from aldehyde 15b, which, in turn, is accessible via Darzens-
type homologation 26 of benzaldehyde 15c or from nitrile 15d.

Analysis from Figure 1B suggests that the bonds one might consider preserving are
either the amide bond or the bonds next to th e stereocenter. ÔÔLockingÕÕ all of them at
the same time is problematic because it simply does not leave any realistic synthetic
choices openÑindeed, with such maximalist constraints, Chematica does not Þnd

Figure 5. Patented versus Patent-Evading Routes to Sitagliptin
(A) Key disconnections in patent-protected syntheses of sitagliptin.
(B) Bonds surrounding the stereocenter marked as not to be broken during synthesis planning.
(CÐE) ChematicaÕs solutions (with no constraints imposed) are similar to the patented ones.
(FÐI) Top-scoring syntheses found by the programwith bond-preservation constraints from (B). Pathways (H) and (I) capitalize on ChematicaÕs two-step
strategic sequences (arrows colored red), in which the Þrst step in the retrosynthetic direction does not offer any immediate structural simpliÞcat ion but
sets up the scene for a subsequent complexity-reducing step (see Supplementary Section 7.3 in Klucznik et al.7). All searches shown in the Þgure took ca.
15 min of computer time. For further details, see ChematicaÕs raw output inSupplemental Information Section S7.
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any sensible syntheses. When the amide bond alone is locked, the program follows
Merck & Co. and related patents. Accordingly, we decided to preserve the bonds
surrounding the stereocenter (Figure 5B), in effect forcing Chematica to design
routes that would source the synthesis from chiral starting materials. With this
constraint, the algorithm returns several plausible and qualitatively different routes.
For example, the top-scoring pathway in Figure 5F sources the stereocenter from
protected lactone 16. In the Þrst step, hydrolysis under basic conditions yields the
hydroxyacid 17a. Sulfonylation in the presence of unprotected carboxylic acid 27 pre-
pares mesylate 17b, which is then converted to bromocarboxylic acid 18.
Subsequent amidation with triazolamine 14 gives alkyl bromide participating in
Pd-mediated Kumada-type coupling, after which Cbz is removed to yield the target.
Interestingly, this approach is virtually id entical with the Esteve QuimicaÕs synthesis
of sitagliptin save that the order of two steps is exchanged (see Bartra-Sanmarti
et al.28 and Figure S6E). In another, related variant (Figure 5G), Chematica begins
with N-Cbz-protected a-methyl (S)-aspartate 20. Chemoselective reduction of the
ester and subsequent Appel reaction (note blue halo indicating the need for protec-
tion of carboxylic acid 29) prepare the bromide 18, which then follows steps as in
Figure 5F. Interestingly, a similar approach relying on the alkylation of a Grignard
reagent with a bromide derived from protected aspartate was, in fact, demonstrated
experimentally by Liu et al. 30 In yet another route in Figure 5H, the program begins
with Cbz-protected aspartic anhydride 21, which is opened regioselectively 31 with a
Grignard reagent derived from 19. Subsequent tandem reduction-lactonization 32

gives lactone 22 opened with amine 14. The target molecule is then obtained after
deoxygenation of benzylic alcohol and deprotection. Finally, the pathway in Fig-
ure 5I commences from commercially available N-Cbz (S)-homoserine 23. Formation
of lactone 24 eliminates the need for OH protection in the reaction 33 with Grignard
reagent derived from 19. Deoxygenation of benzylic ketone 25, oxidation of alcohol
to carboxylic acid, coupling with 14, and deprotection follow, yielding sitagliptin in
six steps. Of note, similar approaches (Figure S6) relying on the addition of a
Grignard reagent to derivatives of aspartic acid 34 (either Weinreb amide, or mixed
anhydride, or oxazolidinone) and subsequent deoxygenation of benzylic ketone
were demonstrated experimentally.

Syntheses of Panobinostat with Additional ÔÔProcessÕÕ Constraints
In the third and Þnal example, Chematica was challenged with designing routes to
panobinostat (trade name Farydak), which is marketed by Novartis and approved
for treatment of multiple myeloma. The current patented approach 35 starts with
the formation of 2-methyltryptamin e in tandem Fischer indolization-SN2 reaction,
followed by reductive amination and conversion of methyl ester to the desired hy-
droxamic acid (Figure 6A). Without any additional constraints, Chematica produces
similar plans (Figures 6B and 6C). The synthesis of 2-methyltryptamine starts with (1)
three-component Buchwald synthesis of indole 36 with benzophenone hydrazone as
phenylhydrazine surrogate, (2) Fischer indolization of 5-hydroxypentan-2-one, or (3)
Fischer-type37 indolization of 5-methyl-2,3-dihydrofuran. Hydroxyl derivative is
converted to tryptamine via Appel reaction and Gabriel amination. Subsequent

Figure 6. Patented versus Patent-Evading Routes to Panobinostat
(A) Patented synthesis of panobinostat relies on reductive amination of tryptamine.
(B and C) Similar solutions identiÞed by Chematica without any bond-preservation constraints.
(D and E) Qualitatively different synthetic plans found by the program when the key disconnection in the patented route (bond marked red) was
forbidden.
(F and G) Synthetic plans obtained when the same key disconnection was forbidden and, additionally, reactions re quiring Pd catalysts were penalized.
All searches shown in the Þgure took ca. 15 min of computer time (longest indi vidual search was 8 min). For further details, see ChematicaÕs raw output in
in Supplemental Information Section S8.
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reductive amination with 4-formyl cinnamic acid and formation of hydroxamic acid
follow the NovartisÕ route to panobinostat. Note that in the last step, the program
correctly warns the user about potential selectivity issues and the need to protect
nucleophilic secondary amine (blue halo in the pathway miniatures); in NovartisÕ
route, this problem is circumvented by brute force via excess hydroxylamine.

To navigate around such paths, the central CÐN bond (marked red in Figure 6D) is
preservedÑthis bond is also the top-scoring suggestion from the patent-network
analysis inFigure 1C. With this additional constraint, the top-scoring syntheses ( Fig-
ures 6D and 6E) again start with the formation of 3-hydroxyethylindole but subse-
quently, instead of making tryptamine, couple it with p-iodobenzylamine (either
via mesylate or via one-pot oxidation-reductive amination 38). Heck coupling with
acrylic acid39 (notice the blue halo indicating the need for protection of secondary
alkylamine interfering with palladium catalyst) introduces the side chain, and reac-
tion with hydroxylamine gives the target. Although chemically correct, pathways
from Figure 6D might be problematic in industrial settings as a result of the use of
Pd catalysts because both the catalyst and supporting phosphine ligands are expen-
sive and occasionally difÞcult to remove from the products (on the other hand, it
should be noted that the use of Pd catalysis is becoming increasingly popular in
pharmaceutical industry because of the efÞciency of bond disconnection offered
by this metal). Accordingly, in our last analysis, we combined the do-not-cut-bonds
constraint with ChematicaÕs ÔÔavoidÕÕ option whereby the user can eliminate reaction
types that contain certain keywords in the r eaction record (see Section S6.4 in Klucz-
nik et al.7). With the ÔÔPdÕÕ and ÔÔpalladiumÕÕ keywords to be avoided, the top-scoring
syntheses are those shown inFigures 6F and 6G. In the route in Figure 6F, hydrox-
yethylindole is now prepared via the Fischer process rather than Buchwald synthesis.
Heck coupling is also no longer used to construct the cinnamic acid side chain.
Instead, hydroxyethylindole activated as a mesylate is used to alkylate commercially
available 4-cyanobenzylamine. Subsequent reduction of nitrile to aldehyde and
Horner-Wadsworth-Emmons oleÞnation yields the unsaturated ketone oxidatively
degraded to acid, 40 which is then converted to the ta rget molecule. The routes in
Figure 6G share similar initial steps and are shorter but are scored lower on account
of two protections needed (blue halos in pathway miniatures; for details, see Fig-
ure S14). The cinnamic side chain is constructed directly from appropriate aldehyde
and malonic acid under Knoevenagel-Doebner conditions. 41

Conclusions
To sum up, the above examples illustrate how the combination of automated retro-
synthetic design with bond preservation modality enables navigation around
patented routes. Another aspect of the algorithm we have not focused onÑbut
that is already available with the metho dology describedÑis that by marking
ÔÔnot-to-be-cutÕÕ bonds deÞning larger structural fragments, the searches can be
made to seek and terminate only in certain desired families of substrate scaffolds
(Figure 7). The fact that some of the bond-constrained routes proposed by Chema-
tica actually mirror patent-circumventing sy ntheses that were carried out experimen-
tally (e.g., Figure 5G versus Pan et al.30 and Figure 5I versus Liu et al.34) or syntheses
in which entire structural motifs were kept intact ( Figure 7A versus Coldham and Leo-
nori42 and Figure 7C versus Clemo and Ramage43) implies that our approach emu-
lates the ways in which human experts think about such problems. In a broader
context, we believe that the methods we outlined not only will be useful in research
practice but also will have a signiÞcant impact on how the intellectual property
related to synthetic routes is protected or challengedÑthe former by harnessing
the computerÕs power to enumerate and preemptively patent very large numbers
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of viable synthetic routes and the latter b y navigating around patented methodolo-
gies (especially those leaving ÔÔan analytical ÞngerprintÕÕ in the target; for interesting
discussion of this and related patent-law topics, see Pohl,44 Heuer,45 and Lowe46). Of
course, when applied in industrial settings, the catalogs of the starting materials
should be updated to reßect large-scale pricing model and suppliers of a speciÞc
company; in practice, such a replacement is a trivial substitution of one text Þle sup-
porting the programÕs search algorithms and chemical knowledge base. In addition,
it might be interesting to supplement the algorithm we discussed here with other
metrics of process efÞciency47 or to link the searches with lists of environmentally
hazardous materials that should be avoided during synthetic planning.

EXPERIMENTAL PROCEDURES
Computational Methods
Chematica is a software platform that unites network theory, modern high-power
computing, artiÞcial intelligence, and expert chemical knowledge to rapidly design
synthetic pathways leading to arbitrary (i.e., previously made or never attempted)
targets. The program uses over 70,000 rules describing different reaction classes,
where each rule coded by synthetic experts takes into account mechanistic consid-
erations, providing substituent scope as well as contextual information about poten-
tial reactivity conßicts, protection requirements, selectivity issues, etc. Some of the
popular rules spanning more than the reaction ÔÔcoreÕÕ (e.g., substitutions in polycy-
clic aromatic systems) are augmented by machine-learning models. The rules are the
ÔÔbasic movesÕÕ that are used by graph-search algorithms to navigate enormous trees
of synthetic possibilities in intelligent way s. The ÔÔsynthetic positionsÕÕ on these trees
are evaluated according to the so-called reaction- and chemical-scoring functions.
The exploration of the trees is further guid ed by multistep strategies comprising
steps that initially increase complexity but then decrease it, in effect overcoming
local molecular-complexity barriers, 6,7 as well as a host of quantum-mechanical
and molecular-mechanics routines that inspect the structures of the intermediates
created during planning (see Supplemental Information Section S10). ChematicaÕs
code is parallelized and deployed on mul ticore machines. Input and output are
supported by a graphical user interface (see Figures S7ÐS15and Video S1). For a

Figure 7. Syntheses of ( R)-Coniceine Starting from User-Preferred Chiral-Pool Scaffolds
(A) When no bonds are protected, Chematica suggests a two-step synthesis starting from stereoselective lithiation-allylation of N-Boc pyrrolidine,
followed by deprotection and Rh-mediated hydroaminomethylati on. This sequence is virtually identical with ColdhamÕs approach.42

(B) When the Þve-membered ring and bonds adjacent to the stereocenter are preserved, Chematica sources the synthesis from a knownN-Cbz proline
derivative. OleÞn cross-metathesis followed by reductive transposition o f allylic alcohol yields, after depro tection, the same intermediate as i n (A) and
then the target. To the best of our knowledge, this target has not b een synthesized with this type of bond-preservation constraint.
(C) Preserving the six-membered ring and bonds adjacent to the stereocent er forces the algorithm to use a more expensive methyl pipecolinate as the
starting material (still, even this synthesis is shorter than the majority of routes to (R)-coniceine described in the literature). Initial tandem Michael
condensation with methyl acrylate followed by dec arboxylation of the obtained ketoester and reduction of ketone yield the target molecule. We note
that this sequence resembles one of the Þrst syntheses of coniceine reported by Clemo and Ramage.43

For further details of the synthetic plans, see Supplemental Information Section S9.
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thorough discussion of the algorithmic basis of Chematica, see Szymku�c et al.6 and,
especially, the supplementary information in Klucznik et al. 7

Synthetic Design
All syntheses discussed in the current work were designed by Chematica running on
a 64-core machine. The pathways were found and post-processed for display within,
on average, 5 min per search. The longest design (of panobinostat with additional
constraints) took 8 min.

SUPPLEMENTAL INFORMATION

Supplemental Information includes further al gorithmic details, details of the synthe-
ses described in the main text, 22 Þgures, and one video and can be found with this
article online at https://doi.org/10.1016/j.chempr.2018.12.004 .
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Computer-generated “synthetic contingency ”
plans at times of logistics and supply problems:
scenarios for hydroxychloroquine and remdesivir †

Sara Szymkúc,‡a Ewa P. Gajewska,‡a Karol Molga,‡a Agnieszka Wo�os,a Rafa� Roszak,a

Wiktor Beker,a Martyna Moskal,a Piotr Dittwald a and Bartosz A. Grzybowski *abc

A computer program for retrosynthetic planning helps develop multiple “synthetic contingency ” plans for

hydroxychloroquine and also routes leading to remdesivir, both promising but yet unproven medications

against COVID-19. These plans are designed to navigate, as much as possible, around known and

patented routes and to commence from inexpensive and diverse starting materials, so as to ensure

supply in case of anticipated market shortages of commonly used substrates. Looking beyond the

current COVID-19 pandemic, development of similar contingency syntheses is advocated for other

already-approved medications, in case such medications become urgently needed in mass quantities to

face other public-health emergencies.

Introduction
Faced with the eruption of the coronavirus pandemic, indi-
vidual academic and clinical laboratories, funding agencies,
and entire governments are intensifying e � orts to develop and
deploy safe and e� ective vaccines and/or antiviral medications.
While vaccines may become available within a year or so,
development and approval of a brand new drug will, most likely,
require a signi � cantly longer time, not relevant to the current
exigency. Accordingly, much of the ongoing e� ort has been
focused on drugs that are already approved and could be re-
purposed against COVID-19. For example, reports have been
emerging in the scienti � c literature 1,2 that chloroquine (CQ) and
hydroxychloroquine (HCQ) – vintage drugs to treat malaria as
well as some autoimmune diseases– seem to inhibit SARS-CoV-
2 infection in vitro by slowing down entry of viruses into the cell
and by blocking their transport from early endosomes to
endolysosomes,2,3 causing noticeable enlargement of the
former and a� ecting the pH levels4 within the endolysosomal
tract. Since HCQ is less toxic than CQ5,6 and given the current
scarcity of viable alternatives, the use of this drug against the
COVID-19 pandemic has been sanctioned by the FDA (but only

temporarily and in clinical settings), even in the absence of
comprehensive clinical data. In another example, Gilead's
remdesivir – originally developed to treat hepatitis C and then
tested against Ebola and Marburg disease – has shown
promise7,8 and recently gained the FDA's authorization for
emergency use in the U.S. Still, should either HCQ, remdesivir
or any other repurposed drug prove e� ective – and, to reiterate,
this is still uncertain – the demand might soon surpass supply.
Moreover, the key synthetic methods involved in their produc-
tion are very o� en protected by patents (including some very
recent ones, even for the o� -label HCQ, see Fig. 1), and we
cannot exclude the possibility that monetary, corporate inter-
ests might interfere with humanitarian inspirations. In addi-
tion, the failure of the worldwide logistics and supply chains
that has accompanied the COVID-19 pandemic might render
some key substrates temporarily unavailable, in e� ect delaying
the execution of the proven synthetic routes and calling for
alternative synthetic solutions. Anticipating such complica-
tions, we harnessed the power of Chematica9–18 – an experi-
mentally tested10,11 platform for computer-assisted
retrosynthesis of both known and unknown target molecules
– to design syntheses of HCQ and remdesivir. We were most
interested in synthetic plans that would (1) commence from
various inexpensive and popular starting materials (so that the
syntheses minimize the abovementioned supply problems); (2)
circumvent patented methodologies whenever possible;16 and
(3) minimize the use of expensive methodologies and/or
reagents. As described below, these analyses had di� erent
outcomes for HCQ and remdesivir. For the structurally simpler
HCQ, Chematica was able to rapidly identify a large number of
alternative syntheses di� ering in the key disconnections and
meeting criteria (1)–(3). For the structurally more complex
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remdesivir, the program also found chemically correct routes
but very similar to the current and patented approaches (with
minor di � erences in the choices of low-cost substrates and
protecting groups). These results illustrate the prowess of
modern computer-assisted retrosynthesis in cases when
multiple methodologies can be applied to a target of interest
(here, the HCQ scenario), but also their limitations when chal-
lenged with sca� olds that can be made by only one known
methodology (here, remdesivir's case). It should be noted,
however, that the � rst of these scenarios is by far more common
(see ref. 10,11 and 16 describing novel syntheses designed by
Chematica and validated by experiments) and computers can be
of tangible help in suggesting alternative and, as we demon-
strate here, cost-e� ective syntheses on timescales commensu-
rate with emergency situations such as the one presented by the

COVID-19 pandemic. In this context, we remain open to per-
forming – on a pro bono basis – similar synthetic analyses for
organizations considering production and unrestricted (both
geographically and economically) distribution of other poten-
tial anti-COVID-19 agents, should such agents become available
in the near future.

Computational methods
Chematica is a sophisticated platform for fully automated
design of pathways leading to arbitrary (i.e., both known and
new) targets. The so� ware combines elements of network
theory17,18 with an expert knowledge-base of synthetic trans-
formations as well as multiple reaction-evaluation routines
(based on machine learning,12,13 quantum mechanics, 9,10 and

Fig. 1 Synthetic network summarizing known syntheses of hydroxychloroquine, HCQ, along with the pertinent literature (patents in orange,
scienti� c publications in violet). The two key intermediates are highlighted by colored boxes: in terms of availability and price, 1 (green) is
signi� cantly less problematic than 4 (red). For the full literature references, see the ESI, Section S3.†
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molecular dynamics10,14) to search over vast trees of synthetic
possibilities. The reaction transforms (currently, � 100 000) are
expert-coded based on the underlying reaction mechanisms
and are broader than any speci� c literature precedents (for
comparison with machine extraction of rules from reaction
repositories, see ref. 14). Each rule speci� es the scope of
admissible substituents, accounts for stereo- and regio-
chemistry requirements, recognizes groups that must be pro-
tected under given reaction conditions, and identi � es func-
tionalities that are outright incompatible. The searches are
guided by combinations of functions (either heuristic 9,10 or best-
in-class AI-based13) that score both synthetic positions as well as
costs of individual reactions. The pathways identi � ed by the
program terminate in either commercially available chemicals
(here, more than 200 000 molecules from Sigma-Aldrich cata-
logs, each with the price per unit quantity; also see below for
price re-scaling) or those already known in the literature ( ca. 6
million substances, each accompanied by a measure of
synthetic popularity, 9,17 i.e., how many times a given substance
was used in prior syntheses). Since the program typically iden-
ti � es a large number of possible routes, the network of viable
syntheses already found is queried by dynamic linear
programming algorithms to select pathways with the lowest
cost (propagated recursively from substrates to products with
the consideration of estimated yields) and highest diversity of
the proposed retrosynthetic strategies.15 In setting up a partic-
ular search, the user can specify parameters in� uencing the
economy of the solutions, notably, the upper price threshold
and/or the minimal synthetic popularity of the starting mate-
rials, the relative cost of performing a reaction operation, or the
desired estimated yield. The user can also eliminate certain
types of transformations or unwanted reagents (e.g., expensive
catalysts). He/she is also able to“ lock” certain bonds or frag-
ments in the target such that they are not disconnected along
the synthetic plan – as described in detail in ref. 16; this func-
tionality is useful in navigating around patented routes.
Depending on the number of imposed constraints, a typical
search for a drug-like molecule takes from few to tens of
minutes and within this time inspects tens to hundreds of
thousands of reaction candidates. Ultimately, a user-speci� ed
number of top-scoring pathways (typically 50–100) are
returned and displayed as bipartite graphs with nodes that are
expandable to display molecular structures, suggested reaction
conditions typical to a given reaction class, and more.9,10

Results and discussion
The results described in the following come from various
searches executed by our team over the course of two days and
using three machines, each with 64 cores. Multiple searches
were performed on the newest version of the program that is
currently being transitioned onto the commercial Synthia ™
platform owned and distributed by Sigma-Aldrich/Merck KGaA.
These searches used various parameters (summarized in the
ESI, Section S2†) to re� ect di� erent economic scenarios of the
desired syntheses and with di� erent types of the above-
mentioned constraints. In all, the searches considered on the

order of millions of potential intermediates and synthetic plans.
The common feature of the searches was the desire to o� er
alternatives to existing syntheses and to suggest multiple
synthetic plans using diverse but inexpensive starting materials.
In considering the prices of the starting materials, we realized
that catalog prices from a specialty-chemicals retailer such as
Sigma-Aldrich, S-A, are understandably higher than those from
whole-sale producers. What is important for the validity of our
analysis, however, is that the S-A prices correlate with the
wholesale ones, as evidenced by the data plotted in Fig. 2 and
spanning substrates of the new syntheses of HCQ we identi� ed.
We will discuss these issues in more detail along with speci� c
routes.

Known syntheses of hydroxychloroquine (HCQ)

To begin with, we surveyed the available literature to construct
a synthetic network summarizing currently known syntheses of
HCQ (Fig. 1). Somewhat remarkably, although HCQ has been
o� -patent for decades, a large proportion of methods involved
have been patented, some quite recently, substantiating our
concern of potential IP complications in case of emergency
production by independent agents. These solutions hinge on
the late stage attachment of the side chain performed via either
(i) nucleophilic aromatic substitution of dichloroquinoline 1
and amine 2 or (ii) reductive amination of aminochloroquino-
line 3 (itself derived from 1) and ketone 4, the latter being the
starting material for the preparation of 2. The two “hubs” of the
network are, obviously, 1 or 4 though they are quite di � erent
from the economic and logistic points of view. The heterocyclic
part of HCQ, 1, is rather inexpensive (1.50 $ per g from S-A, 0.26
$ per g from Biosynth Carbosynth) and in case of supply prob-
lems, can be sourced (in 94% yield, via chlorination using
POCl3) from hydroxychloroquinoline 13 which, in turn, can be
made in � 40% yields in two steps either from 3-chloroaniline,
diethyl malonate and ethyl orthoformate (respectively, 9.51 $
per g from S-A, 0.05 $ per g from Oakwood Chemical, OC; 0.04 $
per g from S-A, 0.015 $ per g from OC; 0.12 $ per g from S-A, 0.03
$ per g from OC) or from 3-chloroaniline, acrylic acid (or methyl
acrylate) and tosyl chloride (respectively, 9.51 $ per g from S-A,
0.05 $ per g from OC; 1.48 $ per g from S-A, 0.02 $ per g from
Gelest Inc.; 1.43 $ per g from S-A, 0.03 $ per g from Alfa Aesar;
0.02 $ per g from S-A, 0.04 $ per g from Alfa Aesar). Alternatively,
1 can be obtained from chloroquinolinone 14, available via
a similar two-step sequence starting from 3-chloroaniline,
Meldrum's acid (1.75 $ per g from S-A, 0.07 $ per g from Aba-
ChemScene) and ethyl orthoformate. Some more recent
approaches for the preparation of 14 rely on di � erent starting
materials (4-chloroacetophenone or 2-amino-4-chlorobenzoic
acid) but require at least four steps. Additionally, C –H activa-
tion of enaminone derived from chloroacetophenone requires
an expensive bimetallic catalyst (Cp*Co(CO)I2/AgSbF6).

In contrast, ketone 4 is not easily sourced (no prices listed on
eMolecules) and is likely the production bottleneck. This
intermediate can be prepared via alkylation of aminoalcohol 5
(0.11 $ per g from S-A, 0.04 $ per g from Acros Organics) with
haloketones 6/7, which in turn can be derived from
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hydroxyketone 8, chloroalkyne 9, enol ethers 10a/10b, lactone
11 or chloroalkene 12. These substrates, except for8 and 11
(both available for less than 0.5 $ per g from suppliers like
Combi-Blocks or ChemScene), are relatively expensive (from 4 $
per g to even 585 $ per g) so these methodologies are probably
unsuitable for industrial up-scaling.

Syntheses of hydroxychloroquine (HCQ) designed
automatically by Chematica

Without any search constraints, Chematica generally identi-
� ed, among its top choices, many of these known solutions
(or their very close analogs, di� ering in insigni � cant details).
The program began to � nd substantially di � erent pathways
especially upon application of r estrictive thresholds for the
prices/popularities of the starting materials. Fig. 3 summa-
rizes 17 routes we found most economically viable, concise,
and diverse (see the ESI, Section 1† for enlarged views). In
addition to routes relying on n ucleophilic aromatic substi-
tution of dichloroquinoline and reductive amination of
aminochloroquinoline, the so � ware was able to avoid these
steps, replacing them with methodologies such as A3-
coupling (path 15), Cu-cat. coupling between a heteroaryl
iodide and an amine (paths 2 and 3), three-component
reaction between an amine, an aldehyde and a halide under
Barbier-type conditions (path 14), or alkylation of an
aromatic amine with an alkyl iodide (path 11). Other inno-
vative aspects of Chematica'splans are manifested in the
routes to prepare the side-chain of HCQ which, as we saw
before, is the major factor driving availability/cost of the
overall synthesis. The machine's proposals include, for
example, opening of a lactam with a Grignard reagent (paths
1 and 16) or alkylation of a lactone followed by ring-opening
to install a primary iodide functionality – which is a very
convenient group for subsequent alkylation (path 13). Other
interesting approaches use the multicomponent Mannich

reaction. In pathway 2, this reaction is combined with
a subsequent Henry reaction, and in pathway 10 it follows
a Curtius rearrangement. Both the Henry reaction and Cur-
tius rearrangement are interesting alternatives to reductive
amination or reduction of an oxime used for the introduction
of the nitrogen atom. As already mentioned, all of these
proposed routes avoid expensive catalysts and commence
from inexpensive starting mater ials, readily available in large
quantities ( e.g., ethylamine at 0.018 $ per g, 2-bromoethyl
acetate at 0.22 $ per g, 5-chloro-2-pentanone at 0.08 $ per g, or
ethanolamine at 0.012 $ per g). Only a few of these substrates
were used in previously published/patented syntheses. In
Fig. 3, their prices are indicated in red font. We observe that
several pathways start from materials available in ton quan-
tities or from biofeedstocks, making these routes especially
appealing for scale-up. For example, path 12 commences
from hydroxyketone (which can be produced from pentoses
via a furfural intermediate) and uses ethylene oxide to install
the required hydroxyethyl side chain. Path 3 navigates the
HCQ's side chain to levulinic acid, preparable on ton-scales
from carbohydrates.

In addition to the above analyses, it is also prudent to
consider syntheses of the dichloroquinoline starting material
which, as already mentioned, is currently inexpensive but may
become less so if demand surpasses supply. As shown in Fig. 4,
the program rediscovered the patented approach (pathway
marked as 18) based on Meldrum's acid and also generated
a similar path, 19, starting from a commercially available
dimethylamino Meldrum's acid adduct not used in the patented
synthesis. Moreover, Chematica proposed three alternative
routes, 20–22, which rely on copper-catalyzed cyclization form-
ing the quinolone ring. These pathways involve di � erent
methodologies for the preparation of the acetophenone deriv-
ative, which is commercially available but expensive (29.4 $
per g from S-A, 11.07 $ per g from Chemenu). Speci� cally, this
compound can be synthesized from a methyl benzoate deriva-
tive (6.56 $ per g from S-A, 1.16 $ per g from PharmaBlock)
either via Tebbe ole� nation followed by ketone synthesis
(pathway 20) or via the Grignard reaction (pathway 21).
Chematica also proposed the synthesis of the acetophenone
derivative from 2-bromo-4-chlorotoluene (0.96 $ per g from S-A,
0.35 $ per g from BLD Pharmatech) via benzylic oxidation fol-
lowed by the Grignard reaction and oxidation of an alcohol
(pathway 22).

We also performed searches to synthesize HCQ taking
advantage of Chematica's functionality to avoid certain user-
speci� ed substructures. Here, we excluded from the searches
both 8-chloro-4-chloroquinoline and 8-chloro-4-iodoquinoline
sca� olds. The top-scoring routes avoiding these motifs share
a common key intermediate, 7-chloro-1H-quinolin-4-one, also
identi � ed as a precursor in some of the pathways (3–5) leading
to dichloroquinoline (see Fig. 5). However, “downstream”
syntheses of this heterocycle di� er in both synthetic plans. In
the � rst pathway marked as 23, the quinolone sca� old is
assembled from a bromoacetophenone derivative and form-
amide via copper-catalyzed cyclization. These starting materials
were also used to synthesize dichloroquinoline and both their

Fig. 2 Correlation between prices (scaled per gram) of the substrates
for new syntheses of HCQ (see Fig. 3) from (x-axis) Sigma-Aldrich'
catalog interfaced with Chematica and ( y-axis) the least inexpensive
options we were able to identify from larger-scale manufacturers. Not
surprisingly, the latter are, on average, twelve times less expensive
(median ¼ 4.67).
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pricing and accessibility from less expensive sources were
described in the previous paragraph. The synthetic strategy for
the alkyl part of hydroxychloroquine is the same as in path 16
from Fig. 3. The second synthetic route, numbered 24 in Fig. 5,
uses a heterocyclic starting material, benzopyrone, which is
further transformed into the quinolinone precursor in a two-
step sequence. The cost of this substrate is 46.50 $ per g at S-
A and 26 $ per g at CombiBlocks, making this solution less
economical. The approach used to construct the alkyl part of the
molecule resembles the strategy from path 5 in Fig. 3.

Finally, we comment on the conditions proposed by the
so� ware, especially on the usability of certain reagents at large
scales. The reader will, no doubt, recognize many conditions
used widely on industrial scales – for instance, the use of H2/

Pd19,20 in pathways 5, 6, 10, 14, and 15 or PTC21 in pathways 5, 6,
7, 9, 15, and 23. On the other hand, the uses of reagents such as
TEMPO,n-BuLi or LAH merit further discussion.

TEMPO, used in pathways16 and 24, is relatively expensive,
which might be a deterrent in using it on large scales as
a stoichiometric reagent. However, it is widely used in indus-
trial organic synthesis, although usually in small amounts
(0.1–10% mol).22 In this context, we note that the N-alkylation
methodology (via a one-pot oxidationreduction amination
sequence)23 proposed by the so� ware also uses reduced
amounts of TEMPO (0.2 mmol of TEMPO to 1 mmol of the
substrate), suggesting some potential for scale-up. Alterna-
tively, one could consider its replacement with 4-hydroxy
derivatives (e.g., 4-hydroxy-TEMPO or 4-acetamido-TEMPO)

Fig. 3 Novel and economically appealing syntheses of hydroxychloroquine (HCQ) designed automatically by Chematica. Commercially
available substrates and their prices (the lowest ones we were able to identify) scaled to $ per g are colored in red.
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obtained from an inexpensive (3 $ per kg) triacetoneamine
precursor.22 Moreover, if the cost of the one-pot methodology
still proves impractical, it could readily be replaced with
a “classic” two-step approach involving oxidation of a primary
alcohol followed by reductive amination. Such a strategy was,
in fact, used in pathway 17 for the synthesis of 5-[ethyl(2-
hydroxyethyl)amino]pentan-2-one. Therein, Chematica's
suggestion for the oxidation of a primary alcohol was the
sulphur trioxide/pryridine complex, an oxidant used in
industry, e.g., in the 190 kg scale synthesis of an HIV protease
inhibitor. 24 For the reductive amination step, the so� ware
proposed NaBH(OAc)3 (the same reductant was proposed in
the one-pot procedure) for which multi-kilogram-scale
syntheses were described in the literature.25,26 In addition,
NaBH(OAc)3 is easily obtainable in situ from NaBH4 and
AcOH.27

Regarding n-butyllithium – used in pathways10 and 13 – the
use of this reagent requires safety precautions, but there are
examples of its usage in the pharmaceutical industry. 28 For
instance, n-BuLi has been used in kilogram-scale syntheses of
2,2-dimethyl-1-(4-methylthio-5-pyrimidinyl)indane 29 and 1-[4-
(2-chloroethoxy)phenyl]-1-(4-iodophenyl)-2-phenyl-1-butanol30

as well as in the synthesis of AZD6906 performed in a � ow-
reactor.31 In Chematica's synthetic plans, both reactions
employing n-butyllithium are alkylations of esters and the
reagent is used to generate LDAin situ; this approach is also
used in industry owing to its cost e � ciency.29

Regarding LAH – used in pathways 2, 9 and 16 – and
according to the review by Magano and Dunetz on large-scale
reductions,32 it is the most common reagent for the reduction
of acyclic esters. This assertion is supported by numerous
kilogram-scale syntheses using this reducing agent (e.g., Glaxo's
synthesis of Sodelglitazar,33 Eli Lilly's route to DPP IV Inhibitor
LY2497282,34 or Sanochemia's nine-step synthesis leading to
(� )-galanthamine35).

Chematica's syntheses of remdesivir

Since HCQ is a synthetically simple target, we were also inter-
ested in Chematica's performance on a more complex target such
as remdesivir. In this case, the program was able to construct
chemically correct pathways though the key steps in these routes
– marked as A, B and C in Fig. 6 – were identical (save minor
di � erences in the protecting groups used) to the known
approach. The choice of these key retrosynthetic disconnections
is perhaps not surprising given that the presence of the C-ary-
lated ribose, phosphorylated alanine and pyrrolotriazine frag-
ments leaves relatively little room for other strategies. For
instance, assuming that these building blocks are kept intact
during synthesis, there does not seem to be a more straightfor-
ward means to construct the cyanated C-aryl nucleoside than via
addition of an appropriate organometallic reagent to a protected
lactone and subsequent cyanation of the hemiacetal obtained. In
light of these considerations, the major virtue of computational

Fig. 4 Chematica-designed syntheses of the dichloroquinoline intermediate. Commercially available substrates and their prices (the lowest
ones we were able to identify) scaled to $ per g are colored in red.
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analysis is the ability of the machine to rapidly navigate the
searches to inexpensive starting materials. For instance, in
Chematica's synthetic plan in Fig. 6, the heterocyclic part is
navigated to commercially available aminopyrrolotriazine (5.5 $
per g from PharmaBlock), while the necessaryC-aryl nucleoside

is constructed from ribonolactone (5.7 $ per g from Biosynth
Carbosynth). Finally, the aminoacid part of remdesivir can be
sourced from three di � erent, commercially available and inex-
pensive (0.25–0.31 $ per g from CoolPharm) protected (with Cbz,
Boc, or Fmoc) derivatives of alanine.

Fig. 6 Chematica-designed syntheses of remdesivir. The top panel shows the screenshot of the pathway in a graphical representation. The
colors of the nodes are: yellow ¼ target; violet ¼ molecules not known in Chematica's literature collection; green ¼ known molecules with
numbers indicating their synthetic popularity ( i.e., how many times these molecules were used in prior syntheses); red ¼ commercially available
molecules with prices in $ per g from the S-A catalog. Red- and violet-colored reaction arrows indicate reaction sequences in which the machine
was strategizing over multiple steps (using, respectively, functional group interconversion and global protection/deprotection routines). Det ails
of the pathway are shown in the bottom panel. The key steps are marked with capital letters: A – addition of an organometallic reagent to
lactone, B – cyanation, and C – phosphorylation. Commercially available substrates and their prices (the lowest ones we were able to identify)
scaled to $ per g are colored in red. For Chematica's raw screenshot of these routes, see the ESI, Section S4. †

Fig. 5 Chematica-designed syntheses of HCQ constrained to avoid dichloro- or iodo,chloro-quinolone sca � olds. Commercially available
substrates and their prices (the lowest ones we were able to identify) scaled to $ per g are colored in red.
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Conclusions
In summary, we capitalized on the speed and chemical accuracy
of modern computer-assisted synthetic planning to develop
alternative and economical “contingency” plans for the
synthesis of HCQ and remdesivir. Although these syntheses
could, without doubt, also be identi � ed by human experts
alone, tracing them to inexpensive substrates while minimizing
the use of previously described methodologies might be a rather
tedious and time-consuming enterprise, incompatible with the
COVID-19 emergency at hand. In a broader context, this exercise
made us realize that the current system of chemical/
pharmaceutical production is heavily reliant on e � cient but
few-and-far-between synthetic approaches–while this approach
works at “peacetime,” it might be very vulnerable to the
disruption of global supply chains of key starting materials,
e� ectively leaving us without alternative means of production.
Consequently, we advocate development of similar contingency
plans for other approved drugs, in case they are needed in large
quantities on short notice.
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Computational design of syntheses leading to
compound libraries or isotopically labelled targets †

Karol Molga, ‡a Piotr Dittwald ‡a and Bartosz A. Grzybowski *ab

Although computer programs for retrosynthetic planning have shown improved and in some cases quite

satisfactory performance in designing routes leading to speci � c, individual targets, no algorithms capable

of planning syntheses of entire target libraries – important in modern drug discovery – have yet been

reported. This study describes how network-search routines underlying existing retrosynthetic programs

can be adapted and extended to multi-target design operating on one common search graph,

bene� tting from the use of common intermediates and reducing the overall synthetic cost.

Implementation in the Chematica platform illustrates the usefulness of such algorithms in the syntheses

of either (i) all members of a user-de � ned library, or (ii) the most synthetically accessible members of this

library. In the latter case, algorithms are also readily adapted to the identi � cation of the most facile

syntheses of isotopically labelled targets. These examples are industrially relevant in the context of hit-

to-lead optimization and syntheses of isotopomers of various bioactive molecules.

Introduction
Capitalizing on the advances in arti � cial intelligence 1–4 and
constantly increasing computing power, recent years have
brought revived interest and signi � cant progress in the
decades-old challenge of teaching computers the design of
multistep organic syntheses.5–9 Various platforms, di � ering in
the underlying details of search algorithms and reaction-rule
formats, have been developed10–21 and one of these platforms,
our own Chematica,17–21 has been validated experimentally via
successful execution of multiple routes leading to diverse, high-
value, medicinally relevant small molecules18 and, more
recently, natural products. 19 To date, a main e� ort in this
emerging area of chemical research has been on algorithms
designing syntheses of one speci� ed target at a time. In several
practically/industrially important situations, however, it is
desirable to simultaneously design routes to multiple targets.
For instance, a medicinal chemist might wish to optimize an
existing sca� old and place various substituents in positions of
interest (e.g., R1, R2, and R3 in Fig. 1a). Such hit-to-lead or lead
optimizations 22,23 encompass libraries of multiple synthetic
targets, raising some pertinent questions: (1) which of the
targets are most readily synthesizable? or (2) how to synthesize
all of the targets while making use of some possible common

intermediates? Another situation of interest is when one wishes
to design syntheses of isotopically labelled compounds that
di � er from the parent, non-labelled compound by a certain
increment of molecular mass – this ability is important to
determine drugs' pharmacokinetics, 24,25 to study environmental
fates of pesticides,26,27 to ascertain food safety,28–30 or to quantify
food � avourings,31–33 in many cases using the so-called isotope
dilution mass spectroscopy (IDMS) techniques and assays.34

Because isotope labels can be placed in various positions and in
various con� gurations within the molecule leading to iso-
topomers (Fig. 1b), they, again, constitute a small library of
potential targets. In this case, question (1) – which of the
labelled compounds o� ering a desired mass increase are most
readily synthesizable – appears most relevant. Currently, there
are no retrosynthetic algorithms with which one could address
such questions for arbitrary targets. The closest analogue is our
earlier work on the so-called Network of Organic Chemistry35–37

(NOC), in which we used Monte-Carlo searches to select (but not
design) optimal syntheses leading to multiple targets of
interest.37 Unfortunately, NOC is a static network comprising
only published literature precedents and so its analyses are
limited to already known targets and existing synthetic routes.
In addition, Monte Carlo searches are computationally very
intensive and typical execution times for the NOC are in days.
Here, we describe signi� cantly more e� cient and general
algorithms for de novoretrosynthetic planning ( i.e., planning
based on general reaction rules, not existing literature prece-
dents) producing routes to small libraries of arbitrary – that is,
both known and unknown – targets, including labelled ones. In
our algorithms, retrosynthetic searches for individual targets
share the same search graph and can bene� t from common
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intermediates and synthetic strategies. In several cases, these
searches utilize a cyclically inspected list of priority-queue-
based data structures rather than a single priority-queue; this
construction ensures that the overall, multi-target search is not
dominated by a sub-search for any individual target. Examples
of speci� c and in all cases viable syntheses we describe evidence
that multi-target planning routines make e � cient use of
common intermediates, reduce the search space signi� cantly
(compared to individual, target-by-target searches), and yield
complete library-wide plans within minutes. Overall, the
methods we describe extend applicability of computational
retrosynthetic planning to problems that are ubiquitous and
important in pharmaceutical and agrochemical industries,
o� ering savings in terms of planning time and the overall cost
of synthesis of compound libraries, as well as minimization of
waste (through the maximally e� cient use of common

intermediates and “root” reactions in the global, library-wide
reaction plans). In a broader context, the multi-target design
harnesses the computer's ability to store, analyze, and optimize
large, interconnected networks of synthetic plans, which may be
di � cult for human chemists accustomed to planning synthetic
solutions to speci� c targets, one target at a time.

Computational methods
Modern retrosynthetic planners ( e.g., MIT's ASKCOS,15 Waller's
MCTS,14 or our Chematica17–21) di� er in the origin of the
underlying reaction rules (machine extracted vs. expert coded)
and details of the search routines, but they all rely on the iter-
ative expansion of parent/retron nodes into progeny/synthon
nodes and on navigating (with the help of functions scoring
individual reaction moves) the thus created bipartite graphs of
synthetic options until simple and commercially available
substrates are found. This procedure yields pathways that lead
to a given target of interest and in which all chemical nodes are
“synthesizable” (i.e., they are targets of at least one synthetic
pathway tracing back to commercially available substrates) and
the reaction nodes are “viable” (i.e., all their substrates are
synthesizable). The problem we focus on in the current study is
how to extend such generic routines to enable simultaneous
synthesis of multiple targets ( “a library”).

Algorithm seeking the syntheses of all targets

We begin by discussing the simplest problem of identifying
syntheses of all members of a library. The algorithm (Fig. 2 and
pseudocode in the ESI, Section S1†) initializes by performing
a dummy “multicomponent ” reaction, rdummy, such that the root
node (i.e., the library) is “made” in one step from all molecules in
the library, {m i}, i ¼ 1, . , N, serving as its substrates. Chemically,
this is a purely � ctitious operation but algorithmically, such
search-graph construction is important as it serves as an “AND”
condition ensuring that any viable syntheses (cf. de� nition of
viability above and in ref. 21) of the root node will also have to
make all substrates for the ultimate rdummy reaction – in other
words, the search algorithm will not stop until viable syntheses of
all m i molecules in the library are identi � ed. Of course, this
dummy reaction is not supposed to skew the real searches for mis
in any way, and its execution cost is assigned as zero. Starting
from the m i nodes, the search graph is iteratively expanded as
described before,18 with the already-evaluated sets of synthons
stored in a single priority-queue-based data structure (PQ), and
with further synthetic navigation guided by desired scoring
functions (in Chematica, the synthetic moves are guided by
summing the costs of the already-performed reactions and the
complexity of synthons created by each reaction;17,18 in programs
like ASKCOS or Waller's MCTS, the navigation is based on the
scores provided by neural networks trained on large numbers of
reaction precedents14,15). The stop points for the search are known
and/or commercially available molecules with prices of the latter
typically taken from commercial catalogues.

As the search is allowed to progress, multiple viable
syntheses are typically found, forming a solution graph from

Fig. 1 Examples of multiple-target libraries. (a) Library of chlorcycli-
zine derivatives screened for the treatment of hepatitis C virus in ref.
38. (b) Isotopomers of ibuprofen. Top row has two examples of M + 1
isotopomers possible with 13C (left ) and 2H (right ) labelling. Bottom
row has two examples of M+2 isotopomers available via 13C (left) and
2H (right ) labelling. Green numerals within the molecules give the total
numbers of unique (note: some hydrogens and carbons are equiva-
lent) labelled compounds for each case. For the M+2 labelling of this
structurally simple target, there are already 49 13C and 28 2H labelling
combinations. The number of isotopomers corresponds to sets
without 2H labelling of the COOH group which is extremely easily
exchangeable. (c) To specify multiple targets of retrosynthetic anal-
yses, it is often convenient to use the so-called Markush structures.
Here, a set of molecules is represented as a SMILES string (black) with
numbered dummy atoms ([ * :1],[* :2]) and dictionary of substituents
marked in red and green for positions #1 and #2, respectively. Position
[* :1] can correspond to either an aromatic carbon or nitrogen (to yield,
respectively, biphenyl and 2-phenylpyridine series), whereas position
[* :2] admits either a nitrile, CN, or F, or Cl atoms. In all, the small library
thus de� ned will have six members shown in panel (d).
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which most economical plans can be selected (by iteratively
propagating the yield-scaled costs from substrates to products
and thereby assigning a realistic, monetary cost to each plan). In
addition to the selection procedures detailed in our recent
publication, 21 a unique feature of library-wide design is that we
wish to promote convergent synthetic plans that make use not
only of common intermediates but also of the smallest number
of di � erent synthetic methodologies – to this end, a penalty is
added to any new reaction type encountered in the solution
graph. Chemically, such penalization ensures that it is more
economical to perform the same reaction on a, say, 2 mol scale,
rather than two di � erent types of reactions – requiring separate
set-ups and likely di� erent reagents– each on a scale of 1 mol.

We observe that if the searches for each library member were
performed separately, selection would be made from each
individual solution graph and no synergies in terms of common

intermediates or reaction types could, in general, be expected.
Also, in terms of computational e � ciency, the search on
a common graph is signi � cantly more compact than the sum of
individual searches – as quanti� ed for speci� c examples we
discuss later in the text (cf. Fig. 4, 5 and Table S1†), the number
of graph nodes explored before � nding the � rst viable solution
is about an order of magnitude smaller for the library-oriented,
global search than for separate searches; each ran for a di� erent
library member.

Algorithm seeking the easiest syntheses of some targets

In some cases, not all members of a library are equally di� cult
to synthesize, and one could wish to perform wet-lab execution
of only those that are most readily synthesizable. Algorithmi-
cally, this task is a bit more nuanced than � nding syntheses of

Fig. 2 Schematic description of the algorithm seeking the syntheses of all targets. (a) The user speci � es the target set (here, TS¼ library of four
targets), de� ning the root node (yellow circle) of the search graph to be explored (shaded parts represent regions of the graph not yet expanded).
(b) The search graph is extended by adding four additional substance nodes (violet circles labelled m 1, m2, m3, m4), linked with the root node via
the same dummy reaction (orange diamond). The search algorithm utilizes a single priority-queue-based data structure, PQ, to navigate the
graph expansion according to scores assigned to speci � c synthetic “options ” encountered during the search. For this illustrative example, the
algorithm � rst expands node m 2, having a better score than nodes m 1, m3, and m4. (c). Three explored reactions (grey diamond-shaped reaction
nodes) lead to possibly overlapping substrate sets – i.e., nodes labelled {1, 2}, {2, 3}, and {4, 5}, respectively. Violet circular nodes denote
molecules that are unknown in literature and not commercially available; red circular nodes refer to terminal, commercially available, chemicals.
Here, one synthesis, i.e., 4, 5 / m2, gives viable synthesis plan for target m2 (green halo denoting that m 2 is synthesizable). The search proceeds
to (i) � nd syntheses for the remaining targets m 1, m3, m4, and (ii) � nd alternative synthesis plans for target m 2. (d) Search continues expanding
node m 4, giving reactions with substrates {6, 7}, and {8}, then expanding node m 3 (e) resulting in reactions' substrate sets {5}, {6}, {9} (nodes 5 and
9 were already visited in previous expansions; moreover, as node 5 is terminal, path 5 / m3 is a viable synthesis for m3). (f) Furthermore, the
region of the search graph related to the synthesis of m 1 is visited by exploring node 10, and nodes 11 and 12. (g) The path 12/ 10 / m1 is
a viable synthesis, so the target m1 is now also synthesizable. (h) Then, node 6 is expanded, giving terminal node 13. Of note, 6 is a common
intermediate for syntheses of targets m 3, and m4, and these two targets have new viable syntheses (13 / 6 / m3, and 13/ 6, 7 / m4). Target
m4 is now synthesizable, and viable synthesis plans can by retrieved for all targets from initial target set (operation performed by selection
algorithm, see main text). (i) The search continues to � nd more synthesis options, here exploring node 8 to give reaction with substrates 13 and 14
(resulting in alternative synthesis for target m 4: 13, 14/ 8 / m4).
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all targets in the library. To illustrate, let us assume that
a search for the synthesis of target m1 does not � nd any solu-
tions a� er a certain time – if this target is extremely hard to
synthesize and yet the algorithm continues to � nd its synthesis,
it might be stuck in this one search while other targets could
yield solutions in shorter times. On the other hand, we do not
know a priori if these other targets are any simpler. To overcome
such problems, we implemented a multi-priority-queue algo-
rithm that allows syntheses of di � erent targets to be explored to

comparable levels, while sharing information about common
intermediates and chemistries, and returning the best-scoring
pathways taking into account the aggregated results for all
targets considered. Speci� cally, the algorithm (Fig. 3 and
pseudocode in the ESI, Section S2†) initializes not from a single
“dummy” reaction (cf. previous section) but from N such reac-
tions, each linking the terminal root/library node with one
speci� c member of the library {m 1, . , mN}. This construction
serves as an “OR” condition and ensures that any viable

Fig. 3 Schematic description of the algorithm seeking the syntheses of some, most-synthetically-accessible targets. (a) The root node (yellow
circle) corresponds to the target set (here, TS ¼library of four targets). (b) The graph is extended by creating four substrates (violet circles denoted
m1, m2, m3, m4), each linked with the root node via a separate dummy reaction (orange diamonds). Additionally, four priority-queue-based data
structures, PQ1, PQ2, PQ3, and PQ4, each corresponding to a separate target node, compose a priority-list, PL, inspected in circular order ( � rst
PQ1, then PQ2, PQ3, PQ4, PQ1, etc.). PL is responsible for balanced exploration of syntheses leading to each target. (c) According to PQ 1 (orange
halo marks this data structure as currently inspected), m 1 is expanded, identifying a reaction (grey diamond) from substrates 1 and 2 (violet circle
nodes refer to unknown chemicals). (d) Then, as PQ 2 is inspected, node m 2 is expanded and two reactions are added to the graph (with substrate
sets {3, 4} and {5, 6}, respectively; red circular nodes represent terminal, commercially available chemicals). Target m 2 is now synthesizable (green
halo), with a viable synthesis 3, 4 / m2 already satisfying the condition of � nding a synthesis of at least one member of the target library. The
search continues to � nd alternative pathways. (e) According to PQ 3, node m 3 is expanded, and reactions with substrates {6, 7} and {8} are
identi � ed (6 already appeared while searching for syntheses of m 2). (f) Then, as PQ4 is inspected, m4 is expanded, giving reaction from node 8
(now, a common intermediate in the synthesis plans leading to m 3 and m4) and node 9. (g) Inspection of the priority lists now returns to PQ 1,
nodes 1 and 2 (previously visited while searching for the synthetic scenario of m 1) are explored, giving new nodes 10, 11, 12, and 13. (h) As the
search continues, PQ2 is inspected again, discovering viable synthesis (from terminal node 14) leading to a common intermediate of m 2 and m3,
i.e., node 6. Consequently, m 3 becomes synthesizable, and pathways 14 / 5, 6 / m2 and 14 / 6, 7 / m3 become plausible solutions of the
initial task. (i) Subsequently, the algorithm inspects PQ 3, node 8 is explored by two reactions, each starting at terminal nodes (15 and 16), and m 4

becomes synthesizable (newly discovered pathways are 15 / 8 / m3, 16 / 8 / m3, 15 / 8 / m4, and 16 / 8 / m4). All viable pathways
identi � ed during the search are retrieved and ranked according to a separate selection algorithm (see ref. 21).
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pathway to the root node will also synthesize one of the mi,
molecules. Moreover, to ensure that all targets m1, . , mN are
being analyzed to comparable degrees, we use the priority-list,
PL, rather than a single, global priority queue-based data
structure, PQ. This PL (1) has lengthN; (2) its i-th element, PL[i],
is a PQ initialized with a single-element set {m} i; (3) synthon sets
from the PL are retrieved in circular order, i.e., PL[1], PL[2],. ,
PL[N], PL[1], PL[2], . ; and (4) when a synthon set S is taken
from PL[i], and is further expanded into progeny synthon sets,
these progenies are also inserted to PL[i]. In other words,
although the search uses one common graph and still bene� ts
from the use of common intermediates/chemistries, each target
has its separate PQ which stores the synthetic options for this
target and, importantly, is inspected cyclically. As solutions are
being found, a selection procedure21 is applied to the entire
solution graph (encompassing pathways leading to di � erent
targets), to select the best individual syntheses (shortest, most
economical, and chemically diverse routes). Unlike the “ � nd
all” modality we described earlier, for which the outcome was
a global graph encompassing syntheses of all library members,
the end result of the “ � nd best” analysis is a list of individual
synthetic solutions ranked in descending order of the ease of
synthesis.

Algorithm seeking the most feasible syntheses of multiple
isotopomers

For this sub-problem, our aim is to � nd the most readily syn-
thesizable isotopomer that increases the molecular mass by
a user-speci� ed value. The library here is a set of possible iso-
topomers and the search problem itself is identical to the one
described in the previous section with the searches terminating
in isotopically labelled (and possibly some non-labelled),
commercially available starting materials. The di � erence lies
in the way in which the target library is generated – in partic-
ular, we would like to automate the generation of all iso-
topomers o� ering the desired mass increase. The procedure to
do so begins with specifying the non-labelled target molecule,
a desired mass shi� , S (positive or negative), and the availa-
ble_isolist of isotopes one wishes to use. The list should contain
isotopes with only positive or only negative mass shi� s, corre-
sponding to the sign of S(e.g., if S> 0,13C but not 11C should be
used). This condition precludes generation of several nonsen-
sical isotopomers in which, for example, a mass shi� of +1
could be obtained by introducing two 13Cs and one 11C. Addi-
tionally, one may wish to specify which atoms should not be
labelled (e.g., 2H labelled carboxylic acids, amines, or alcohols
are labile, whereas 13C labelling should be avoided in meta-
bolically unstable fragments such as esters orN-methylamines).

With such assumptions, the atoms of the target are arbi-
trarily ordered, a1, . , aM, and the recursive procedure (for
pseudocode, see ESI, Section S3†) is applied to generate a set of
desired isotopomers. To explain this procedure, let us consider
methanol as the target, a hypothetical available_iso¼ [2H, 17O,
and 18O], and S ¼ 2. Let us de� ne labellings (j, k, S) as a set of
labellings of atoms aj, . , ak, giving a mass shi� S. Then label-
lings (1, M, S) refer to the set of isotopomers we ultimately seek

(pending de-duplication of possible identical structures). For
the speci� c CH3OH target, let us order atoms a1, a2, a3, a4, a5, a6

¼ C, H1, H2, H3, O, H4 (upper-right indices are used to distin-
guish between hydrogen atoms), and commence from a1 ¼ C. As
available_isodoes not contain any isotopic label for carbon, no
isotopic labelling can be applied to a 1 and the set of appropriate
labellings can be therefore written recursively as equation (* )
labellings (1, M, S) ¼ {a1 ¼ 12C} � labellings (2, M, S), where �
stands for set multiplication. Moving to the second atom, a 2 ¼
H1, it can be labelled deuterium (mass shi � of +1) or le�
unlabelled (no mass shi� ), and so we have (** ) labellings (2, M,
S) ¼ {a2 ¼ 2H} � labellings (3, M, S � 1)W{a2 ¼ 1H} � labellings
(3, M, S). By combining (*) and (** ) we obtain labellings(1, M, S)
¼ {a1 ¼ 12C, a2 ¼ 2H} � labellings (3, M, S � 1)W{a1 ¼ 12C, a2 ¼
1H} � labellings (3, M, S). The procedure is continued until the
last atom is reached (a6 for methanol) and all acceptable
labelling options are returned. For the methanol example we
considered, a� er de-duplicating the same chemical structures
(i.e., removing molecules with the same canonical SMILES
representation), there are � ve viable isotopomers, written here
in the SMILES notation that is used as an input to the retro-
synthetic search: [2H]CO[2H], C[18O], [2H][17O]C, [2H]C[17O],
[2H]C([2H])O.

Results and discussion
Chemical examples implemented in Chematica

The algorithms detailed in the preceding sections can be
implemented in various retrosynthetic platforms. Since we have
been actively involved in the development of and continue to
have access to Sigma-Aldrich’s Chematica, we illustrate how the
algorithms function in this particular environment.

As described in several of our publications on Chematica,17–21

this platform is based on the knowledge-base of over 75 000
expert-coded reaction rules re� ecting reaction mechanisms,
delineating carefully substituent scope as well as contextual
information about potential cross-reactivity con � icts, protec-
tion requirements, selectivity issues, etc. (for examples, see ref.
17 and ESI of ref. 18 and 20). The rules have variants applicable
to synthesis of isotopically labelled compounds and are
augmented by various modules based on quantum-mechanical,
molecular-mechanical, machine-learning, or heuristic
measures of reactions' electronic and steric requirements.17,20,39

The bipartite synthetic graphs created by the application of
reaction rules are navigated with the help of scoring functions
assigning costs for each reaction operation performed (with
additional costs added to reactions requiring, e.g., protection
chemistries) and evaluating structural complexity of the sets of
synthon molecules produced in each step. The searches are
supplemented by routine checking of the multi-step logic of
syntheses– for instance, they prevent dragging highly reactive
groups along multiple steps, penalize contraction of certain
macrocycles, or allow overcoming local complexity maxima by
the use of the so-called tactical combinations. Once feasible
routes are found, they are scored according to realistic pricing
models21 based on the prices of commercially available starting
materials (>200 000 chemicals from Sigma-Aldrich including

This journal is © The Royal Society of Chemistry 2019 Chem. Sci., 2019, 10, 9219–9232 | 9223

Edge Article Chemical Science

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9sc02678a


� 1100 isotopically labelled ones) and approximate yet realistic
reaction yields.40,41 The chemical correctness of all these algo-
rithms has been corroborated by successful experimental
execution of a number of Chematica-planned, multistep
syntheses.18,19

The multi-target design interfaced with Chematica entails
speci� cation of the target library, either by drawing all its
members in a structure editor or by de � ning a Markush struc-
ture written in the SMILES notation 42 (Fig. 1c and d) or, for
isotopomers, by specifying the desired mass increase and the
isotopes that can be used. The results of the searches are pre-
sented to the user as a“global” graph encompassing, depending
on the search modality, syntheses of all or some, most
synthetically accessible targets. Each substance and reaction
node can be expanded to provide, respectively, additional
structural and synthetic details (see ESI, Section S5–S11†).

Synthesis of all members of a Prozac-derived library

Let us begin with a simple example in which we seek syntheses
of all members of a small library around a selective serotonin
reuptake inhibitor, � uoxetine (Prozac). The library admits four
di � erent substituents (p-F, p-Cl, p-CF3 and H) in the aryl ether
part of � uoxetine and three di � erent moieties on the N-termi-
nated side chain (NHMe, NHEt and NHAc), corresponding to 12
compounds in total (Fig. 4a). Within ca. 5 min, Chematica
produced tens of global plans for the syntheses of all the library
members, with the top-scoring solution graph shown in Fig. 4b
and with chemical details elaborated in Fig. 4c (for raw
Chematica screenshots and suggested reaction conditions, see
Fig. S4†). The common root of all syntheses is the Friedel–Cra� s
acylation of benzene with acyl chloride derived from N-acetylb-
aminopropionic acid. Subsequent enantioselective reduction
(controlled, e.g., by the Corey–Bakshi–Shibata catalyst43 or
Noyori's catalyst44) yields an enantioenriched secondary alcohol
which is reacted with appropriate phenols under Mitsunobu
conditions to give the desired N-acyl seriesA2–D2. The N-ethyl
substituted compounds A3–D3 can then be obtained in one step
via reduction of the acetyl moieties while the preparation of N-
methyl series A1–D1 requires hydrolysis of acetamide and
subsequent reductive amination with formaldehyde. Impor-
tantly, the entire scheme to prepare 12 di� erent compounds
requires only 18 individual reactions and takes advantages of
several common intermediates including interconversions of
some library members. We note that the proposed strategy
comprising enantioselective reduction of appropriate b-ami-
noacetophenone44–46 and Mitsunobu displacement with
phenol47,48 has already been used in several syntheses of struc-
turally related compounds including our synthesis of hydrox-
yduloxetine.18 We also emphasize that this “global” synthetic
plan is di � erent from the plans that Chematica produces for
each target separately– for instance, if the program's task is to
make des-tri� uoromethyl congener of � uoxetine A1 (Fig. 5a–c
and S5†), it uses the enantioselective allylation of aldehyde and
ozonolysis mimicking Bracher's approach. 49 The same strategy
is returned as the top solution if A3 (Fig. 5d and S6†) or D3
(Fig. 5e and S7†) is an individual target. We note that none of

the top-three approaches found by Chematica in single-target-
oriented searches for A1 (Fig. 5a–c and S5†) – relying on either
the Friedel–Cra� s acylation with carbamate protected b-ami-
nopropionic acid 50 or enantioselective arylation of aldehydes51,52

– are desirable for the design of the entire library. This is so
because these syntheses cannot take advantage of late common
intermediates and require several additional reactions ( e.g., for
the optimal individual solution to A1, adaptation to the all-
library synthesis would entail a total of 21 distinct reactions
(allylation, four displacements with phenols, four hydro-
borations, and twelve aminations). The so� ware is not using the
elegant three-component Mannich reaction (the one we
employed previously in ref. 18 for the construction of a struc-
turally similar sca � old of hydroxyduloxetine) because it cannot
be adapted for the synthesis of the current library – in partic-
ular, the Mannich reaction cannot be performed with acet-
amide instead of methylamine to yield the N-Ac seriesA2–D2.
We also note that this design example illustrates well typical
gains in terms of computational e � ciency: the search on
a common graph to identify the � rst viable solution requires
exploration of ca. 10 times less nodes compared to the case
when the syntheses of the 12 targets are searched separately (cf.
Table S1 in the ESI, Section S4†).

Synthesis of all members of the Almorexant-derived library

In a more chemically advanced example, we consider synthesis
of a library centered around Almorexant, a drug developed by
Actelion and GSK for the treatment of insomnia. The library
accepts four di� erent substituents (p-F, p-CF3, p-tBu and 3,4-
diOMe) in the phenylethyl part of Almorexant and two di � erent
N-substituents, corresponding to eight compounds in total
(inset in Fig. 6a). Within ca.30 min, Chematica identi � ed global
synthetic plans with the top-scoring solution graph shown in
Fig. 6a and with chemical details elaborated in Fig. 6b (for raw
Chematica screenshots and suggested reaction conditions, see
the ESI, Fig. S8†). The synthesis of each library member
commences with the oxidation of appropriate terminal alkenes
to aldehydes. The key formation of chiral tetrahydroisoquino-
lines leading to four common intermediates (marked with
arrows in Fig. 6a and colored orange in Fig. 6b) is accomplished
via enantioselective Pictet–Spengler cyclisation controlled
either by a chiral auxiliary or chiral catalyst. 54 Subsequent
alkylation with the commercially available secondary benzyl
bromide A or condensation with a derivative of mandelic acid B
yields the target molecules.

Synthesis of all members of a library of RANKL/RANK
inhibitors

Our last example of all-library design is important in that the
computer's autonomous design can be directly compared with
and validated against recent experimental work. Speci� cally, we
challenged Chematica with the synthesis of a subset of a library
of RANKL/RANK inhibitors reported very recently by Yang and
co-workers.53 In this task the library, represented as the Mar-
kush structure in the inset of Fig. 7a (for full representation see
Fig. S9†), consisted of 20 derivatives of tryptophan with
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di � erent N-alkyl (Z ¼ CH2) or N-acyl fragments (Z ¼ C] O),
di � erent linker lengths ( n ¼ 1–4) and substituents (R ¼ alkyl,
aryl, heteroaryl). The search was allowed to run for ca. 15 min
and returned as the top-scoring solution the synthetic plan
shown as a graph in Fig. 7a and further detailed in Fig. S10 and
S11.† Within this plan, the synthesis of each library member is

accomplished in a short (three-four steps) sequence,
commencing with the coupling between commercially available
N-Boc tryptophan and 2,6-dimethylaniline. Subsequent removal
of the protecting group gives a common intermediate (in
Fig. 7a, the rightmost node marked with an orange arrow).
Finally, coupling with appropriate carboxylic acids or primary

Fig. 4 Retrosynthetic search to synthesize all members of a library around � uoxetine sca� old. (a) All members of the library. (b) The corre-
sponding Markush structure and the screenshot from Chematica showing the top-scoring solution to synthesize all of the speci � ed targets. In
this graph, yellow circular node ¼ Markush structure; small, blue, diamond-shaped node ¼ “dummy ” reaction connecting all speci � c targets A1–
D3 to the root node; leftmost column of 12 circular nodes ¼ speci� c A1– D3 targets, mostly unknown in the NOC repository 35,36 (violet nodes) but
one known ( D1, number 9 inside of the node means that nine syntheses of this compound have been reported in the literature); red nodes ¼
terminal, commercially available chemicals, numbers inside the nodes indicate prices per gram (from Sigma-Aldrich catalog). Note that several
substances are common intermediates in multiple pathways and all 12 compounds are made in 18 steps in total. Details of synthetic plans are
provided in panel (c). For raw Chematica output and further details, see Fig. S4. †
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mesylates leads to N-acyl or N-alkyl target molecules, respec-
tively. Remarkably, this approach mirrors closely the strategy
used in Yang and co-workers' experiments.53

Synthesis of the most accessible derivatives of ak-opioid
agonist

To illustrate the synthetic design of not all but only the most
accessible members of a given library, we considered derivatives
of a selective k-opioid agonist 55 ICI-199441 (Fig. 8). The ICI-
199441 sca� old was decorated with three substituents in the
N-terminated side chain, four substituents in the benzylamine
part, and four combinations of halogens in the arylacetic acid
part, overall corresponding to 48 distinct members of the library
(Fig. 8a). The top� ve of the several hundreds of viable pathways

(identi � ed within � 10 min) are shown in Fig. 8b–f and further
detailed in Fig. S12.† In each of these plans, the molecule of
interest (one node before the yellow node; compared with the
scheme in Fig. 3b) can be obtained in three steps using alkyl-
ation of an appropriate secondary amine with a commercially
available protected phenylglycinol, removal of the protecting
group, and a sulfur catalyzed Willgerodt –Kindler (WK) reac-
tion 56 yielding the desired arylacetic acid amides from aceto-
phenones. The application of this last methodology – while

Fig. 5 Top-scoring solutions proposed by Chematica for the synthesis
of individual members of the � uoxetine library: (a–c) target A1, (d)
target A3, and (e) target D3. Node coloring scheme is as in Fig. 4. For
raw Chematica output and synthetic details, see Fig. S5 – S7.†

Fig. 6 Retrosynthetic search to synthesize all members of a library of
analogues of Almorexant. (a) Markush structure representing proposed
library (white inset, top-left), lists of substituents (bottom left) and
graph representation of the top-scoring solution. Chemical details are
shown in panel (b). Note that several substances (marked with arrows
and colored orange in panel (b)) are common intermediates in multiple
pathways while the entire library is prepared from single phenyleth-
ylamine. For raw Chematica output and further details, see Fig. S8. †
Node coloring scheme is as in Fig. 4.
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chemically correct – might, at � rst glance, appear counterintu-
itive given that such amides are usually55,57 formed in reactions
of acyl halides or carboxylic acids. These more conventional
plans were, indeed, present in the top 100 solutions identi � ed
by the so� ware, but the algorithm correctly gave them lower
scores based on higher prices of substrates– namely, applica-
tion of the WK reaction allowed for the use of cheaper aceto-
phenone substrates rather than appropriate arylacetic acids
($1.91 vs. $3.23 per g of dichloroderivative and $3.21 vs. $5.81
per g of the 4-F-3-Cl derivative). Consequently, the diethylamino
congeners were found to be more accessible than morpholino-
or cyclopentylamino ones. We also note that none of the
compounds substituted in the benzylamine part appeared
among the most accessible targets as their synthesis requires
construction of appropriate chiral aminoalcohols.

Syntheses of isotopically labelled targets

In our last set of examples, we used the algorithm to determine
which isotopically labelled compounds from a given library of
isotopomers are synthetically most readily accessible.

(i) Cinacalcet. Fig. 9 shows � ve top-scoring syntheses of
Amgen's cinacalcet (Sensipar/Mimpara), whose mass we wish to
increase byS¼1 by single labelling with either 13C or 2H (there

Fig. 7 Retrosynthetic search to synthesize a subset of a recently re-
ported library of tryptophan derivatives acting as RANKL/RANK inhib-
itors.53 (a) Markush structure representing proposed library (white
inset) and graph representation of the top-scoring solution. All
members of the library are prepared from one common intermediate
marked with arrow in (a) and colored orange in panel (b) which details
synthesis of one of the library members. For Chematica's raw output
for the entire library, see Fig. S10 and S11.†

Fig. 8 Retrosynthetic analysis of ICI199441 derivatives. (a) Left portion shows the Markush structure and dictionary of substituents de � ning the
library of 48 members; right portion shows the structure of the original ICI199441 compound. (b – f) Five top-scoring synthetic plans for library
from (a). Note that in plan (d), the algorithm found a commercially available advanced intermediate (red node with price per gram ¼ $58.60) but
continued the search until it found less expensive substrates with prices per gram below the user-speci � ed threshold of $50 per g. For further
synthetic details, see Fig. S12.†
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are 39 unique isotopomers). In the � rst proposed synthesis
(Fig. 9a), the 13C isotopic label is located on the methyl group
and introduced from bromomethane. In the � rst step, chiral-
auxiliary-directed addition 58,59 of an organometallic reagent
derived from 13CH3Br yields the enantioenriched secondary
amine which is then alkylated with a commercially available
alcohol to give the molecule of interest. In the second plan
(Fig. 9b), the 2H isotope label is introduced from D 2O during the
Shapiro reaction proposed as the � rst step. Subsequent Rh-
mediated hydroaminomethylation gives the 2H-cinacalcet also
a� er 2 steps. In the third plan (Fig. 9c), 13C labelled cinacalcet is
made in only one step, via three-component hydro-
aminomethylation utilizing commercially available styrene,
enantioenriched secondary amine, and 13C carbon monoxide.
We observe that such a carbonylative approach has been already
used by Amgen to prepare unlabeled cinacalcet.60 In the fourth
plan (Fig. 9d), the labelled 13C atom is located at the chiral
carbon and comes from the 13C acetic acid used in the initial
Friedel–Cra� s acylation of naphthalene.61 Subsequent reductive
amination guided by a chiral auxiliary 62 or a chiral catalyst63,64

yields the secondary amine transformed into the target mole-
cule following steps from the � rst plan. Finally, cinacalcet can
be labelled with 2H located at the methyl group with a deute-
rium atom introduced from 2H-methyl iodide participating in
direct enantioselective alkylation of naphthylacetic acid 65

controlled by a chiral diamine (Fig. 9e). Subsequent trans-
formation of carboxylic acid into secondary amine via the
Schmidt reaction 66 yields the amine which is subjected to the
reaction with alcohol to give the target molecule. We note that
the proposed approaches relying on the alkylation of chiral
naphthylamine are corroborated by published syntheses67–71 of
unlabeled cinacalcet.

(ii) AMG-319. The second example in this section describes
synthesis of M + 1 isotopomers of Amgen's AMG-319, the

inhibitor targeted for autoimmune diseases 72 and head and
neck squamous-cell carcinomas.73 The proposed solution
(Fig. 10a) commences with the Suzuki coupling of 2-pyridyl
boronic acid and 2-chloropyridine. Subsequent conversion to
an imine and stereoselective addition 58 of the organometallic
reagent derived from 13CH3Br yields the enantioenriched
benzylic amine which is coupled with hypoxanthine in the last
step. We note that this computer-designed synthetic plan
resembles Amgen's original route72 to unlabelled AMG-319.

(iii) Lasmiditan. In the third example, the algorithm is used
to design syntheses of M + 1 lasmiditan developed by Eli Lilly for
the treatment of acute migraine. A � er specifying the admissible
isotope label (here, 13C), desired mass shi� S ¼ 1 (correspond-
ing to 15 isotopomers) and excluding 13C N-methylated iso-
topomer prone to hepatic cleavage observed previously forN-
methyl piperazines,23,74–76 the search was run for ca.10 min and
returned hundreds of viable synthetic plans from which the top-
scoring one is shown in Fig. 10b. In the � rst step, the appro-
priate 2-chloropyridine is constructed in one step via addition
of a Grignard reagent, obtained from the N-methyl-4-
bromopiperidine, to 2-cyano-6-chloropyridine. The isotope
label is introduced from 13CO2 used for the formation of
carboxylic acid from the organolithium reagent derived from
tri � uorobenzene.77 The following steps resemble the original
route to lasmiditan. 78 Subsequent amination of 2-chloropyr-
idine and reaction with labelled benzoic acid yield the molecule
of interest in a four-step sequence.

(iv) Roluperidone. In the fourth example, Chematica designs
syntheses of M + 1, 13C labelled congener of roluperidone
developed by Minerva Neurosciences for the treatment of
schizophrenia.79 The top-scoring plan returned a� er ca.10 min
is shown in Fig. 10c. The proposed short sequence commences
with the N-alkylation of hydroxymethylpiperidine with the
appropriate chloroacetophenone. Subsequent alkylation of 2-

Fig. 9 Syntheses of cinacalcet singly-labelled with either 13C (a, c and d) or 2H (b and e). Several viable routes were identi� ed within 10 min; � ve
top-scoring routes are shown. For further synthetic details, see Fig. S13. †
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bromobenzylamine with the remaining primary alcohol yields
the substrate amenable to intramolecular carbonylative ami-
dation. 80 The 13C label is introduced in this step and sourced
from 13CO, completing the synthesis in just three steps. The
proposed plan resembles Mitsubishi's synthesis of roluper-
idone utilizing proposed hydroxymethylpiperidine and phe-
nacyl bromide as building blocks and participating in S N2
alkylations of benzolactams and secondary amines;81 moreover,
the proposed carbonylative N-alkylation has been used in
Astellas' synthesis of N-benzyl benzolactams.82

(v) Pitolisant. The � � h example illustrates e� cient prepa-
ration of M + 1, 13C labelled pitolisant (Wakix), developed by
Bioprojet for the treatment of hypersomnia. 83,84 The search
performed for ca. 10 min returned multiple solutions from
which the top-scoring one is shown in Fig. 10d. The entire
sequence requires only two steps and sources the13C atom from
labelled bromoacetic acid used in the � rst step to N-alkylate85

hydroxypropylpiperidine. The obtained alkoxyacid is then used
in MacMillan's decarboxylative coupling 86 with commercially
available phenethyl bromide to give the target molecule. The
proposed plan resembles Bioprojet's one-step solution87 which
also used hydroxypropylpiperidine alkylated with the appro-
priate alkyl bromide.

(vi) Almotriptan. In the sixth and last example, we aim to
design routes to labelled almotriptan developed by Almirall for
the treatment of severe migraine headache. A� er specifying the

plausible isotopes (13C) and mass shi� S¼ 1 and precluding the
N-Me labelled isotopomers prone to hepatic cleavage,23,88–90 the
search was run for � 10 min and returned as its top-scoring
solution pathway shown in Fig. 10e. Somewhat counterintui-
tively, the isotope label in the most accessible isotopomer is
located inside the indole ring and comes from 13CO. The
proposed synthetic plan starts from the commercially available
aniline transformed into an appropriate hydrazine. Subsequent
Rh-catalyzed tandem hydroformylation/indolisation 91 builds
the central ring system, introduces the isotope label and
attaches the dimethylaminoethyl side chain and yields the
target molecule in a two-step sequence. Similar, elegant car-
bonylative tandem indolisation was already used in Sheldon's
one-pot synthesis of unlabeled melatonin. 92

Conclusions
In summary, we described how the search routines over large
graphs of retrosynthetic scenarios can be adapted to � nd all or
some members of target compound libraries. For the � nd-all
variant, the “global” synthetic plans can bene� t from the use
of common intermediates and can be signi � cantly di � erent
from optimal solutions found for each target separately – that is
to say, the global solutions might be counterintuitive for human
planners accustomed to optimizing speci � c synthetic routes
rather than interconnected networks of such routes. Another

Fig. 10 Retrosynthetic design of isotopically labeled drug molecules. In all cases, 13C labeling was allowed and the desired mass shift was S¼ +1.
Top-scoring and in all cases chemically viable solutions obtained for (a) a library of 21 isotopomers of AMG-319; (b) a library of 14 isotopomers of
lasmiditan; (c) a library of 18 isotopomers of roluperidone; (d) a library of 13 isotopomers of pitolisant; (e) a library of 13 isotopomers of almo-
triptan. For further details of the pathways, see Fig. S14– S18.†
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application we consider quite useful is the synthesis of iso-
topomers. Here, the catalogs of isotopically labelled starting
materials are signi� cantly less populous than those of unla-
belled building blocks, and many blocks that are considered
“basic” are not available in labelled forms. Consequently,
synthetic design is o� en non-intuitive and it is not straight-
forward to predict which of the potential isotopomers would be
the easiest one to make– a question our algorithms can handle
rapidly and e� ciently. Overall, this work extends the scope of
computer-assisted synthetic planning to new problems that are
common and important in pharmaceutical and agrochemical
industries.
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Iterative syntheses rely on the repetitive use of the same (and only 
a few) reaction operations to build up the molecule while regen-
erating the key structural motifs that are required for additional 

cycles. Such sequences are found in many biosynthetic pathways1 
and hold promise in the ongoing quest to automate organic 
synthesis2,3 using a minimal number of robotized protocols/reac-
tion types4. Indeed, peptides5, oligonucleotides6, polysaccharides7,8 
and even some natural products4,9,10 are nowadays flexibly made via 
automated iterations repeating just two simple (coupling/deprotec-
tion) reaction operations. Still, the number of documented iterative 
sequences remains limited to around tens to maybe a hundred2,3,9,10, 
largely because regeneration of the original pattern of functional-
ities over multiple steps—especially those more complex than just 
‘add protected/deprotect’ cycles—requires singular insight (see 
examples in refs. 11–14 and in reviews2,3). The systematic discovery of 
iterations is conceptually challenging but an important goal because 
it will broaden the scope of targets that are synthesizable with the 
use of ‘minimal’ reaction toolkits. Here, we demonstrate that itera-
tive sequences can be identified without serendipity using comput-
ers equipped with the knowledge of individual reaction steps, which 
the machine concatenates into sequences and then recognizes those 
that are mutually compatible and iterative. Through such big-data 
analyses, we establish unprecedented numbers of previously unde-
scribed and chemically plausible iterative sequences (hundreds of 
thousands, clustered into thousands of structurally distinct classes), 
several of which we validate by experiment. The newly discovered 
iterations expand the body of synthetic approaches with which to 
simplify and, in the fullness of time, automate organic synthesis. To 
aid in the exploration of molecular spaces that are now accessible 
via iterative sequences, we accompany these results with a web-
based resource that is available to academic users at https://iterator.
allchemy.net/.

Iterative sequences are perhaps most familiar as a form of con-
trolled polymerization based on the addition of protected mono-
mers to the growing chain and subsequent deprotection (Fig. 1a) 
—as in Merrifield’s vintage peptide synthesis on a solid support5 

or the automated synthesis of oligosacharrides by Seeberger and 
collaborators7,8. However, it would be limiting to consider iterative 
syntheses merely as a means to extend linear chains. In reality, with 
appropriately chosen and not necessarily repeating building blocks, 
iterations can help to construct complex scaffolds such as the natu-
ral products or polyaromatics shown in Fig. 1b–k, which span liter-
ature-reported examples (Fig. 1b,d,f,h,j) as well as those discovered 
here (Fig. 1c,e,g,i,k); for details of all syntheses, see Extended Data 
Figs. 1–9. The main thesis of this paper is that such sequences can be 
systematically discovered using an algorithm that is equipped with 
a broad and accurate knowledge of individual reaction types. These 
reactions are, by themselves, well known and validated in synthetic 
practice; the role of the machine is to identify their very rare combi-
nations that are mutually compatible and iterative.

Results and discussion
Reaction rules. To begin with, the computer is provided with 
appropriately coded rules that describe the individual reactions, 
here taken mostly from Chematica’s collection15–18 (�100,000 rules) 
or, in some analyses, from that of Allchemy (~10,000)19. These 
expert-coded rules were chosen owing to their high quality20, which 
has been documented by numerous experimental validations of 
computer-designed syntheses, including those of drugs16,21, prebi-
otic compounds19 and complex natural products18—this quality is 
essential for the correctness of the reaction sequences we set out to 
discover. Briefly, each reaction rule is based on the underlying reac-
tion mechanism (more specifically, its substituent scope is broader 
than any specific literature precedent), it considers around 400 
potentially incompatible functional groups as well as groups that 
require protection, and provides typical reaction conditions (for 
screenshots see Supplementary Figs. 54–56) as well as ‘typical’ tar-
get molecules to which the rule can be applied. In addition to indi-
vidual rules, we also considered ~100 hard-coded functional group 
interconversions (FGIs) (two or three steps long, see ref. 18) that act 
as ‘supersteps’ and allow the computationally efficient exploration 
of longer iterations.
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Algorithms for identifying iterative sequences. In its basic form, 
the algorithm for identifying iterative sequences applies a retrosyn-
thetic reaction transform of some type n (henceforth denoted as �3��

�O 
where the superscript ‘1’ means that it is the first reaction in the 

retrosynthetic direction) to some target molecule Tn to generate an 
‘intermediate’ molecule In. To this intermediate, all reaction rules 
and FGIs are then applied and those that fit (typically ~100 reac-
tions/FGIs, henceforth denoted as the set 

�
�3��

�O�
�J
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Fig. 1 | Diversity and complexity of molecules synthesizable with the use of iterative sequences. a, Scheme illustrating the concept of an iterative 
sequence. During the coupling step, the functional group to be regenerated (FG) is kept in a masked form (denoted by the arc). X denotes a group that can 
be coupled with FG. In reality, the iterations can be more elaborate than this basic variant and FG can be transformed over multiple steps. b–k, Examples 
of targets that are synthesizable with the help of iterative sequences, spanning literature-reported examples (b, d, f, h and j) as well as newly discovered 
examples (c, e, g, i and k). The parts of the molecules prepared in an iterative fashion are shown in black and, if another iteration was also used, in blue. 
Sections not produced by iterative reactions are shown in red. Piv, pivaloyl. Details of all syntheses are provided in Extended Data Figs. 1–9. b, Cyclosporin 
A (left) and synthatodin (right) are available via a known iterative construction of polypeptides. c, The key fragments of bastimolide A can be synthesized 
using the newly discovered iterative synthesis of 1,5-polyols (see Fig. 5a for experimental validation). d, Dermostatin A (top), cryptocaryol A (bottom 
right) and cyanolide A aglycon (bottom left) can be obtained with the help of a known iterative synthesis of 1,3-polyols. e, Synthesis of the black portion 
of minnamide A relies on the newly discovered iterative homocrotylation while the blue portion can be prepared via known iterative amide coupling. f, The 
known iterative homologation of dialdehydes provides acenes. g, The previously unknown iterative homologation of 1,2-diamines enables the preparation 
of azaacenes. h, Seeberger’s iterative and automated synthesis of sugars. i, Monhexocin (bottom) and squadiolin A (top) can be synthesized via the 
iterative aminoxylation–allylation of aldehydes (see Fig. 5c for experimental validation). j, Vittatalactone (left) and borrelidin (right) can be prepared via 
the iterative, enantioselective methylation of unsaturated thioesters. k, Unconjugated polyenes including mokupalide (top right), menatetrenone MK-7 
(vitamin K2) (bottom) and farnesol (top left) (Extended Data Fig. 9) can be prepared via the newly discovered iterative carboalumination of alkynes.
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‘2’ means the second step in the retrosynthetic direction) produce 
second-generation synthons Sn,i (Fig. 2a). We note that because the 

longest FGIs are three steps long, the sequences �5�O
�3��

�O� �*�O
�3��

�O�
�J� �4�O�
�J 

thus generated can comprise up to four individual reactions. For 
these sequences to be iterative, they must satisfy several conditions. 
Trivially, a sequence cannot lead to a substrate that is identical with 
the target (that is, Sn,i �  Tn) and there cannot be any inherent reactiv-
ity conflicts in either of the individual reactions (although groups 
that can be protected are allowed). Most importantly, and with ref-
erence to Fig. 2a, (1) at least one motif present in the target must 
disappear in the intermediate but reappear in the substrate (here, 
the alkene highlighted in yellow) and (2) at least one motif that is 
absent in the target must appear in the intermediate but disappear 
in the substrate (here, the aldehyde marked in blue). To trace such 
motifs, we calculated—for all molecules in a sequence—the sub-
structures centred on each atom and spanning a topological radius 
of r �  2 bonds (this radius allowed for capturing the chemical iden-
tity of the structural motifs without over-specifying them). We then 
tracked the appearance and disappearance of specific motifs and 
checked if a given sequence matched conditions (1) and (2). For 
all sequences matching these conditions, we also inspected whether 
(3) molecules become larger along the sequence (iterations frag-
menting molecules are not useful) and (4) the target is amenable to 
another iteration—that is, whether or not it can undergo a reaction 
�3��

�O�
�J performed in the forward (that is, not retrosynthetic) direction 
from the target molecule Tn (in Fig. 2, we denote such forward reac-
tions by superscript “0”).

When applied to tens of thousands of targets from Chematica’s 
database collection, the algorithm considered several million pos-
sible reaction sequences of which it identified ~2,600 as chemically 
viable iterations that could be further grouped into several hundred 
distinct classes. However, the algorithm as described so far was 
severely limited by the nature of the targets that were considered: 
in particular, it found iterative sequences only if all the necessary 
groups were already present in these targets. On the other hand, 
it is easy to imagine a situation in which a specific target does not 
have all the necessary functionalities required to complete an itera-
tion, but if this molecule were ‘extended’ to include such a group 
(or groups), then a full, viable iteration would become possible (Fig. 
2b). To address this possibility, we first observe that: (1) the addi-
tional group(s) should be those that are present in the substrate of 
the sequence (for example, the B-MIDA ester group in Fig. 2b); and 
(2) introduction of this group into the intermediate and the target 
should not cause any reactivity conflicts in the first retrosynthetic 
reaction, as in Fig. 2b but not in Fig. 2c. In Fig. 2c, the introduction 
of iodide would present a cross-reactivity problem in the first ret-
rosynthetic step (Suzuki coupling). We note that if these conditions 
are satisfied, we do not need to explicitly know the location of the 
additional, ‘target-extending’ group. All we need to know is that it 
is present somewhere in the target—in Fig. 2b,c this is indicated by 
generalized ‘linkers’ (denoted by the blue and red circles), which 
could be various structural motifs that are compatible with the reac-
tion. With these conditions in mind, we repeated the steps of the 
basic search but this time on the ‘extended’ targets. This search was 
much more productive and yielded the order of half a million viable 
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of iterative sequences starting from targets that do not, but could, contain all the necessary functionalities. The specific target shown here, biphenyl, 
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iterative sequences. Again, many of these sequences were similar 
to each other (for example, the conjugate addition of cuprates to 
enones, enoates or nitroalkenes followed by a sequence of reactions 
regenerating the organometallic reagent, such as the hydrolysis of 
a silyl ether, the Appel reaction and metallation). After clustering 
by similarity, they could be grouped into several thousand different 
classes. We also applied the sequences to several million targets from 
the Network of Organic Chemistry22,23—in doing so, we were mostly 
interested in their applicability to popular and important scaffolds. 
Based on the inspection of these results, we selected the most inter-
esting and useful ones as discussed below and in Supplementary 
Figs. 1–3 (see also Supplementary Fig. 4 for examples of known 
sequences the algorithm rediscovered). We emphasize that although 
several thousand new iteration types might sound like a big number, 
it is still very small compared with the millions of possible reaction 
combinations that the machine evaluated—that is to say, iterative 
sequences are a very rare occurrence, which might explain why so 
few had previously been reported.

Examples of the iterations discovered. As the first set of examples 
of previously undescribed iterations, we consider the syntheses of 
various poly(heterocycles) shown in Fig. 3 that are potentially useful 
in molecular electronics24–26 and sensing27. We chose this family for 
illustration because the iterations do not conventionally couple the 
heterocyclic subunits but instead build them from acyclic precur-
sors (allowing more flexible substitution patterns; groups marked as 
R in the figure) and because the key, ring-forming steps have close 
literature precedents (Supplementary Fig. 9) that support their fea-
sibility within the proposed sequences. For instance, the sequence 
from Fig. 3a enables the synthesis of poly(isoxazoles) via the iterative 
condensation of ketoesters with imidoyl chlorides28; the ketoester 
itself is regenerated by the condensation of an ester with deproton-
ated methyl acetate. In Fig. 3b, the condensation of isocyanide with 
acyl chloride29 leads to the formation of an oxazole while subsequent 
hydrolysis and treatment with thionyl chloride regenerates the acyl 
chloride needed for the next iteration. The third sequence (Fig. 3c) 
enables the synthesis of poly(1,3,4-oxadiazoles) via the condensation  
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Fig. 3 | Examples of computer-discovered iterative sequences for the synthesis of conjugated poly(heterocyclic) systems (two iterations are shown for 
each example). a, Synthesis of poly(isoxazoles) via the iterative condensation of dicarbonyl compounds with imidoyl chlorides. The ketoester necessary 
for the second iteration is regenerated via a Claisen condensation with methyl acetate. Reagents and conditions: i, iPrONa, iPrOH; ii, LDA. b, Synthesis of 
poly(oxazoles) via the iterative condensation of isocyanides with acyl chlorides. The acyl chloride necessary for the second iteration is prepared from the 
ester. Reagents and conditions: i, tBuOK; ii, (1) LiOH, H2O, (2) SOCl2. c, Synthesis of poly(1,3,4-oxadiazoles) via the condensation of carboxylic acids with 
formylhydrazine. The carboxylic acid necessary for the second iteration is obtained via deprotonation and carboxylation. Reagents and conditions: i, T3P, 
Et3N; ii, Cs2CO3, DMF. d, Synthesis of poly(pyrroles) via the iterative four-component condensation of aldehydes, active methylene compounds, amines and 
nitroalkanes. The aldehyde group necessary for the second iteration is obtained via reduction of the ester. Reagents and conditions: i, gluconic acid or pTSA; 
ii, DIBAL-H. e, Synthesis of poly(phenazines) via the iterative coupling of diamines. The diamine group required for the second iteration is obtained via the 
reduction of nitro groups. Reagents and conditions: i, Pd(OAc)2, S-Phos, Cs2CO3; ii, H2, Pd/C. The groups regenerated after each iteration and essential for 
the execution of a subsequent iteration are shown in red. These essential groups are shown in orange when in their masked forms. Structural fragments 
coming from different building blocks are shown in green, black and dark blue. R and R1–R6 groups denote arbitrary side chains that are compatible with the 
reaction. Square and circle markers in e denote arbitrary structural motifs or linkers that are compatible with the reaction. LDA, lithium diisopropylamide; 
T3P, propanephosphonic acid anhydride; DMF, dimethylformamide; pTSA, p-toluenesulfonic acid; DIBAL-H, diisobutylaluminium hydride; Ac, acetyl.
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of carboxylic acids with formylhydrazine30. The loop is completed 
via the carboxylation of the most acidic C–H bond. In Fig. 3d, 
poly(pyrroles) are made via a four-component condensation of 
aldehydes, active methylene compounds, amines and nitroalkanes31; 
the ester is reduced to the aldehyde closing the loop. We note that 
each of the sequences (Fig. 3a–d) involves an ester or a carboxylic 
acid intermediate, which may be useful in combining the sequences 
to create unprecedented ‘mixed’ poly(heterocyclic) systems. Finally, 
the sequence in Fig. 3e enables the preparation of azaacenes and 
takes advantage of the Buchwald–Hartwig-type N-arylation of gem-
inal diaminoarenes with dihaloarenes to create the central phen-
azine ring; regeneration of the geminal diamine is then performed 
via the reduction of dinitroarene. Additional examples of iterations 
for the construction of furans, pyridines, quinazolines or indazoles 
and so on can be found in Supplementary Figs. 1 and 3.

Next, we turn our attention to iterations involving stereoselective 
reactions and yielding motifs such as polypropionates, deoxypro-
pionates or other stereoarrays found in several natural products32,33. 
For example, the sequence shown in Fig. 4a can be used in the enan-
tioselective synthesis of unsaturated (1,5,n)-polyols. The stereo-
chemistry of the obtained product is controlled via a chiral borane 

used for hydroboration of the allene-containing boronate ester 
that is necessary for the second allylboration event34. The aldehyde 
group required for the next repetition is regenerated via the reduc-
tion of an ester that remains inert during the allylation steps. The 
sequence in Fig. 4b yields skipped (1,4,n)-deoxypropionates. The 
desired stereochemistry is determined via asymmetric allylic alkyla-
tion controlled by a chiral copper complex, and the regeneration 
of the appropriate Grignard reagent is achieved via the hydrobora-
tion of an alkene, the Appel reaction and magnesiation. Notably, 
the algorithm also identified a related iterative sequence, leading to 
(1,3,n)-deoxypropionates, with the loop closed in a similar fashion 
to Fig. 4b but taking advantage of the ozonolysis of an alkene to 
shorten the prepared carbon chain. This example gives credence to 
our algorithmic approach since the formation of (1,3,n)-deoxypro-
pionates via an asymmetric allylation had actually been validated 
by experiment35. The next iterative sequence (Fig. 4c) enables the 
preparation of skipped polypropionates via enantio- and diastereo-
selective crotylation controlled using a chiral borane. The aldehyde 
necessary for the next loop is regenerated via hydroboration and 
oxidation. We observe that the algorithm also rediscovered the 
known modification of this strategy (with ozonolysis of the alkene 
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Fig. 4 | Examples of computer-generated, stereoselective iterative sequences (two iterations are shown for each example). a, Stereoselective synthesis 
of unsaturated 1,5-polyols via a three-component double allylboration controlled using a chiral borane. The aldehyde necessary for the second iteration is 
regenerated via the reduction of an ester. Reagents and conditions: i, (1) Ipc2BH, (2) R1CHO, �78�°C, (3) R2CHO; ii, iBu2AlH. b, Stereoselective synthesis 
of saturated deoxypropionates relying on asymmetric allylic alkylation. The organomagnesium reagent necessary for the second iteration is regenerated 
via hydroboration of the alkene, the Appel reaction and magnesiation. Reagents and conditions: i, CuBr, chiral ligand; ii, (1) B2H6, (2) NaOH, H2O2; iii, CBr4, 
PPh3; iv, Mg, THF. c, Stereoselective synthesis of skipped polypropionates relying on the asymmetric crotylation of aldehydes. The aldehyde necessary for 
the second iteration is regenerated via hydroboration of the alkene and oxidation of the obtained alcohol. Reagents and conditions: i, (1) THF, (2) NaOH, 
H2O2; ii, (1) B2H6, (2) NaOH, H2O2; iii, PhI(OAc)2. d, Iterative formation of stereoarrays taking advantage of the regioselective and stereospecific opening 
of an epoxide. The organomagnesium reagent necessary for the second iteration is regenerated via debenzylation, the Appel reaction and magnesiation. 
Reagents and conditions: i, AlMe3, nBuLi or MeLi, CuI; ii, H2, Pd/C; iii, CBr4, PPh3; iv, Mg, THF. e, Stereoselective synthesis of skipped polypropionates via 
the homocrotylation of aldehydes. The aldehyde necessary for the second iteration is regenerated via ozonolysis of the alkene. Reagents and conditions: i, 
PhBCl2, K2CO3; ii, (1) O3, (2) PPh3. The groups regenerated after each iteration and essential for the subsequent iteration are shown in red. These essential 
groups are shown in orange when in their masked forms. Groups requiring protection before proceeding to the next iteration are marked with asterisks. 
Structural fragments from different building blocks are shown in green, black and dark blue. R and R1–R3 groups denote arbitrary side chains that are 
compatible with the reaction. Ipc, isopinocampheyl.
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used instead of the hydroboration step), enabling the synthesis of 
polypropionates developed previously by Roush and Palkowitz and 
used in the synthesis of a rifamycin S fragment36. The sequence 
shown in Fig. 4d is a previously undescribed iterative strategy lead-
ing to the skipped polypropionates. Using this approach, stereo-
chemical information is not generated but sourced from the internal 
alkoxyepoxide (available in enantiopure form via Sharpless epoxi-
dation) being opened with an organometallic reagent. Subsequent 
protection, debenzylation, Appel reaction and metallation regener-
ates the organometallic reagent that participates in the following 
iteration. The sequence in Fig. 4e enables the synthesis of interesting 
1,4-dihydroxy-3,6-dimethyl stereotetrads via the homocrotylation37 
of an aldehyde using the internal chiral cyclopropylmethylboro-
nates. The ozonolysis of the obtained alkene regenerates the alde-
hyde and closes the loop in a single step. This sequence is also 
appealing because, as shown by Krauss and collaborators37, the 
homocrotylation of chiral �-methyl-substituted aldehydes does not 

suffer from any matched/mismatched effects, ensuring complete 
reagent control of stereochemistry. In addition, switching from cis-
cyclopropylmethylboronate to the trans congener allows the prepa-
ration of both 1,3-syn and 1,3-anti stereoarrays, broadening the 
diversity of the obtained products.

Experimental validation. With additional examples provided in 
Supplementary Figs. 1–3, we turn to the newly established iterations 
we chose for experimental validation, mostly because the motifs that 
these sequences can produce are found in many natural product tar-
gets (the red parts of the green structures in Fig. 5). The sequence in 
Fig. 5a enables the construction of the chiral 1,5-polyhydroxy motif 
(present in, for example, squamocin, primycin, prostaglandins or 
annomuricin E), whereas the sequence shown in Fig. 5b constructs 
the 1,4-polyhydroxy pattern present in antibiotics such as nystatin 
or amphotericins A and B. Both of these sequences can install 
polyhydroxyl motifs with different configurations of stereocentres 
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to the 1,5-dihydroxy motif via asymmetric allylation, hydrocyanation and nitrile reduction. This motif (shown in red) is present in squamocin (shown in 
green) on the right. b, Iterative sequence leading to the 1,4-dihydroxy motif via asymmetric allylation, hydroboration and alcohol oxidation. As an example, 
this motif (shown in red) is present in nystatin. c, Iterative sequence entailing asymmetric tandem �-aminoxylation–allylation and hydroformylation to 
enable stereocontrolled access to molecules containing 1,2,5,6-tetraol fragments (for example, monhexocin, whose complete synthesis is based on this 
iteration and another type of iteration as shown in Extended Data Fig. 7). The experimental yields and stereoselectivities are indicated. Compounds 4, 9 
and 10 from the second iteration were isolated as single diastereoisomers. Reagents and conditions: i, allyl acetate, Krische’s iridium catalyst ((S)- or (R)-
SEGPHOS, 4-cyano-3-nitrobenzoate ligated), Cs2CO3, iPrOH, THF, 100�°C, 16–18�h; ii, PMBCl, NaH, TBAI, DMF, 0�°C to r.t., 17–20�h; iii, Zn(CN)2, NiCl2·6H2O, 
dppp, Zn, DMAP, H2O, MeCN, 80�°C, 22–24�h; iv, DIBAL-H, DCM, �78�°C to r.t., 1.5–2�h; v, (1) 9-BBN, THF, reflux, 1–2�h, (2) NaOH (aq) (0.5�M), H2O2 
(30%), EtOH, 50�°C, 1�h; vi, PCC, MS 4�Å, DCM, r.t., 1.5�h; vii, L-proline, PhNO, allyl bromide, NaI, TBAI, DMF, 0�°C, 3�h; viii, Zn, AcOH, THF, H2O, 60�°C, 
1�h; ix, Rh(CO)2acac, 6-DPPon, TBAI, Ac2O, HCOOH, MS 4�Å, DMF, 80�°C, 20�h; x, PhCHO, CSA, MS 4�Å, PhH, 0�°C, 1�h. All experimental details are 
provided in Supplementary Sections 5–9. PMB, p-methoxybenzyl; TBAI, tetra-n-butylammonium iodide; dppp, 1,3-bis(diphenylphosphino)propane; DMAP, 
4-dimethylaminopyridine; DCM, dichloromethane; 9-BBN, 9-borabicyclo(3.3.1)nonane; PCC, pyridinium chlorochromate; MS 4�Å, molecular sieves 4�Å; 
acac, acetylacetonate; 6-DPPon, 6-diphenylphosphinopyridin-2-(1H)-one; CSA, camphorsulfonic acid.
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(as the stereochemistry depends solely on the catalyst used in the 
allylation) and extend the repertoire of iterations that is currently 
limited to the repetition of the 1,2- or 1,3-polyhydroxyl patterns38–44.

In Fig. 5a, stereoselective allylation of the benzaldehyde sub-
strate using Krische’s methodology45 (iridium catalyst based on (S)-
SEGPHOS and 4-cyano-3-nitrobenzoate) gave secondary alcohol 
1 in 81% yield and with excellent enantioselectivity (�97% e.e.). 

Subsequent protection of the hydroxyl group (96% yield) followed 
by regioselective nickel-catalysed hydrocyanation46 of the terminal 
alkene gave cyanide 2 in 81% yield. The first iteration was closed 
via DIBAL-H reduction of the nitrile to give aldehyde 3 (87% yield). 
The entire sequence was then repeated using identical conditions 
for the corresponding steps (apart from the use of a catalyst based 
on (R)- rather than (S)-SEGPHOS to ensure the anti configuration  
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of stereocentres) with individual steps proceeding in 75–85% 
yields. The resulting 1,5-diol 4 was isolated as a single stereoiso-
mer, confirming the full stereoselectivity of this step, and subse-
quent transformations provided the terminal aldehyde 6 essential 
for further iterations.

The iterative sequence in Fig. 5b—leading to 1,4-diols—also 
relies on stereoselective allylation to install a chiral hydroxy group 
but regenerates the aldehyde in a different way, through hydrobo-
ration and oxidation of a primary alcohol. After the preparation 
of 1 via Krische’s methodology (see above), the terminal olefin 
was hydroborated (97% yield) and the primary alcohol 7 was oxi-
dized using pyridinium chlorochromate to yield aldehyde 8 (79%), 
completing the first iteration. The second generation repeated the 
conditions from the corresponding steps in the first iteration, with 
yields remaining high (77–94%). We note that in both sequences 
from Fig. 5a,b, the absolute stereochemistry of all the generated 
stereocentres was confirmed via Mosher ester analysis (see ref. 47 
and Supplementary Section 8 for details). It is also noteworthy that 
the configurations of all the stereocentres in both sequences are 
fully controlled by the chiral ligand of the iridium catalyst. This is 
demonstrated in Fig. 5b by the use of (R)-SEGPHOS giving the syn 
product 10 and (S)-SEGPHOS giving the anti product 9.

Finally, the sequence in Fig. 5c provides stereocontrolled 
access to molecules possessing 1,2,5,6-tetraol fragments that are 
found in some natural products belonging to the Annonaceous 
acetogenins family, for example, dihydroxy-cohibin A48, 
monhexocins49 or squadiolins50. Using non-iterative approaches, 
the 1,2,5,6-tetraol motif was previously constructed via the ste-
reoselective dihydroxylation of polyalkenes51,52. By contrast, our 
iteration involves the organocatalytic aminoxylation–allylation 
of aldehydes53 with the aldehyde regenerated either in two steps 
via cyanation–reduction or in a single step via hydroformylation. 
In experiments, the first step was the tandem �-aminoxylation–
allylation53 of tetradecanal, resulting quantitatively in a separable 
threo/erythro 3:2 mixture. The desired monoprotected threo diol 
13 was subject to N–O bond cleavage54 in excellent 91% yield 
followed by PMB protection (88% yield) to give alkene 14. The 
iteration was completed with the formation of aldehyde 15 via 
ruthenium-catalysed hydroformylation. Repeating the sequence 
under similar conditions for the corresponding steps gave termi-
nal aldehyde 18 in 21% yield after four steps (the 1:1 threo/erythro 
mixture 16 was possible to be separated only after formation of a 
benzylidene acetal55, to give the desired threo diastereoisomer). 
The aldehyde thus obtained is the key intermediate in the synthe-
sis of monhexocin; notably, the second part of this target could 
also be prepared via an iterative sequence of the Appel reaction 
followed by epoxide opening (Extended Data Fig. 7). In all the 
sequences, the conditions used in our experiments matched rel-
atively closely with those proposed by the computer, with only 
straightforward adjustments in the alternative/similar reagents 
(for details, see Supplementary Figs. 54–56).

Exploration of molecular spaces. Beyond establishing unprec-
edented access routes to known and important scaffolds, the long-
term promise of iterative sequences is the automated synthesis of new 
scaffolds and functional molecules2,3,9,10. In analysing which types of 
iterations might indeed merit automation effort, several intriguing 
questions have been posed2,3,9,10: for example, which iterations have 
the potential to generate the largest and most diverse spaces of prod-
ucts? Which combinations of iterations will maximize diversity? 
Which building blocks should be used for the purpose? Given the 
large number of iterations now identified, as well as the vast supply 
of commercially available substrates, such questions cannot be real-
istically studied via paper-and-pencil. Instead, we encoded the itera-
tions in a machine-readable format and implemented them within 
the Allchemy platform, generating large reaction trees commencing 
from user-specified substrates. Within minutes, the machine delin-
eated product sets spanning thousands of molecules, categorizing 
them as either known or unknown, and ranking them by similarity 
to some useful compounds (for example, to identify drug analogues). 
The trees can be generated by one or multiple types of iterations, 
probing for most synergistic combinations (see the examples in  
Fig. 6). The reader can perform these and other analyses via the web 
application posted at https://iterator.allchemy.net/ (for a short user 
manual see Supplementary Section 12).

Conclusions
We demonstrated the computer-driven discovery of unprecedented 
numbers of new types of iterative reaction sequences. These itera-
tions encompass a breadth of structural motifs and types of chem-
istries, extending the scope of molecules that are now synthesizable 
via the iterative approach. While these sequences provide a blue-
print for synthesis automation, it should be remembered that for 
such automation, the reaction conditions that are most suitable for 
the widest possible range of substrates should also be delineated—
the discovery of such ‘general-purpose’ conditions remains a chal-
lenge for future research.

Methods
‘Iterator’ web application. �e ‘Iterator’ web application (https://iterator.allchemy.
net/) is part of the Allchemy platform and is built with the Django (https://www.
djangoproject.com/) framework using PostgreSQL (https://www.postgresql.
org/) for storing the data. Visualization of the chemical structures is carried 
out using Chemwriter and the d3.js library (https://d3js.org/) and is used for 
graphical representation. Communication between the di�erent components of 
the web application is supported using the RQ queue systems (https://python-
rq.org/) and Redis (https://redis.io/). �e reaction networks constructed using 
the iterative syntheses are implemented using methods from the RDKit library 
(https://www.rdkit.org/). �ese network calculations rely on SMARTS-coded 
reaction rules de�ning iterative sequences and commence from either program-
suggested or user-de�ned substrates; in a given network calculation, the user 
can choose up to three types of iterative sequence. Once the iteration types and 
appropriate substrates are chosen, these substrates (denoted as the zeroth synthetic 
generation, G0) are allowed to react with one another to give the �rst generation, 
G1, of products. �e molecules from G0 and G1 are then combined and subjected 
to another round of iterative syntheses, producing synthetic generation G2. �e 

Fig. 6 | Exploration of reaction networks generated by iterative sequences. The images are screenshots of Allchemy’s ‘Iterator’ module (https://iterator.
allchemy.net/) taking as the input user-defined (or Allchemy-suggested) substrates and generating large networks of products synthesizable via one or 
several types of iterations. a, A network of 124 molecules synthesizable within five iterations of one type of an iteration (here based on Krische’s allylation 
and ozonolysis of an alkene closing the loop). Iterations commence from the three starting materials shown at the bottom of the network and yield, inter 
alia, fully protected 1,3-diols whose representative diastereomers are overlaid on the network. Such 1,3-diols can be used as intermediates in the syntheses 
of various polyketides, for example, dermostatin A, cryptocaryol A and cyanolide A (Fig. 1d). b, Iterations based on the homocrotylation of aldehydes and 
hydroboration followed by an oxidation reaction to close the loop. This reaction network comprises 124 molecules derived from the four starting materials 
shown at the bottom of the network. The representative stereoarrays at the top of the network are similar to the key structural fragment of minnamide A 
(Fig. 1e). c, When the two types of iterative sequences and starting materials from a and b are combined, networks propagated from the summed-up five 
substrates are not additive. That is, the network is much larger (2,728 molecules) than the sum of individual networks, indicating the synergistic uses of 
substrates and intermediates between iterations. To generate trees for different substrates and types of iterations, the reader is encouraged to use the 
‘Iterator’ software posted at https://iterator.allchemy.net/. For the user manual and login details, see Supplementary Section 12.
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procedure may be repeated once again, combining G0, G1 and G2 molecules as 
substrates to generate the third synthetic generation G3. �e typical reaction 
networks thus created contain from hundreds to tens of thousands of molecules 
(depending on the numbers and types of substrates used).

Once the calculations are complete, the results are displayed either as a panel 
of molecular structures (see Supplementary Fig. 51) or as networks such as those 
in Fig. 6. The generated molecules can be sorted according to their mass, number 
of rings, number of stereocentres and so on. In addition, various user-specified 
criteria can be imposed to filter out products that do not meet the desired criteria 
that include, but are not limited to, the molecular mass, number of rings, number 
of stereocentres, number of hydrogen-bond donors/acceptors, number of basic/
acidic groups, number of halogens, the polar surface area, and so on. In addition, 
the user can filter out molecules according to the number of substrates used to 
make them or by desired substructure. Details of these and other operations are 
provided in Supplementary Section 12.

The ‘Iterator’ module is freely available to academic users at https://iterator.
allchemy.net. For optimal performance, we recommend using Google Chrome 
or other web browsers supporting SVG2. To register an account, send an e-mail 
to admin@allchemy.net from your academic address. Each user should create an 
individual account.

General experimental procedures. Details of all iterative syntheses discussed in 
the text are provided in Supplementary Sections 5–9. All starting materials and 
reagents were obtained from commercial sources and, unless otherwise noted, 
were used as received. All solvents used were freshly distilled before use. 1H NMR 
spectra were recorded at 400, 500 or 600 MHz, and 13C NMR spectra were recorded 
at 100, 125 or 150 MHz with complete proton decoupling. High-resolution mass 
spectra were acquired using electron ionization or electrospray ionization modes 
with a time-of-flight detector. Infrared spectra were recorded as a thin film on a 
NaCl plate (film) using a Fourier transform infrared spectrometer. HPLC analyses 
were performed using an HPLC system equipped with chiral stationary phase 
columns with an ultraviolet detector. Optical rotations were measured at room 
temperature using a polarimeter. Thin-layer chromatography was performed using 
aluminium plates coated with 60 F254 silica gel. The plates were visualized using 
UV light (254 nm) and by treatment with ethanolic p-anisaldehyde with sulfuric 
and glacial acetic acid followed by heating, aqueous cerium(IV) sulfate solution 
with molybdic and sulfuric acid followed by heating, or aqueous potassium 
permanganate with sodium hydroxide and potassium carbonate solution followed 
by heating. The reaction products were purified via flash chromatography using 
silica gel 60 (230–400 mesh).

Data availability
All data in support of the findings of this study are available within the Article and 
its Supplementary Information.

Code availability
All iterative sequences described in this work are available for use by academic 
users at https://iterator.allchemy.net/. Please see Supplementary Section 12 for the 
user manual and login details. The pseudocode of the algorithm to identify iterative 
sequences is included in Supplementary Section 14. This algorithm is adaptable to 
any set of reactions coded as described in detail in ref. 20. Reaction rules used here 
were proprietary collections from Chematica/Synthia (property of Merck KGaA) or 
Allchemy (Allchemy, Inc.).
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Iterative syntheses of polypeptides: synthatodin and cyclosporin A. Iterative syntheses of polypeptides: synthatodin56 10 (top) 
and cyclosporin A57 30 (bottom). The scaffolds were constructed via known iterative coupling (shown in blue) using appropriate building blocks 2, 5, 
7, 9, 12, 17, 19, 21, 26 (C, coupling; D, deprotection). Non-iterative parts of the syntheses do not have square markers next to the reaction arrows. Boc, 
tert-butoxycarbonyl; HOBt, hydroxybenzotriazole; EDC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; DiPEA, N,N-diisopropylethylamine; DCM, 
dichloromethane; TFA, trifluoroacetic acid; Bn, benzyl; TBS, tert-butyldimethylsilyl; TBAF, tetra-n-butylammonium fluoride; THF, tetrahydrofuran.
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Extended Data Fig. 2 | Plausible iterative synthesis of bastimolide A. Plausible iterative synthesis of bastimolide A58. The construction of the 
polyhydroxylated scaffold takes advantage of iterative construction of 1,5-diols identified by our algorithm (newly discovered iterations marked yellow/
orange: A, allylation; P, protection; C, cyanation, R, reduction). In addition, two known iterative sequences are shown (blue and green: A, allylation; P, 
protection; O, ozonolysis; H, hydroboration, S, Suzuki coupling) depicting the installation of the 1,3-diol and the unsaturated ester. The final step is not part 
of an iteration and does not have a square marker next to the reaction arrow. Bz, benzoyl; cod, cyclooctadiene; TBAI, tetra-n-butylammonium iodide; PMB, 
p-methoxybenzyl; DMF, dimethylformamide; dppp, 1,3-bis(diphenylphosphino)propane; DMAP, 4-dimethylaminopyridine; DiBAL-H, diisobutylaluminium 
hydride; 9-BBN, 9-borabicyclo(3.3.1)nonane; dppf, 1,1’-bis(diphenylphosphino)ferrocene; DDQ, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Proposed iterative synthesis of dermostatin A, cryptocaryol A, and cyanolide A aglycon. Proposed iterative synthesis of 
dermostatin A59 (top), cryptocaryol A60 (middle), and cyanolide A aglycon61 (bottom). The iterations underlying these syntheses are all known. The 
repeating 1,3-diol fragment is constructed via known iterative allylation controlled by the chiral borane (marked blue: A, allylation; P, protection; O, 
ozonolysis) while the desired polyene fragment of Dermostatin A is prepared via iterative vinylogous Horner-Wadsworth-Emmons (HWE) olefination 
(marked green: H, HWE olefination; R, reduction). Non-iterative parts of the syntheses do not have square markers next to the reaction arrows. Ipc, 
isopinocampheyl; MOM, methoxymethyl; DMSO, dimethylsulfoxide; pTsOH, p-toluenesulfonic acid.

NaTUrE SYnTHEsIs | www.nature.com/natsynth

http://www.nature.com/natsynth


Extended Data Fig. 4 | Proposed iterative synthesis of minnamide A. Proposed iterative synthesis of minnamide A62. The repeating structural fragment is 
prepared via iterative homocrotylation of an aldehyde (newly discovered iterations marked yellow/orange: A, allylation; P, protection; H, hydroformylation) 
while the peptide fragment is constructed via known iterative amide coupling shown in blue (C, coupling; D, deprotection). Non-iterative parts of the 
syntheses do not have square markers next to the reaction arrows. acac, acetylacetonate; MS, molecular sieves.
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Extended Data Fig. 5 | Iterative synthesis of acenes and azaacenes. Iterative synthesis of acenes14 (top, known) and azaacenes (bottom, proposed based 
on a newly discovered iteration). During construction of acenes, in each iteration (marked blue: C, condensation; R, reduction; O, oxidation) one additional 
phenyl ring is constructed via phosphine-mediated condensation of allenoate with dialdehyde. During construction of azaacenes in each iteration (marked 
yellow/orange: C, condensation; R, reduction) one additional quinoxaline ring is constructed via palladium-mediated coupling of aniline with aryl halide.
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Extended Data Fig. 6 | Seeberger’s iterative automated synthesis of saccharides. Seeberger’s iterative automated synthesis of saccharides63. In each 
iteration (marked blue: G, glycosylation; D, deprotection) the glycosyl acceptor is regenerated via the removal of temporary protecting group (here, 
Fmoc or levulinoyl ester). The cleavage of the product from the solid support following the assembly is performed via hydrolysis of the ester linkage. 
The final step is not part of the iteration and does not have a square marker next to the reaction arrow. Piv, pivaloyl; TMS, trimethylsilyl; Tf, triflyl; Fmoc, 
9-fluorenylmethoxycarbonyl; Lev, levulinoyl.
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Extended Data Fig. 7 | Plausible iterative synthesis of squadiolin A and monhexocin. Plausible iterative synthesis of squadiolin A50 and monhexocin64. In 
each iteration (newly discovered iterations marked yellow/orange: A, aminoxylation/allylation; P, protection; H, hydroformylation) the enolizable aldehyde 
is regenerated via the hydroformylation of the terminal alkene. The remaining part of the Monhexocin is constructed via known iterative (marked blue: 
M, halogenation followed by magnesiation; O, ring opening of epoxides) addition of Grignard reagent to appropriate oxiranes. Non-iterative parts of 
the syntheses do not have square markers next to the reaction arrows. TES, triethylsilyl; Ms, mesyl; NaHMDS, sodium bis(trimethylsilyl)amide; HMPA, 
hexamethylphosphoramide.
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Extended Data Fig. 8 | Iterative synthesis of vittatalactone and of a fragment of borrelidin A. Iterative synthesis of vittatalactone65 (top) and of a 
fragment of borrelidin A66 (bottom). In each known iteration (marked blue: M, methylation; R, reduction, O, olefination) the aldehyde is regenerated from 
the thioester via reduction and Horner–Wadsworth–Emmons olefination. Non-iterative parts of the syntheses do not have square markers next to the 
reaction arrows. MTBE, methyl t-butyl ether.
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Extended Data Fig. 9 | Plausible synthesis of farnesol, menaquinone-7 (vitamin K2) and mokupalide via previously unknown iterative carboalumination 
of alkynes. Plausible synthesis of farnesol, menaquinone-767 (vitamin K2) and mokupalide68 via previously unknown iterative carboalumination of alkynes. 
In each newly discovered iteration (marked yellow/orange: C, carboalumination; B, bromination followed by magnesiation) the Grignard reagent is 
regenerated via Appel reaction and metalation. Non-iterative parts of the syntheses do not have square markers next to the reaction arrows. CAN, ceric 
ammonium nitrate.
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Section S1. Additional examples of unprecedented iterative sequences discovered by the 

�³�E�D�V�L�F�´���D�O�J�R�U�L�W�K�P���I�U�R�P���)�L�J�X�U�H�����D���� 

  



S-3 
 

 



S-4 
 

 



S-5 
 

 

Figure S1. �(�[�D�P�S�O�H�V���R�I���Q�H�Z���L�W�H�U�D�W�L�Y�H���V�H�T�X�H�Q�F�H�V���G�L�V�F�R�Y�H�U�H�G���E�\���W�K�H���³�E�D�V�L�F�´���D�O�J�R�U�L�W�K�P���I�U�R�P��
main-text Figure 2a.  
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�6�H�F�W�L�R�Q���6�������(�[�D�P�S�O�H�V���R�I���L�W�H�U�D�W�L�Y�H���V�H�T�X�H�Q�F�H�V���I�R�X�Q�G���E�\���W�K�H���³�E�D�V�L�F�´���D�O�J�R�U�L�W�K�P���I�U�R�P���)�L�J�X�U�H��

2a and analogous to �± but not identical with �± iterations already described in the literature.  

 

Figure S2. �(�[�D�P�S�O�H�V�� �R�I�� �L�W�H�U�D�W�L�Y�H�� �V�H�T�X�H�Q�F�H�V�� �I�R�X�Q�G�� �E�\�� �W�K�H�� �³�E�D�V�L�F�´�� �D�O�J�R�U�L�W�K�P�� �I�U�R�P�� �P�D�L�Q-text 
Figure 2a and analogous to �± but not identical with �± iterations already described in the 
literature. 
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Section S3. Additional examples of unprecedented iterative sequences found by the 

�³�D�G�Y�D�Q�F�H�G�´���D�O�J�R�U�L�W�K�P���I�U�R�P���)�L�J�X�U�H�����E��c.   

Note: In sequences #1 and #2 below, the final structures (peptides and 1,n-polyols) can also be 
prepared by known iterations. The iterations found by the algorithm are shown here because 
they allow for the use of alternative reagents and/or conditions. For example, amines and 
carboxylic acids used in known (also rediscovered by our algorithm) iterative amide couplings 
are commonly regenerated either under acidic (from �±NHBoc/�±COOtBu groups) or basic (from 
�±NHFmoc/-COOEt groups) conditions. Sequences 1A-D shown below enable regeneration of 
necessary functional groups under reductive (amine from sulfonamide or nitro groups) or 
oxidative (carboxylic acid from alcohol or alkene) conditions thus enabling coupling with 
substrates possessing both acid- and base-labile fragments.  
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Figure S3. �$�G�G�L�W�L�R�Q�D�O���H�[�D�P�S�O�H�V���R�I���Q�H�Z���L�W�H�U�D�W�L�Y�H���V�H�T�X�H�Q�F�H�V���I�R�X�Q�G���E�\���W�K�H���³�D�G�Y�D�Q�F�H�G�´���D�O�J�R�U�L�W�K�P��
from main-text  Figure 2b,c. 
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Section S4. Examples of previously known iterative sequences rediscovered by the 

algorithm. 
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Figure S4. Examples of previously known iterative sequences rediscovered by the algorithm 
described in the main text.  
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Section S5. General experimental procedures.  

All starting materials and reagents were obtained from commercial sources and, unless 

otherwise noted, were used as received. All solvents used were freshly distilled prior to use. 1H 

NMR spectra were recorded at 400, 500 or 600 MHz and 13C NMR spectra were recorded at 

�������������������R�U�����������0�+�]���Z�L�W�K���F�R�P�S�O�H�W�H���S�U�R�W�R�Q���G�H�F�R�X�S�O�L�Q�J�����&�K�H�P�L�F�D�O���V�K�L�I�W�V���D�U�H���J�L�Y�H�Q���L�Q���/���U�H�O�D�W�L�Y�H��

to the residual signals of the deuterated solvents. High-resolution mass spectra were acquired 

using electron ionization (EI) or electrospray ionization (ESI) modes with a time-of-�À�L�J�K�W��

detector. Infrared (IR) spectra were recorded on a Fourier transform infrared (FT-IR) 

spectrometer as a thin film on a NaCl plate (film). HPLC analysis were performed on a HPLC 

system equipped with chiral stationary phase columns with an UV detector. Optical rotations 

were measured at room temperature with a polarimeter. TLC was performed with aluminum 

plates coated with 60 F254 silica gel. Plates were visualized with UV light (254 nm) and by 

treatment with ethanolic p-anisaldehyde with sulfuric and glacial acetic acid followed by 

heating, aqueous cerium(IV) sulfate solution with molybdic and sulfuric acid followed by 

heating, or aqueous potassium permanganate with sodium hydroxide and potassium carbonate 

solution followed by heating. Reaction products were purified by flash chromatography using 

silica gel 60 (230-400 mesh).  
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Section S6. Iterative synthesis of 1,5,n polyols 

 

Reagents and conditions: (�D���� �D�O�O�\�O�� �D�F�H�W�D�W�H���� �.�U�L�V�F�K�H�¶�V�� �,�U�� �&�D�W�D�O�\�V�W�� ����S)-Ir or (R)-Ir), Cs2CO3,  

i-�3�U�2�+�����7�+�)�����������ƒ�&��������-18 h; (�E�����3�0�%�&�O�����1�D�+�����7�%�$�,�����'�0�)�������ƒ�&���W�R���U�W��������-20 h; (c) Zn(CN)2, 

�1�L�&�O�������+���2�����G�S�S�S�����=�Q�����'�0�$�3�����+���2�����0�H�&�1���������ƒ�&��������-24 h; (d) DIBAL-H, DCM, -�����ƒ�&���W�R��

rt, 1.5-2 h. 

Scheme S1. Iterative synthesis of 1,5,n polyols via asymmetric allylation. 
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(S)-1-phenylbut-3-en-1-ol (SI-1). Prepared via adaptation of procedure from R1. 

An oven-dried vacuum Schlenk tube equipped with a magnetic stir bar was charged with 

Cs2CO3 (0.078 g, 0.24 mmol, 6 mol%) and Krische Ir Catalyst ((S)-SEGPHOS, 4-cyano-3-

nitrobenzoate ligated) (0.207 g, 0.20 mmol, 5 mol%). The reaction vessel was placed under an 

atmosphere of argon, and anhydrous THF (20 mL), benzaldehyde (0.407 mL, 4.00 mmol), allyl 

acetate (0.863 mL, 8.00 mmol, 2 equiv) and 2-propanol (0.612 mL, 8.00 mmol, 2 equiv) were 

�D�G�G�H�G���E�\���V�\�U�L�Q�J�H�����7�K�H���U�H�D�F�W�L�R�Q���Y�H�V�V�H�O���Z�D�V���V�H�D�O�H�G���D�Q�G���W�K�H���U�H�D�F�W�L�R�Q���P�L�[�W�X�U�H���Z�D�V���V�W�L�U�U�H�G���D�W�����������ƒ�&��

and was monitored by TLC. After 16 h, the mixture was allowed to reach rt and was 

concentrated in vacuo. The residue was purified by flash column chromatography (hexane/ethyl 

acetate 9:1) to give SI-1 (0.480 g, 81%, 97% ee by HPLC analysis) as a slightly yellow liquid. 

HPLC (Chiralcel OD-H, hexane/i-PrOH 95:5, flow rate 0.5 mL/min, �� 220 nm): tR(minor) = 18.2 

min (R), tR(major) = 19.4 min (S); (lit.R2  tR = 20.7 min (R), tR =22.1 min (S)); 

�>�.�@27D -63.0 (c 1.19, CHCl3) (lit.R3 �>�.�@25
D -63.2 (c 0.95, CHCl3) (for 97% ee)); 

1H NMR (500 MHz, CDCl3�����/�������������± 7.31 (m, 4H), 7.29 �± 7.25 (m, 1H), 5.80 (dddd, J = 17.0, 

10.3, 7.6, 6.6 Hz, 1H), 5.20 �± 5.10 (m, 2H), 4.73 (dd, J = 7.6, 5.2 Hz, 1H), 2.58 �± 2.44 (m, 2H), 

2.00 (brs, 1H); 

13C NMR (125 MHz, CDCl3�����/������������������������������������������������������������������������������������������������������������ 

IR (film, DCM) 3541, 3378, 3075, 3030, 2979, 2930, 1641, 1493 cm�í1. 

 

 

(S)-1-methoxy-4-(((1-phenylbut-3-en-1-yl)oxy)methyl)benzene (1). 

NaH (60 % dispersion in mineral oil) (0.132 g, 3.31 mmol, 2 equiv) was added to a flask 

containing SI-1 (0.245 g, 1.65 mmol) and TBAI (0.061 g, 0.17 mmol, 10 mol%) in anhydrous 

DMF (3.30 �P�/�����F�R�R�O�H�G���W�R�������ž�&�����5�H�D�F�W�L�R�Q���P�L�[�W�X�U�H���Z�D�V���I�O�X�V�K�H�G���Z�L�W�K���D�U�J�R�Q���D�Q�G���V�W�L�U�U�H�G���I�R�U���������P�L�Q��

�D�W�������ž�&�����7�K�H�Q����4-methoxybenzyl chloride (0.448 mL, 3.31 mmol, 2 equiv) was added dropwise 
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and the mixture was stirred at rt. The reaction was monitored by TLC and after 18 h the mixture 

was quenched by addition of sat. NH4Cl solution. The mixture was extracted with ethyl acetate. 

Combined organic phases were dried over Na2SO4 and concentrated in vacuo. Crude product 

was purified by flash column chromatography (hexane/ethyl acetate 98:2) to give 1 (0.425 g, 

96%) as a slightly yellow liquid. 

�>�.�@28D -70.7 (c 1.09, C6H6) (lit.R4 �>�.�@20
D = +67.3 (c 0.95, C6H6) (for (R)-enantiomer); 

1H NMR (400 MHz, CDCl3�����/��7.40 �± 7.28 (m, 5H), 7.25 �± 7.21 (m, 2H), 6.90 �± 6.85 (m, 2H), 

5.78 (ddt, J = 17.1, 10.2, 6.9 Hz, 1H), 5.09 �± 4.96 (m, 2H), 4.41 (d, J = 11.5 Hz, 1H), 4.35 (dd, 

J = 7.6, 5.9 Hz, 1H), 4.22 (d, J = 11.4 Hz, 1H), 3.81 (s, 3H), 2.68 �± 2.57 (m, 1H), 2.43 (dddt, J 

= 14.2, 7.2, 5.9, 1.3 Hz, 1H); 

13C NMR (100 MHz, CDCl3�����/��159.3, 142.2, 135.1, 130.8, 129.5, 128.5, 127.8, 127.1, 116.9, 

113.9, 81.0, 70.2, 55.4, 42.8; 

HRMS (ESI) m/z: [M+Na]+ Calcd for C18H20O2Na 291.1361; Found 291.1356; 

IR (film) 3067, 3030, 3003, 2934, 2906, 2861, 2837, 1612, 1513, 1455 cm�í1. 

 

 

(S)-5-((4-methoxybenzyl)oxy)-5-phenylpentanenitrile (2). Prepared via adaptation of 

procedure from R5. 

An oven-dried vacuum Schlenk tube equipped with a magnetic stir bar was placed under an 

atmosphere of argon and charged with NiCl2 �| 6H2O (0.018 g, 0.08 mmol, 5 mol%), dppp (0.037 

g, 0.09 mmol, 6 mol%), zinc powder (0.098 g, 1.50 mmol, 1 equiv), Zn(CN)2 (0.106 g, 0.90 

mmol, 0.6 equiv), DMAP (0.183 g, 1.50 mmol, 1 equiv), anhydrous CH3CN (7.50 mL), 

compound 1 (0.403 g, 1.50 mmol) and water (0.054 mL, 3.00 mmol, 2 equiv). The reaction 

vessel was sealed and the reaction mixture was stirred at 8�����ƒ�&���D�Q�G���Z�D�V���P�R�Q�L�W�R�U�H�G���E�\�� �7�/�&����

After 24 h, the mixture was allowed to reach rt. Next, it was filtered through a short pad of silica 

gel and washed with ethyl acetate. The solvent was concentrated in vacuo and the residue was 

purified by flash column chromatography (hexane/ethyl acetate 85:15) to give 2 (0.357 g, 81%) 

as a colorless oil. 
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�>�.�@19D -91.0 (c 1.29, CHCl3); 

1H NMR (400 MHz, CDCl3�����/ 7.43 �± 7.36 (m, 2H), 7.35 �± 7.30 (m, 3H), 7.24 �± 7.19 (m, 2H), 

6.92 �± 6.86 (m, 2H), 4.42 (d, J = 11.4 Hz, 1H), 4.32 (dd, J = 8.1, 4.3 Hz, 1H), 4.18 (d, J = 11.4 

Hz, 1H), 3.82 (s, 3H), 2.37 �± 2.22 (m, 2H), 1.99 �± 1.88 (m, 1H), 1.87 �± 1.75 (m, 2H), 1.73 �± 

1.61 (m, 1H); 

13C NMR (100 MHz, CDCl3�����/��159.4, 141.9, 130.4, 129.5, 128.7, 128.0, 126.7, 119.7, 114.0, 

79.9, 70.2, 55.4, 37.2, 22.1, 17.1; 

HRMS (ESI) m/z: [M+Na]+ Calcd for C19H21NO2Na 318.1470; Found 318.1475; 

IR (film, DCM) 3061, 3030, 3003, 2935, 2865, 2838, 2245, 1612, 1585, 1513, 1454 cm�í1. 

 

 

(S)-5-((4-methoxybenzyl)oxy)-5-phenylpentanal (3). 

To a stirred solution of 2 (0.325 g, 1.10 mmol) in anhydrous DCM (11.0 mL) cooled to -�������ƒ�&��

was added DIBAL-H solution (1.0 M in DCM) (1.320 mL, 1.32 mmol, 1.2 equiv) in a drop-

wise manner. The mixture was stirred at -�������ƒ�&��and was monitored by TLC. After 1.5 h, the 

reaction was quenched by addition of sat. Na2SO4 solution (0.143 mL) and the mixture was 

allowed to slowly reach rt. The mixture was diluted with DCM and sat. potassium sodium 

tartrate solution was added. After the layers were separated, the aqueous phase was extracted 

with DCM. Combined organic phases were washed with 50% potassium sodium tartrate 

solution and then brine, dried over Na2SO4 and concentrated in vacuo. Crude product was 

purified by flash column chromatography (hexane/ethyl acetate 85:15) to give 3 (0.284 g, 87%) 

as a colorless oil. 

�>�.�@19D -79.9 (c 1.42, CHCl3); 

1H NMR (400 MHz, CDCl3) �/ 9.71 (t, J = 1.7 Hz, 1H), 7.41 �± 7.28 (m, 5H), 7.24 �± 7.18 (m, 

2H), 6.92 �± 6.85 (m, 2H), 4.40 (d, J = 11.3 Hz, 1H), 4.30 (dd, J = 7.8, 5.0 Hz, 1H), 4.18 (d, J = 

11.3 Hz, 1H), 3.81 (s, 3H), 2.48 �± 2.31 (m, 2H), 1.92 �± 1.75 (m, 2H), 1.74 �± 1.50 (m, 2H); 

13C NMR (100 MHz, CDCl3�����/��202.5, 159.3, 142.4, 130.7, 129.5, 128.6, 127.8, 126.9, 113.9, 

80.7, 70.2, 55.4, 43.8, 37.8, 18.8; 
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HRMS (ESI) m/z: [M+Na]+ Calcd for C19H22O3Na 321.1467; Found 321.1461; 

IR (film, DCM) 3061, 3029, 3002, 2935, 2863, 2837, 2721, 1722, 1612, 1585, 1513 cm�í1. 

 

 

(4S,8S)-8-((4-methoxybenzyl)oxy)-8-phenyloct-1-en-4-ol (SI-2). Prepared via adaptation of 

procedure from R1. 

An oven-dried vacuum Schlenk tube equipped with a magnetic stir bar was charged with 

Cs2CO3 (0.030 g, 0.09 mmol, 12 mol%) and Krische Ir Catalyst ((R)-SEGPHOS, 4-cyano-3-

nitrobenzoate ligated) (0.081 g, 0.08 mmol, 10 mol%). The reaction vessel was placed under 

an atmosphere of argon, and anhydrous THF (3.90 mL), 3 (0.233 g, 0.78 mmol), allyl acetate 

(0.168 mL, 1.56 mmol, 2 equiv) and 2-propanol (0.119 mL, 1.56 mmol, 2 equiv) were added 

�E�\���V�\�U�L�Q�J�H�����7�K�H���U�H�D�F�W�L�R�Q���Y�H�V�V�H�O���Z�D�V���V�H�D�O�H�G���D�Q�G���W�K�H���U�H�D�F�W�L�R�Q���P�L�[�W�X�U�H���Z�D�V���V�W�L�U�U�H�G���D�W�����������ƒ�&���D�Q�G��

was monitored by TLC. After 18 h, the mixture was allowed to reach rt and was concentrated 

in vacuo. The residue was purified by flash column chromatography (hexane/ethyl acetate 4:1) 

to give SI-2 (0.215 g, 81%) as a colorless oil. 

�>�.�@19D -68.4 (c 1.08, CHCl3); 

1H NMR (500 MHz, CDCl3) �/ 7.39 �± 7.27 (m, 5H), 7.24 �± 7.20 (m, 2H), 6.89 �± 6.84 (m, 2H), 

5.85 �± 5.73 (m, 1H), 5.15 �± 5.05 (m, 2H), 4.39 (d, J = 11.4 Hz, 1H), 4.28 (dd, J = 7.9, 5.4 Hz, 

1H), 4.17 (d, J = 11.4 Hz, 1H), 3.80 (s, 3H), 3.64 �± 3.58 (m, 1H), 2.28 �± 2.21 (m, 1H), 2.14 �± 

2.04 (m, 1H), 1.93 �± 1.82 (m, 1H), 1.69 �± 1.58 (m, 2H), 1.53 �± 1.37 (m, 3H); 

13C NMR (125 MHz, CDCl3�����/��159.3, 142.8, 135.0, 130.8, 129.6, 128.6, 127.7, 126.9, 118.2, 

113.9, 81.2, 70.6, 70.2, 55.4, 42.0, 38.4, 36.7, 22.3; 

HRMS (ESI) m/z: [M+Na]+ Calcd for C22H28O3Na 363.1936; Found 363.1944; 

IR (film, DCM) 3436, 3066, 3029, 3001, 2933, 2862, 1640, 1612, 1586, 1513 cm�í1. 
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4,4'-((((1S,5S)-1-phenyloct-7-ene-1,5-diyl)bis(oxy))bis(methylene))bis(methoxybenzene) 

(4). 

NaH (60 % dispersion in mineral oil) (0.040 g, 1.00 mmol, 2 equiv) was added to a flask 

containing SI-2 (0.170 g, 0.50 mmol) and TBAI (0.018 g, 0.05 mmol, 10 mol%) in anhydrous 

DMF (1.00 �P�/�����F�R�R�O�H�G���W�R�������ž�&�����5�H�D�F�W�L�R�Q���P�L�[�W�X�U�H���Z�D�V���I�O�X�V�K�H�G���Z�L�W�K���D�U�J�R�Q���D�Q�G���V�W�L�U�U�H�G��for 30 min 

�D�W�������ž�&�����7�K�H�Q������-methoxybenzyl chloride (0.136 mL, 1.00 mmol, 2 equiv) was added dropwise 

and the mixture was stirred at rt. The reaction was monitored by TLC and after 17 h the mixture 

was quenched by addition of sat. NH4Cl solution. The mixture was extracted with ethyl acetate. 

Combined organic phases were dried over Na2SO4 and concentrated in vacuo. Crude product 

was purified by flash column chromatography (hexane/ethyl acetate 95:5) to give 4 (0.195 g, 

85%) as a colorless oil. 

�>�.�@19D -54.0 (c 1.17, CHCl3); 

1H NMR (400 MHz, CDCl3) �/ 7.40 �± 7.27 (m, 5H), 7.24 �± 7.19 (m, 4H), 6.90 �± 6.82 (m, 4H), 

5.81 (ddt, J = 17.3, 10.3, 7.1 Hz, 1H), 5.09 �± 5.04 (m, 1H), 5.04 �± 5.01 (m, 1H), 4.47 (d, J = 

11.2 Hz, 1H), 4.40 (d, J = 4.2 Hz, 1H), 4.37 (d, J = 4.2 Hz, 1H), 4.27 (dd, J = 7.8, 5.5 Hz, 1H), 

4.18 (d, J = 11.2 Hz, 1H), 3.80 (s, 6H), 3.42 �± 3.33 (m, 1H), 2.34 �± 2.19 (m, 2H), 1.90 �± 1.79 

(m, 1H), 1.68 �± 1.55 (m, 1H), 1.54 �± 1.35 (m, 4H); 

13C NMR (100 MHz, CDCl3) �/ 159.2, 159.2, 142.9, 135.2, 131.2, 131.0, 129.5, 129.4, 128.5, 

127.6, 127.0, 116.9, 113.9, 113.9, 81.3, 78.2, 70.7, 70.2, 55.4, 38.5, 38.5, 33.9, 22.0; 

HRMS (ESI) m/z: [M+Na]+ Calcd for C30H36O4Na 483.2511; Found 483.2495; 

IR (film, DCM) 3064, 3030, 3001, 2935, 2861, 2837, 1639, 1612, 1586, 1513 cm�í1. 
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(5R,9S)-5,9-bis((4-methoxybenzyl)oxy)-9-phenylnonanenitrile (5). Prepared via adaptation 

of procedure from R5. 

An oven-dried vacuum Schlenk tube equipped with a magnetic stir bar was placed under an 

atmosphere of argon and charged with NiCl2 �| 6H2O (0.004 g, 0.02 mmol, 5 mol%), dppp (0.009 

g, 0.02 mmol, 6 mol%), zinc powder (0.023 g, 0.35 mmol, 1 equiv), Zn(CN)2 (0.025 g, 0.21 

mmol, 0.6 equiv), DMAP (0.043 g, 0.35 mmol, 1 equiv), anhydrous CH3CN (1.75 mL), 

compound 4 (0.161 g, 0.35 mmol) and water (0.013 mL, 0.70 mmol, 2 equiv). The reaction 

�Y�H�V�V�H�O���Z�D�V���V�H�D�O�H�G���D�Q�G���W�K�H���U�H�D�F�W�L�R�Q���P�L�[�W�X�U�H���Z�D�V���V�W�L�U�U�H�G���D�W���������ƒ�&���D�Q�G���Z�D�V���P�R�Q�L�W�R�U�H�G���E�\�� �7�/�&����

After 22 h, the mixture was allowed to reach rt. Next, it was filtered through a short pad of silica 

gel and washed with ethyl acetate. The solvent was concentrated in vacuo and the residue was 

purified by flash column chromatography (hexane/ethyl acetate 85:15) to give 5 (0.128 g, 75%) 

as a colorless oil. 

�>�.�@20D -26.4 (c 0.98, CHCl3); 

1H NMR (400 MHz, CDCl3) �/ 7.41 �± 7.29 (m, 5H), 7.24 �± 7.18 (m, 4H), 6.89 �± 6.84 (m, 4H), 

4.44 �± 4.37 (m, 2H), 4.34 (d, J = 11.2 Hz, 1H), 4.28 (dd, J = 7.7, 5.5 Hz, 1H), 4.18 (d, J = 11.2 

Hz, 1H), 3.80 (s, 3H), 3.80 (s, 3H), 3.38 �± 3.31 (m, 1H), 2.33 �± 2.22 (m, 2H), 1.86 (dddd, J = 

13.4, 9.6, 7.7, 4.7 Hz, 1H), 1.73 �± 1.40 (m, 8H), 1.39 �± 1.30 (m, 1H); 

13C NMR (100 MHz, CDCl3) �/ 159.3, 159.3, 142.8, 130.8, 130.8, 129.5, 129.5, 128.6, 127.7, 

126.9, 119.8, 114.0, 113.9, 81.1, 77.4, 70.7, 70.2, 55.4, 38.5, 33.6, 32.8, 21.8, 21.5, 17.3; 

HRMS (ESI) m/z: [M+Na]+ Calcd for C31H37NO4Na 510.2620; Found 510.2613; 

IR (film, DCM) 3060, 3030, 3001, 2936, 2863, 2837, 2244, 1612, 1585, 1513, 1455 cm�í1. 
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(5S,9S)-5,9-bis((4-methoxybenzyl)oxy)-9-phenylnonanal (6) 

To a stirred solution of 5 (0.029 g, 0.06 mmol) in anhydrous DCM (0.60 mL) cooled to -�������ƒ�&��

was added DIBAL-H solution (1.0 M in DCM) (0.072 mL, 0.07 mmol, 1.2 equiv) in a drop-

wise manner. The mixture was stirred at -������ �ƒ�&�� �D�Q�G�� �Z�D�V�� �P�R�Q�L�W�R�U�H�G�� �E�\�� �7�/�&���� �$�I�W�H�U�� ���� �K, the 

reaction was quenched by addition of sat. Na2SO4 solution (0.008 mL) and the mixture was 

allowed to slowly reach rt. The mixture was diluted with DCM and sat. potassium sodium 

tartrate solution was added. After the layers were separated, the aqueous phase was extracted 

with DCM. Combined organic phases were washed with 50% potassium sodium tartrate 

solution and then brine, dried over Na2SO4 and concentrated in vacuo. Crude product was 

purified by flash column chromatography (hexane/ethyl acetate 4:1) to give 6 (0.023 g, 77%) 

as a slightly yellow oil. 

�>�.�@20D -33.9 (c 1.59, CHCl3); 

1H NMR (400 MHz, CDCl3) �/ 9.72 (t, J = 1.8 Hz, 1H), 7.40 �± 7.29 (m, 5H), 7.24 �± 7.17 (m, 

4H), 6.89 �± 6.79 (m, 4H), 4.42 �± 4.34 (m, 3H), 4.27 (dd, J = 7.7, 5.6 Hz, 1H), 4.17 (d, J = 11.4 

Hz, 1H), 3.80 (s, 3H), 3.79 (s, 3H), 3.32 (p, J = 5.6 Hz, 1H), 2.42 �± 2.35 (m, 2H), 1.91 �± 1.80 

(m, 1H), 1.75 �± 1.58 (m, 4H), 1.53 �± 1.41 (m, 4H), 1.38 �± 1.30 (m, 1H); 

13C NMR (100 MHz, CDCl3) �/ 202.6, 159.3, 142.9, 131.1, 130.9, 129.5, 129.5, 128.6, 127.6, 

127.0, 113.9, 81.2, 78.2, 70.7, 70.2, 55.4, 55.4, 44.0, 38.6, 33.7, 33.4, 21.9, 18.2; 

HRMS (ESI) m/z: [M+Na]+ Calcd for C31H38O5Na 513.2617; Found 513.2627; 

IR (film, DCM) 3061, 3030, 3000, 2935, 2862, 2720, 1723, 1612, 1586, 1513 cm�í1. 
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Section S7. Iterative synthesis of 1,4,n polyols 

 

Reagents and conditions: ���D���� �D�O�O�\�O�� �D�F�H�W�D�W�H���� �.�U�L�V�F�K�H�¶�V�� �,�U�� �&�D�W�D�O�\�V�W�� ����S)-Ir or (R)-Ir), Cs2CO3,  

i-PrOH���� �7�+�)���� �������ƒ�&���� ����-18 h; ���E���� �3�0�%�&�O���� �1�D�+���� �7�%�$�,���� �'�0�)���� ���ƒ�&�� �W�R�� �U�W���� ����-20 h;  

(e) 1) 9-BBN, THF, reflux, 1-2 h, 2) NaOH (aq) (0.5 M), H2O2 ���������������(�W�2�+���������ƒ�&���������K; (f) 

�3�&�&�����0�6�������c, DCM, rt, 1.5 h. 

Scheme S2. Iterative synthesis of 1,4,n polyols via asymmetric allylation.  
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(S)-4-((4-methoxybenzyl)oxy)-4-phenylbutan-1-ol (7). 

To a solution of 1 (0.309 g, 1.15 mmol) in anhydrous THF (4.60 mL) was added drop-wise 9-

borabicyclo[3.3.1]nonane solution (0.5 M in THF) (6.90 mL, 3.45 mmol, 3 equiv) over 10 min 

and the mixture was heated under reflux for 2 h. After cooling, the reaction mixture was treated 

with ethanol (3.00 mL), 2 M NaOH solution (1.50 mL) and H2O2 solution (30% (w/w) in H2O) 

(1.50 mL) and the mixture was stirred at 50 �ƒ�&���I�R�U�������K����The reaction was monitored by TLC 

and upon completion sat. K2CO3 solution and Et2O were added. The aqueous phase was 

extracted with Et2O, combined organic phases were dried over Na2SO4 and concentrated in 

vacuo. Crude product was purified by flash column chromatography (hexane/ethyl acetate 7:3) 

to give 7 (0.319 g, 97%) as a slightly yellow oil. 

�>�.�@23D -82.2 (c 1.08, CHCl3); 

1H NMR (400 MHz, CDCl3) �/ 7.40 �± 7.28 (m, 5H), 7.24 �± 7.19 (m, 2H), 6.90 �± 6.85 (m, 2H), 

4.40 (d, J = 11.3 Hz, 1H), 4.33 (dd, J = 8.1, 4.7 Hz, 1H), 4.20 (d, J = 11.3 Hz, 1H), 3.80 (s, 3H), 

3.61 (t, J = 6.2 Hz, 2H), 2.03 �± 1.82 (m, 2H), 1.80 �± 1.66 (m, 2H), 1.64 �± 1.55 (m, 1H); 

13C NMR (100 MHz, CDCl3) �/ 159.4, 142.5, 130.4, 129.7, 128.6, 127.7, 126.9, 114.0, 81.2, 

70.3, 62.9, 55.4, 35.2, 29.5; 

HRMS (ESI) m/z: [M+Na]+ Calcd for C18H22O3Na 309.1467; Found 309.1471; 

IR (film, DCM) 3399, 3061, 3030, 3001, 2935, 2865, 1612, 1585, 1513 cm�í1. 

 

 

(S)-4-((4-methoxybenzyl)oxy)-4-phenylbutanal (8). 

To a solution of 7 (0.315 g, 1.10 mmol) in anhydrous DCM (5.50 mL) were added molecular 

�V�L�H�Y�H�V�������c�����E�H�D�G�V����(0.550 g) and pyridinium chlorochromate (0.474 g, 2.20 mmol, 2 equiv) and 

the mixture was stirred at rt. The reaction was monitored by TLC and after 1.5 h Et2O (5.50 

mL) was added. After 30 min of intensive stirring, the mixture was filtered through a Celite 
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plug, which was thoroughly washed with Et2O. The filtrate was washed with water and brine, 

dried over Na2SO4 and concentrated in vacuo. Crude product was purified by flash column 

chromatography (hexane/ethyl acetate 9:1) to give 8 (0.246 g, 79%) as a colorless oil. 

�>�.�@20D -91.1 (c 1.31, CHCl3); 

1H NMR (400 MHz, CDCl3) �/ 9.73 (t, J = 1.7 Hz, 1H), 7.42 �± 7.29 (m, 5H), 7.23 �± 7.18 (m, 

2H), 6.92 �± 6.81 (m, 2H), 4.40 (d, J = 11.3 Hz, 1H), 4.35 (dd, J = 8.3, 4.8 Hz, 1H), 4.18 (d, J = 

11.3 Hz, 1H), 3.81 (s, 3H), 2.58 �± 2.42 (m, 2H), 2.13 (ddt, J = 14.2, 8.3, 7.1 Hz, 1H), 2.01 

(dddd, J = 14.2, 7.5, 6.8, 4.8 Hz, 1H); 

13C NMR (100 MHz, CDCl3) �/ 202.2, 159.3, 141.8, 130.4, 129.5, 128.7, 127.9, 126.8, 113.9, 

80.0, 70.3, 55.4, 40.6, 31.1; 

HRMS (ESI) m/z: [M-H]- Calcd for C18H19O3 283.1334; Found 283.1329; 

IR (film, DCM) 3061, 3030, 3003, 2934, 2836, 2725, 1721, 1611, 1585, 1512 cm�í1. 

 

 

(4R,7S)-7-((4-methoxybenzyl)oxy)-7-phenylhept-1-en-4-ol (9). Prepared via adaptation of 

procedure from R1. 

An oven-dried vacuum Schlenk tube equipped with a magnetic stir bar was charged with 

Cs2CO3 (0.007 g, 0.020 mmol, 12 mol%) and Krische Ir Catalyst ((S)-SEGPHOS, 4-cyano-3-

nitrobenzoate ligated) (0.019 g, 0.018 mmol, 10 mol%). The reaction vessel was placed under 

an atmosphere of argon, and anhydrous THF (0.90 mL), 8 (0.051 g, 0.180 mmol), allyl acetate 

(0.039 mL, 0.360 mmol, 2 equiv) and 2-propanol (0.028 mL, 0.360 mmol, 2 equiv) were added 

�E�\���V�\�U�L�Q�J�H�����7�K�H���U�H�D�F�W�L�R�Q���Y�H�V�V�H�O���Z�D�V���V�H�D�O�H�G���D�Q�G���W�K�H���U�H�D�F�W�L�R�Q���P�L�[�W�X�U�H���Z�D�V���V�W�L�U�U�H�G���D�W�����������ƒ�&���D�Q�G��

was monitored by TLC. After 16 h, the mixture was allowed to reach rt and was concentrated 

in vacuo. The residue was purified by flash column chromatography (hexane/ethyl acetate 4:1) 

to give 9 (0.042 g, 72%) as a slightly yellow oil. 

�>�.�@24D -64.4 (c 1.28, CHCl3); 

1H NMR (500 MHz, CDCl3) �/ 7.40 �± 7.28 (m, 5H), 7.24 �± 7.19 (m, 2H), 6.91 �± 6.82 (m, 2H), 

5.80 (dddd, J = 20.3, 9.7, 7.8, 6.7 Hz, 1H), 5.12 �± 5.10 (m, 1H), 5.10 �± 5.08 (m, 1H), 4.40 (d, J 
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= 11.3 Hz, 1H), 4.33 (dd, J = 7.8, 5.0 Hz, 1H), 4.20 (d, J = 11.3 Hz, 1H), 3.81 (s, 3H), 3.68 �± 

3.61 (m, 1H), 2.29 �± 2.22 (m, 1H), 2.19 �± 2.11 (m, 1H), 2.03 (s, 1H), 1.93 �± 1.79 (m, 2H), 1.73 

�± 1.62 (m, 1H), 1.47 �± 1.36 (m, 1H); 

13C NMR (125 MHz, CDCl3) �/ 159.3, 142.6, 135.1, 130.6, 129.6, 129.6, 128.6, 127.7, 126.9, 

117.9, 113.9, 81.4, 70.7, 70.3, 55.4, 42.0, 34.6, 33.4; 

HRMS (ESI) m/z: [M+Na]+ Calcd for C21H26O3Na 349.1780; Found 349.1781; 

IR (film, DCM) 3442, 3079, 2932, 2862, 1641, 1613, 1512 cm�í1. 

 

 

(4S,7S)-7-((4-methoxybenzyl)oxy)-7-phenylhept-1-en-4-ol (SI-3). Prepared via adaptation of 

procedure from R1. 

An oven-dried vacuum Schlenk tube equipped with a magnetic stir bar was charged with 

Cs2CO3 (0.033 g, 0.10 mmol, 12 mol%) and Krische Ir Catalyst ((R)-SEGPHOS, 4-cyano-3-

nitrobenzoate ligated) (0.088 g, 0.09 mmol, 10 mol%). The reaction vessel was placed under 

an atmosphere of argon, and anhydrous THF (4.25 mL), 8 (0.242 g, 0.85 mmol), allyl acetate 

(0.183 mL, 1.70 mmol, 2 equiv) and 2-propanol (0.130 mL, 1.70 mmol, 2 equiv) were added 

�E�\���V�\�U�L�Q�J�H�����7�K�H���U�H�D�F�W�L�R�Q���Y�H�V�V�H�O���Z�D�V���V�H�D�O�H�G���D�Q�G���W�K�H���U�H�D�F�W�L�R�Q���P�L�[�W�X�U�H���Z�D�V���V�W�L�U�U�H�G���D�W�����������ƒ�&���D�Q�G��

was monitored by TLC. After 16 h, the mixture was allowed to reach rt and was concentrated 

in vacuo. The residue was purified by flash column chromatography (hexane/ethyl acetate 4:1) 

to give SI-3 (0.214 g, 77%) as a slightly yellow oil. 

�>�.�@23D -79.7 (c 1.31, CHCl3); 

1H NMR (400 MHz, CDCl3) �/ 7.39 �± 7.28 (m, 5H), 7.23 �± 7.19 (m, 2H), 6.91 �± 6.83 (m, 2H), 

5.86 �± 5.73 (m, 1H), 5.12 �± 5.10 (m, 1H), 5.09 �± 5.06 (m, 1H), 4.41 (d, J = 11.4 Hz, 1H), 4.31 

(dd, J = 8.3, 4.9 Hz, 1H), 4.19 (d, J = 11.4 Hz, 1H), 3.81 (s, 3H), 3.65 �± 3.55 (m, 1H), 2.27 �± 

2.09 (m, 3H), 2.01 �± 1.89 (m, 1H), 1.85 �± 1.72 (m, 1H), 1.60 �± 1.48 (m, 2H); 

13C NMR (100 MHz, CDCl3) �/ 159.3, 142.6, 135.1, 130.5, 129.6, 128.6, 127.7, 126.9, 117.9, 

113.9, 81.1, 70.8, 70.2, 55.4, 42.1, 34.9, 33.4; 

HRMS (ESI) m/z: [M+Na]+ Calcd for C21H26O3Na 349.1780; Found 349.1782; 
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IR (film, DCM) 3423, 3072, 3030, 3003, 2932, 2863, 1640, 1612, 1586, 1513 cm�í1. 

 

 

4,4'-((((1S,4S)-1-phenylhept-6-ene-1,4-diyl)bis(oxy))bis(methylene))bis(methoxybenzene) 

(10). 

NaH (60 % dispersion in mineral oil) (0.052 g, 1.30 mmol, 2 equiv) was added to a flask 

containing SI-3 (0.212 g, 0.65 mmol) and TBAI (0.024 g, 0.07 mmol, 10 mol%) in anhydrous 

DMF (1.3�����P�/�����F�R�R�O�H�G���W�R�������ž�&�����5�H�D�F�W�L�R�Q���P�L�[�W�X�U�H���Z�D�V���I�O�X�V�K�H�G���Z�L�W�K���D�U�J�R�Q���D�Q�G���V�W�L�U�U�H�G��for 30 min 

�D�W�������ž�&�����7�K�H�Q������-methoxybenzyl chloride (0.176 mL, 1.30 mmol, 2 equiv) was added dropwise 

and the mixture was stirred at rt. The reaction was monitored by TLC and after 20 h the mixture 

was quenched by addition of sat. NH4Cl solution. The mixture was extracted with ethyl acetate. 

Combined organic phases were dried over Na2SO4 and concentrated in vacuo. Crude product 

was purified by flash column chromatography (hexane/ethyl acetate 95:5) to give 10 (0.272 g, 

94%) as a colorless oil. 

�>�.�@23D -58.1 (c 1.05, CHCl3); 

1H NMR (400 MHz, CDCl3) �/ 7.39 �± 7.27 (m, 5H), 7.25 �± 7.19 (m, 4H), 6.89 �± 6.83 (m, 4H), 

5.79 (ddt, J = 17.2, 10.2, 7.1 Hz, 1H), 5.09 �± 5.05 (m, 1H), 5.05 �± 4.98 (m, 1H), 4.45 �± 4.33 (m, 

3H), 4.24 (dd, J = 7.6, 5.4 Hz, 1H), 4.16 (d, J = 11.5 Hz, 1H), 3.81 (s, 3H), 3.80 (s, 3H), 3.44 �± 

3.32 (m, 1H), 2.31 �± 2.21 (m, 2H), 2.01 �± 1.89 (m, 1H), 1.78 �± 1.61 (m, 2H), 1.52 �± 1.39 (m, 

1H); 

13C NMR (100 MHz, CDCl3) �/ 159.3, 159.2, 142.8, 135.1, 131.2, 130.9, 129.5, 129.4, 128.5, 

127.6, 127.0, 116.9, 113.9, 80.9, 77.8, 70.6, 70.1, 55.4, 38.3, 33.9, 29.9; 

HRMS (ESI) m/z: [M+Na]+ Calcd for C29H34O4Na 469.2355; Found 469.2357; 

IR (film, DCM) 3063, 3030, 3001, 2934, 2861, 2836, 1612, 1585, 1513 cm�í1. 
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(4R,7S)-4,7-bis((4-methoxybenzyl)oxy)-7-phenylheptan-1-ol (11)  

To a solution of 10 (0.277 g, 0.62 mmol) in anhydrous THF (2.86 mL) was added drop-wise 9-

borabicyclo[3.3.1]nonane solution (0.5 M in THF) (3.72 mL, 1.86 mmol, 3 equiv) over 10 min 

and the mixture was heated under reflux for 1 h. After cooling the reaction mixture was treated 

with ethanol (1.90 mL), 2 M NaOH solution (0.95 mL) and H2O2 solution (30% (w/w) in H2O) 

(0.95 mL) and the mixture was stirred at 50 �ƒ�&���I�R�U�������K�����7�K�H���U�H�D�F�W�L�R�Q���Z�D�V���P�R�Q�L�W�R�U�H�G���E�\���7�/�&��

and upon completion sat. K2CO3 solution and Et2O were added. The aqueous phase was 

extracted with Et2O, combined organic phases were dried over Na2SO4 and concentrated in 

vacuo. Crude product was purified by flash column chromatography (hexane/ethyl acetate 7:3) 

to give 11 (0.243 g, 84%) as a colorless oil. 

�>�.�@19D -36.7 (c 1.21, CHCl3); 

1H NMR (400 MHz, CDCl3) �/ 7.39 �± 7.35 (m, 2H), 7.33 �± 7.28 (m, 3H), 7.23 �± 7.19 (m, 4H), 

6.90 �± 6.83 (m, 4H), 4.42 �± 4.33 (m, 3H), 4.26 (dd, J = 7.7, 5.1 Hz, 1H), 4.17 (d, J = 11.4 Hz, 

1H), 3.81 (s, 3H), 3.80 (s, 3H), 3.60 �± 3.54 (m, 2H), 3.42 �± 3.34 (m, 1H), 1.98 �± 1.85 (m, 2H), 

1.76 �± 1.67 (m, 2H), 1.61 �± 1.42 (m, 5H); 

13C NMR (100 MHz, CDCl3) �/ 159.3, 159.3, 142.7, 130.9, 130.8, 129.5, 128.6, 127.7, 127.0, 

113.9, 113.9, 81.1, 78.2, 70.5, 70.1, 63.1, 55.4, 55.4, 33.8, 30.3, 29.6, 28.7; 

HRMS (ESI) m/z: [M+Na]+ Calcd for C29H36O5Na 487.2460; Found 487.2455; 

IR (film, DCM) 3413, 3060, 3030, 3000, 2936, 2863, 1612, 1586, 1513 cm�í1. 

 

 

(4S,7S)-4,7-bis((4-methoxybenzyl)oxy)-7-phenylheptanal (12) 

To a solution of 11 (0.107 g, 0.23 mmol) in anhydrous DCM (1.15 mL) were added molecular 

�V�L�H�Y�H�V�������c�����E�H�D�G�V����������115 g) and pyridinium chlorochromate (0.099 g, 0.46 mmol, 2 equiv) and 

the mixture was stirred at rt. The reaction was monitored by TLC and after 1.5 h Et2O (1.15 
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mL) was added. After 30 min of intensive stirring the mixture was filtered through a Celite 

plug, which was thoroughly washed with Et2O. The filtrate was washed with water and brine, 

dried over Na2SO4 and concentrated in vacuo. Crude product was purified by flash column 

chromatography (hexane/ethyl acetate 85:15) to give 12 (0.087 g, 82%) as a colorless oil. 

�>�.�@19D -31.2 (c 1.12, CHCl3); 

1H NMR (400 MHz, CDCl3) �/ 9.70 (t, J = 1.7 Hz, 1H), 7.41 �± 7.28 (m, 5H), 7.24 �± 7.16 (m, 

4H), 6.91 �± 6.82 (m, 4H), 4.42 �± 4.34 (m, 2H), 4.30 (d, J = 11.3 Hz, 1H), 4.26 (dd, J = 7.8, 5.1 

Hz, 1H), 4.17 (d, J = 11.3 Hz, 1H), 3.81 (s, 3H), 3.80 (s, 3H), 3.41 �± 3.30 (m, 1H), 2.42 (td, J 

= 7.2, 1.7 Hz, 2H), 1.95 �± 1.80 (m, 2H), 1.78 �± 1.64 (m, 3H), 1.49 �± 1.37 (m, 1H); 

13C NMR (100 MHz, CDCl3) �/ 202.5, 159.3, 159.3, 142.6, 130.8, 129.5, 128.6, 127.7, 127.0, 

113.9, 113.9, 80.9, 77.2, 70.5, 70.1, 55.4, 55.4, 40.0, 33.7, 29.7, 26.3; 

HRMS (ESI) m/z: [M+Na]+ Calcd for C29H34O5Na 485.2304; Found 485.2295; 

IR (film, DCM) 3030, 3001, 2935, 2862, 2837, 1722, 1612, 1585, 1513 cm�í1. 
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Section S8. Determination of absolute configuration of newly formed stereogenic centers  

(Mosher ester analysis) 

General procedure GP-1. Procedure adapted from R6. 

Alcohol (1 equiv) was transferred to a screw-capped 4 mL glass vial and anhydrous DCM (c = 

0.07 M) was added followed by addition of anhydrous pyridine (3.1 equiv) and (R)- or (S)-

MTPA-Cl (1.9 equiv). The vial was sealed and the mixture was stirred at rt for 12 h. Upon 

completion, the reaction mixture was diluted with Et2O and water was added. The aqueous 

phase was extracted with Et2O. Combined organic phases were dried over Na2SO4 and 

concentrated in vacuo. Crude product was purified by flash column chromatography. 

 

(S)-1-phenylbut-3-en-1-yl (S)-3,3,3-trifluoro -2-methoxy-2-phenylpropanoate (SI-4). 

According to general procedure GP-1, the reaction was performed with compound SI-1 (10 

mg, 0.07 mmol). After purification by flash column chromatography (hexane/ethyl acetate 

20:1) Mosher ester SI-4 was obtained (21 mg, 85%) as a colorless oil. 

1H NMR (500 MHz, CDCl3�����/�������������± 7.40 (m, 3H), 7.38 �± 7.30 (m, 7H), 6.03 (dd, J = 8.1, 5.6 

Hz, 1H), 5.61 (ddt, J = 17.2, 10.3, 7.0 Hz, 1H), 5.05 �± 4.99 (m, 2H), 3.45 (q, J = 1.2 Hz, 3H), 

2.70 (dddt, J = 14.4, 8.3, 7.2, 1.2 Hz, 1H), 2.58 (dddt, J = 14.4, 6.9, 5.6, 1.2 Hz, 1H). 

 

(S)-1-phenylbut-3-en-1-yl (R)-3,3,3-trifluoro -2-methoxy-2-phenylpropanoate (SI-5). 

According to general procedure GP-1, the reaction was performed with compound SI-1 (10 

mg, 0.07 mmol). After purification by flash column chromatography (hexane/ethyl acetate 

20:1) Mosher ester SI-5 was obtained (23 mg, 94%) as a colorless oil. 
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1H NMR (500 MHz, CDCl3�����/�������������± 7.34 (m, 3H), 7.33 �± 7.28 (m, 5H), 7.24 �± 7.21 (m, 2H), 

5.97 (dd, J = 8.4, 5.4 Hz, 1H), 5.74 (ddt, J = 17.1, 10.3, 6.9 Hz, 1H), 5.16 �± 5.08 (m, 2H), 3.54 

(q, J = 1.3 Hz, 3H), 2.74 (dddt, J = 14.6, 8.4, 7.4, 1.3 Hz, 1H), 2.61 (dddt, J = 14.6, 6.7, 5.4, 1.3 

Hz, 1H). 

 

Table S1. �' �G (=�GS - �GR) data for the (S)-MTPA Mosher ester SI-4 and (R)-MTPA Mosher ester 

SI-5 

 �G (S)-ester 
SI-4 (ppm) 

�G (R)-ester 
SI-5 (ppm) 

�' �GSR (=�GS - �GR) 
ppm Hz (500 MHz) 

H-1 6.03 5.97 0.06 30 
H-2b 2.58 2.61 -0.03 -15 
H-2a 2.70 2.74 -0.04 -20 

H-4a & H-4b 5.01 5.12 -0.11 -55 
H-3 5.61 5.74 -0.13 -65 

 

 

Figure S5. Conformational analysis of each of the diastereoisomeric MTPA esters of SI-4 

and SI-5. Gray arrow indicates the phenyl group shielding effect.  
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(4S,8S)-8-((4-methoxybenzyl)oxy)-8-phenyloct-1-en-4-yl (S)-3,3,3-trifluoro -2-methoxy-2-

phenylpropanoate (SI-6). 

According to general procedure GP-1, the reaction was performed with compound SI-2 (14 

mg, 0.04 mmol). After purification by flash column chromatography (hexane/ethyl acetate 

95:5) Mosher ester SI-6 was obtained (20 mg, 87%) as a colorless oil. 

1H NMR (600 MHz, CDCl3�����/��7.55 �± 7.48 (m, 2H), 7.40 �± 7.32 (m, 5H), 7.31 �± 7.26 (m, 3H), 

7.22 �± 7.17 (m, 2H), 6.90 �± 6.84 (m, 2H), 5.72 (ddt, J = 19.3, 9.6, 7.0 Hz, 1H), 5.12 (p, J = 6.4 

Hz, 1H), 5.10 �± 5.06 (m, 2H), 4.36 (d, J = 11.4 Hz, 1H), 4.17 (dd, J = 7.9, 5.6 Hz, 1H), 4.14 (d, 

J = 11.4 Hz, 1H), 3.80 (s, 3H), 3.54 �± 3.46 (m, 3H), 2.37 (td, J = 6.4, 5.9, 1.5 Hz, 2H), 1.80 

(dddd, J = 13.2, 10.2, 7.8, 5.0 Hz, 1H), 1.57 �± 1.51 (m, 3H), 1.38 �± 1.29 (m, 1H), 1.23 �± 1.16 

(m, 1H). 

 

(4S,8S)-8-((4-methoxybenzyl)oxy)-8-phenyloct-1-en-4-yl (R)-3,3,3-trifluoro -2-methoxy-2-

phenylpropanoate (SI-7). 

According to general procedure GP-1, the reaction was performed with compound SI-2 (14 

mg, 0.04 mmol). After purification by flash column chromatography (hexane/ethyl acetate 

95:5) Mosher ester SI-7 was obtained (19 mg, 83%) as a colorless oil. 

1H NMR (600 MHz, CDCl3�����/��7.54 �± 7.48 (m, 2H), 7.39 �± 7.33 (m, 5H), 7.32 �± 7.28 (m, 3H), 

7.23 �± 7.16 (m, 2H), 6.89 �± 6.83 (m, 2H), 5.58 (ddt, J = 17.3, 10.5, 7.1 Hz, 1H), 5.09 (p, J = 5.9 

Hz, 1H), 5.01 �± 4.94 (m, 2H), 4.38 (d, J = 11.4 Hz, 1H), 4.24 (dd, J = 7.7, 5.7 Hz, 1H), 4.16 (d, 

J = 11.4 Hz, 1H), 3.80 (s, 3H), 3.47 �± 3.43 (m, 3H), 2.29 (td, J = 6.5, 5.7, 1.3 Hz, 2H), 1.86 

(dddd, J = 13.0, 10.2, 7.7, 5.0 Hz, 1H), 1.65 �± 1.54 (m, 3H), 1.50 �± 1.39 (m, 1H), 1.32 (dddd, J 

= 16.0, 12.3, 10.2, 5.9 Hz, 1H). 
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Table S2. �' �G (=�GS - �GR) data for the (S)-MTPA Mosher ester SI-6 and (R)-MTPA Mosher ester 

SI-7 

 �G (S)-ester 
SI-6 (ppm) 

�G (R)-ester 
SI-7 (ppm) 

�' �GSR (=�GS - �GR) 
ppm Hz (600 MHz) 

H-2 5.72 5.58 0.14 84 
H-1a&H-1b 5.08 4.98 0.10 60 
H-3a&H-3b 2.37 2.29 0.08 48 

OMe 3.50 3.45 0.05 30 
H-4 5.12 5.09 0.03 18 

OMe (PMB) 3.80 3.80 0.00 0 
CH2Ar (PMB) 4.36 4.38 -0.02 -12 
CH2Ar (PMB) 4.14 4.16 -0.02 -12 

H-7 1.80 1.86 -0.06 -36 
H-8 4.17 4.24 -0.07 -42 

 

 

Figure S6. Conformational analysis of each of the diastereoisomeric MTPA esters of SI-6 

and SI-7. Gray arrow indicates the phenyl group shielding effect.  
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(4R,7S)-7-((4-methoxybenzyl)oxy)-7-phenylhept-1-en-4-yl (S)-3,3,3-trifluoro -2-methoxy-

2-phenylpropanoate (SI-8). 

According to general procedure GP-1, the reaction was performed with compound 9 (13 mg, 

0.04 mmol). After purification by flash column chromatography (hexane/ethyl acetate 95:5) 

Mosher ester SI-8 was obtained (18 mg, 83%) as a colorless oil. 

1H NMR (400 MHz, CDCl3�����/ 7.52 �± 7.47 (m, 2H), 7.37 �± 7.27 (m, 8H), 7.23 �± 7.16 (m, 2H), 

6.89 �± 6.82 (m, 2H), 5.65 �± 5.52 (m, 1H), 5.19 �± 5.09 (m, 1H), 5.01 �± 4.94 (m, 2H), 4.38 (d, J 

= 11.4 Hz, 1H), 4.24 (dd, J = 7.7, 4.9 Hz, 1H), 4.16 (d, J = 11.4 Hz, 1H), 3.80 (s, 3H), 3.49 (q, 

J = 1.3 Hz, 3H), 2.34 �± 2.28 (m, 2H), 1.91 �± 1.77 (m, 2H), 1.72 �± 1.65 (m, 1H), 1.61 �± 1.53 (m, 

1H). 

 

(4R,7S)-7-((4-methoxybenzyl)oxy)-7-phenylhept-1-en-4-yl (R)-3,3,3-trifluoro -2-methoxy-

2-phenylpropanoate (SI-9). 

According to general procedure GP-1, the reaction was performed with compound 9 (10 mg, 

0.03 mmol). After purification by flash column chromatography (hexane/ethyl acetate 95:5) 

Mosher ester SI-9 was obtained (14 mg, 86%) as a colorless oil. 
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1H NMR (400 MHz, CDCl3�����/��7.52 �± 7.46 (m, 2H), 7.39 �± 7.27 (m, 6H), 7.23 �± 7.16 (m, 4H), 

6.88 �± 6.79 (m, 2H), 5.77 �± 5.66 (m, 1H), 5.20 �± 5.11 (m, 1H), 5.11 �± 5.02 (m, 2H), 4.34 (d, J 

= 11.4 Hz, 1H), 4.15 (dd, J = 8.3, 4.9 Hz, 1H), 4.12 (d, J = 11.4 Hz, 1H), 3.80 (s, 3H), 3.52 (q, 

J = 1.3 Hz, 3H), 2.44 �± 2.30 (m, 2H), 1.87 �± 1.77 (m, 1H), 1.72 �± 1.62 (m, 1H), 1.56 �± 1.43 (m, 

2H). 

 

Table S3. �' �G (=�GS - �GR) data for the (S)-MTPA Mosher ester SI-8 and (R)-MTPA Mosher ester 

SI-9 

 �G (S)-ester 
SI-8 (ppm) 

�G (R)-ester 
SI-9 (ppm) 

�' �GSR (=�GS - �GR) 
ppm Hz (400 MHz) 

H-7 4.24 4.15 0.09 36 
CH2Ar (PMB) 4.38 4.34 0.04 16 
CH2Ar (PMB) 4.16 4.12 0.04 16 
OMe (PMB) 3.80 3.80 0.00 0 

H-4 5.13 5.15 -0.02 -8 
OMe 3.49 3.52 -0.03 -12 

H-3a&H-3b 2.31 2.38 -0.07 -28 
H-1a&H-1b 4.98 5.07 -0.09 -36 

H-2 5.59 5.71 -0.12 -48 
 

 

Figure S7. Conformational analysis of each of the diastereoisomeric MTPA esters of SI-8 

and SI-9. Gray arrow indicates the phenyl group shielding effect.  
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(4S,7S)-7-((4-methoxybenzyl)oxy)-7-phenylhept-1-en-4-yl (S)-3,3,3-trifluoro -2-methoxy-

2-phenylpropanoate (SI-10). 

According to general procedure GP-1, the reaction was performed with compound SI-3 (36 

mg, 0.11 mmol). After purification by flash column chromatography (hexane/ethyl acetate 

95:5) Mosher ester SI-10 was obtained (54 mg, 90%) as a colorless oil. 

1H NMR (400 MHz, CDCl3�����/ 7.54 �± 7.48 (m, 2H), 7.39 �± 7.27 (m, 6H), 7.26 �± 7.22 (m, 2H), 

7.21 �± 7.17 (m, 2H), 6.89 �± 6.84 (m, 2H), 5.77 �± 5.64 (m, 1H), 5.21 �± 5.12 (m, 1H), 5.11 �± 5.04 

(m, 2H), 4.37 (d, J = 11.5 Hz, 1H), 4.22 (dd, J = 8.0, 4.8 Hz, 1H), 4.13 (d, J = 11.4 Hz, 1H), 

3.81 (s, 3H), 3.53 (q, J = 1.3 Hz, 3H), 2.44 �± 2.29 (m, 2H), 1.80 �± 1.67 (m, 2H), 1.64 �± 1.45 (m, 

2H). 

 

(4S,7S)-7-((4-methoxybenzyl)oxy)-7-phenylhept-1-en-4-yl (R)-3,3,3-trifluoro -2-methoxy-

2-phenylpropanoate (SI-11). 

According to general procedure GP-1, the reaction was performed with compound SI-3 (29 

mg, 0.09 mmol). After purification by flash column chromatography (hexane/ethyl acetate 

95:5) Mosher ester SI-11 was obtained (45 mg, 92%) as a colorless oil. 
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1H NMR (400 MHz, CDCl3�����/��7.54 �± 7.48 (m, 2H), 7.39 �± 7.27 (m, 8H), 7.23 �± 7.19 (m, 2H), 

6.90 �± 6.84 (m, 2H), 5.64 �± 5.52 (m, 1H), 5.18 �± 5.10 (m, 1H), 5.02 �± 4.92 (m, 2H), 4.39 (d, J 

= 11.4 Hz, 1H), 4.29 (dd, J = 8.1, 4.5 Hz, 1H), 4.16 (d, J = 11.4 Hz, 1H), 3.81 (s, 3H), 3.49 (q, 

J = 1.3 Hz, 3H), 2.38 �± 2.24 (m, 2H), 1.92 �± 1.75 (m, 2H), 1.71 �± 1.56 (m, 2H). 

 

Table S4. �' �G (=�GS - �GR) data for the (S)-MTPA Mosher ester SI-10 and (R)-MTPA Mosher ester 

SI-11. 

 �G (S)-ester 
SI-10 (ppm) 

�G (R)-ester 
SI-11 (ppm) 

�' �GSR (=�GS - �GR) 
ppm Hz (400 MHz) 

H-2 5.70 5.58 0.12 48 
H-1a&H-1b 5.07 4.97 0.10 40 
H-3a&H-3b 2.37 2.30 0.07 28 

OMe 3.53 3.49 0.04 16 
H-4 5.16 5.15 0.01 4 

OMe (PMB) 3.81 3.81 0.00 0 
CH2Ar (PMB) 4.37 4.39 -0.02 -8 
CH2Ar (PMB) 4.13 4.16 -0.03 -12 

H-7 4.22 4.29 -0.07 -28 
 

 

Figure S8. Conformational analysis of each of the diastereoisomeric MTPA esters of SI-10 

and SI-11. Gray arrow indicates the phenyl group shielding effect.  
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Section S9. Iterative synthesis of monhexocin�¶�V���I�U�D�J�P�H�Q�W 

 

Scheme S3. Iterative synthesis towards monhexocin. 

Reagents and conditions: (g) L-proline, PhNO, allyl bromide, NaI, TBAI, DMF, 0 oC, 3 h, 59-

62%, (h) Zn, AcOH, THF, H2O, 60 oC, 1 h, 91-99%, (i) PMBCl, NaH, TBAI, DMF, 0 oC to rt, 

17 h, 88%, (j) Rh(CO)2acac, 6-DPPon, TBAI, Ac2�2�����+�&�2�2�+�����0�6�������c�����'�0�)�������� oC, 20 h, 39-

�������������N�����3�K�&�+�2�����&�6�$�����0�6�������c�����3�K�+������ oC, 1 h, 37%. 

 

 

(4R,5R)-5-((phenylamino)oxy)heptadec-1-en-4-ol (13). Prepared via adaptation of procedure 

fromR7. 

To a solution of 1-tetradecanal (1.7 g, 8 mmol, 3 equiv) in anhydrous DMF (30 mL), L-proline 

(921 mg, 8 mmol) was added and stirred at rt for 1 h. Then, nitrosobenzene (285 mg, 2.67 mmol, 

1 equiv) was added. The endpoint of the reaction was monitored by its color change from green 

to orange. After 45 min, the solution was cooled to 0 �ƒ�& and allylindium iodide solution 

(prepared by heating for 1 h at 70 oC: granular indium (916 mg, 8 mmol), NaI (1.2 g, 8 mmol), 

allyl bromide (1.38 mL, 16 mmol) and anhydrous DMF (10 mL)) was slowly added. The stirring 

was kept at 0 oC for 2 h. It was then diluted with Et2O and washed with water. The aqueous 

layer was extracted with Et2O. The combined organic layers were dried over Na2SO4, filtered, 

and concentrated in vacuo. Crude product was purified by column chromatography 

(hexane/ethyl acetate 9:1) to give two diastereoisomeric products as yellow oils with 59% yield 

for syn-configured product 13 (faster-eluting diastereoisomer) and 40% yield for anti-
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configured product (slower-eluting diastereoisomer). The diastereomeric ratio of the products 

were determined by preparing Mosher esters of slower-eluting diastereoisomer (analysis 

below).  

�>�.�@21D 19.17 (c 0.9, C6H6);  

1H NMR (500 MHz, CDCl3�����/�������������± 5.81 (m, 1H), 5.19 �± 5.13 (m, 2H), 3.53 �± 3.42 (m, 2H), 

2.39 �± 2.33 (m, 1H), 2.27 �± 2.20 (m, 1H), 2.09 �± 2.03 (m, 2H), 1.54 �± 1.42 (m, 3H), 1.26 (s, 

19H), 0.88 (t, J = 6.8 Hz, 3H); 

13C NMR (125 MHz, CDCl3) �/ 148.3, 134.7, 129.0, 122.5, 117.8, 115.1, 85.5, 72.7, 38.2, 31.9, 

29.8, 29.7, 29.6, 29.6, 29.5, 29.5, 29.3, 25.6, 22.7, 14.1; 

IR (film, CH2Cl2); 3270, 3075, 2925, 2853, 1643, 1603, 1522, 1495, 1466, 1360, 1280, 1183, 

1166, 1145, 1111, 1051, 1026, 997, 913, 822, 769, 741, 694 cm�í1; 

HRMS (ESI) m/z: [M + H]+ Calcd for C23H50NO2 362.3059; Found 362.3057. 

 

 

(4S,5R)-5-((phenylamino)oxy)heptadec-1-en-4-yl (S)-3,3,3-trifluoro -2-methoxy-2-

phenylpropanoate (SI-12). 

According to general procedure GP-1, the reaction was performed with diastereoisomer of 

compound 13 (20 mg, 0.055 mmol). After purification by flash column chromatography 

(hexane/ethyl acetate 95:5) Mosher ester SI-12 was obtained (27 mg, 84%) as a white solid. 

1H NMR (400 MHz, C6D6) �/ 7.26 (d, J = 7.7 Hz, 2H), 6.87 �± 6.71 (m, 4H), 6.68 �± 6.57 (m, 

4H), 6.03 �± 5.89 (m, 1H), 5.10 (d, J = 17.1 Hz, 1H), 5.03 (d, J = 10.1 Hz, 1H), 4.62 (brs, 1H), 

4.18 (brs, 1H), 3.70 (d, J = 9.4 Hz, 1H), 3.45 (s, 3H), 2.62 �± 2.46 (m, 1H), 2.16 �± 2.05 (m, 1H), 

1.87 �± 1.82 (m, 1H), 1.30 �± 1.13 (m, 16H), 1.11 �± 1.03 (m, 3H), 0.93 �± 0.89 (m, 2H), 0.89 �± 

0.86 (m, 3H). 
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(4S,5R)-5-((phenylamino)oxy)heptadec-1-en-4-yl (R)-3,3,3-trifluoro -2-methoxy-2-

phenylpropanoate (SI-13). 

According to general procedure GP-1, the reaction was performed with diastereoisomer of 

compound 13 (20 mg, 0.055 mmol). After purification by flash column chromatography 

(hexane/ethyl acetate 95:5). Mosher ester SI-13 was obtained (23 mg, 72%) as a colorless oil. 

1H NMR (400 MHz, C6D6) �/ 7.58 (dd, J = 6.9, 2.8 Hz, 1H), 7.02 (dd, J = 5.3, 2.0 Hz, 1H), 6.79 

(d, J = 7.2 Hz, 1H), 6.72 (brs, 2H), 6.44 (brs, 1H), 5.98 �± 5.84 (m, 1H), 5.02 (d, J = 17.1 Hz, 

1H), 4.97 (d, J = 10.2 Hz, 1H), 4.90 (brs, 1H), 4.15 (brs, 1H), 3.44 (d, J = 10.1 Hz, 1H), 3.08 

(brs, 3H), 2.46 (brs, 1H), 2.02 �± 1.87 (m, 2H), 1.32 �± 1.20 (m, 16H), 1.15 (brs, 3H), 0.96 (brs, 

2H), 0.91 �± 0.85 (m, 3H). 

 

Table S5. �' �G (=�GS - �GR) data for the (S)-MTPA Mosher ester SI-12 and (R)-MTPA Mosher ester 

SI-13 

 �G (S)-ester 
SI-12 (ppm) 

�G (R)-ester 
SI-13 (ppm) 

�' �GSR (=�GS - �GR) 
ppm Hz (400 MHz) 

H-5 3.70 3.49 0.21 84 
H-3a 2.10 1.98 0.12 48 
H-1 5.06 5.04 0.02 8 
H-3b 2.53 2.51 0.02 8 
H-2 5.96 5.96 0 0 
H-4 4.18 4.19 -0.01 -4 
H-6b 1.35 1.36 -0.01 -4 
H-17 0.87 0.93 -0.06 -24 

Alkyl chain 1.24 1.30 -0.06 -24 
H-6a 1.87 1.98 -0.11 -44 

-NHPh 6.79 7.06 -0.27 -108 
-NHPh 4.63 4.94 -0.31 -124 
-NHPh 7.25 7.62 -0.37 -148 
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(4R,5R)-heptadec-1-ene-4,5-diol (SI-14). Prepared under conditions fromR8. 

Diastereoisomer 13 (550 mg, 1.52 mmol) was dissolved in a 1:1 THF/H2O mixture (22 mL). 

Acetic acid (33.5 mL) and Zn dust (3.78 g, 57 mmol) was added. The mixture was stirred at 60 

�ƒ�&���I�R�U�������K�����$�I�W�H�U���F�R�R�O�L�Q�J���W�R���U�W�����W�K�H���P�L�[�W�X�U�H���Z�D�V���G�L�O�X�W�H�G���Z�L�W�K���(�W2O and filtered through a plug of 

silica gel, which was washed by Et2O. After evaporation of the solvents, the resulting crude 

mixture was redissolved in EtOAc, preadsorbed on silica gel and purified by column 

chromatography (hexane/ethyl acetate 4:1) to give SI-14 (374 mg, 91%) as a white solid. 

�>�.�@21D 7.28 (c 2.4, CHCl3);  

1H NMR (500 MHz, CDCl3) �/ 5.91 �± 5.81 (m, 1H), 5.19 �± 5.13 (m, 2H), 3.53 �± 3.42 (m, 2H), 

2.39 �± 2.33 (m, 1H), 2.28 �± 2.20 (m, 1H), 2.09 �± 2.03 (m, 2H), 1.54 �± 1.43 (m, 3H), 1.26 (s, 

19H), 0.88 (t, J = 6.8 Hz, 3H); 

13C NMR (125 MHz, CDCl3) �/ 134.5, 118.2, 73.9, 73.2, 38.3, 33.6, 31.9, 29.7, 29.6, 29.6, 29.6, 

29.6, 29.3, 25.6, 22.7, 14.1; 

IR (film, CH2Cl2); 3193, 2916, 2848, 1643, 1469, 1436, 1281, 1065, 989, 915, 872, 718 cm�í1; 

HRMS (ESI) m/z: [M + Na]+ Calcd for C17H54O2Na 293.2408; Found 293.2416. 

 

 

4,4'-((((4R,5R)-heptadec-1-ene-4,5-diyl)bis(oxy))bis(methylene))bis(methoxybenzene) 

(14). 

NaH (60% dispersion in mineral oil, 213 mg, 5.32 mmol, 4 equiv) was added to a flask 

containing SI-14 (360 mg, 1.33 mmol) and TBAI (25 mg, 0.067 mmol, 5 mol%) in anhydrous 

DMF (15 mL) cooled to 0 �ž�&�����5�H�D�F�W�L�R�Q���P�L�[�W�X�U�H���Z�D�V���V�W�L�U�U�H�G���D�W���� �ž�&���I�R�U���������P�L�Q�����7�K�H�Q�����3�0�%�&�O��

(0.72 mL, 5.32 mmol, 4 equiv) was added dropwise and the mixture was stirred at rt for 17 h. 

Saturated NH4Cl was added to quench the reaction followed by the extraction with EtOAc. The 

combined organic layers were dried over Na2SO4, filtered, and concentrated in vacuo. Crude 
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product was purified by column chromatography (hexane/ethyl acetate 95:5) to give 14 (598 

mg, 88%, >99% ee by HPLC analysis) as a colorless oil. 

HPLC (Chiralcel OD-H, hexane/i-PrOH 99.5:0.5, flow rate 1 mL/min, �� 220 nm): tR = 8.1 min 

(S,S), tR = 8.4 min (S,R), tR = 9.0 min (R,R), tR = 13.7 min (R,S); 

�>�.�@20D -1.36 (c 2.1, CHCl3);  

1H NMR (400 MHz, CDCl3) �/ 7.28 �± 7.22 (m, 4H), 6.89 �± 6.84 (m, 4H), 5.90 �± 5.78 (m, 1H), 

5.12 �± 5.01 (m, 2H), 4.58 �± 4.43 (m, 4H), 3.80 (s, 6H), 3.50 (dt, J = 7.7, 4.6 Hz, 1H), 3.41 (dt, 

J = 8.7, 4.3 Hz, 1H), 2.44 �± 2.36 (m, 1H), 2.30 �± 2.19 (m, 1H), 1.63 �± 1.53 (m, 1H), 1.49 �± 1.34 

(m, 2H), 1.26 (m, 20H), 0.92 �± 0.86 (m, 3H); 

13C NMR (100 MHz, CDCl3) �/ 159.2, 135.8, 131.1, 131.0, 129.5, 129.5, 116.5, 113.7, 79.7, 

79.6, 72.3, 72.1, 55.3, 34.7, 31.9, 29.9, 29.8, 29.7, 29.7, 29.7, 29.6, 29.4, 25.9, 22.7, 14.1; 

IR (film, CH2Cl2); 3072, 2999, 2925, 2853, 2063, 1739, 1640, 1612, 1586, 1513, 1464, 1357, 

1302, 1248, 1174, 1089, 1038, 912, 822 cm�í1; 

HRMS (ESI) m/z: [M + Na]+ Calcd for C33H50O4Na 533.3607; Found 533.3588. 

 

 

(5R,6R)-5,6-bis((4-methoxybenzyl)oxy)octadecanal (15). 

Mixture of catalyst Rh(CO)2acac (30 mg, 0.115 mmol, 10 mol%), ligand 6-DPPon (64 mg, 0.23 

mmol, 20 mol%), additive TBAI (10.6 mg, 0.029 mmol, 2.5 mol%), 4 �c���P�R�O�H�F�X�O�D�U���V�L�H�Y�H�V���D�Q�G��

anhydrous DMF (8 mL) was stirred in an ampule flushed with argon. Then 14 (585 mg, 1.15 

mmol) dissolved in anhydrous DMF (8 mL) was added, stirred at rt for 5 min and Ac2O (653 

�—L, 6.9 mmol, 6 equiv) and HCOOH (340 �—L, 8.97 mmol, 7.8 equiv) were successively added. 

The reaction mixture was stirred at 80 �ž�&���I�R�U���������K����It was then cooled to rt and poured directly 

on silica gel. Column chromatography (hexane/ethyl acetate 9:1) afforded aldehyde 15 (378 

mg, 61%) as a brownish oil.  

�>�.�@20D 13.15 (c 1.57, CHCl3);  
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1H NMR (400 MHz, C6D6) �/ 9.29 (t, J = 1.6 Hz, 1H), 7.24 (dd, J = 13.1, 8.6 Hz, 4H), 6.79 (dd, 

J = 8.6, 5.3 Hz, 4H), 4.51 (dd, J = 11.4, 3.9 Hz, 2H), 4.41 (dd, J = 26.3, 11.4 Hz, 2H), 3.53 �± 

3.47 (m, 1H), 3.46 �± 3.40 (m, 1H), 3.30 (s, 6H), 1.85 �± 1.78 (m, 2H), 1.75 �± 1.38 (m, 7H), 1.34 

�± 1.20 (m, 20H), 0.90 �± 0.85 (m, 3H); 

13C NMR (100 MHz, C6D6) �/ 200.3, 159.4, 131.4, 131.2, 129.3, 129.3, 113.7, 79.5, 79.3, 72.1, 

72.0, 54.4, 43.6, 32.0, 30.0, 29.9, 29.8, 29.8, 29.4, 29.3, 26.3, 22.7, 18.7, 14.0; 

IR (film, CHCl3); 2999, 2925, 2853, 2717, 2062, 1724, 1612, 1586, 1513, 1463, 1359, 1302, 

1248, 1174, 1070, 1037, 821cm�í1; 

HRMS (ESI) m/z: [M + Na]+ Calcd for C34H52O5Na 563.3712; Found 563.3706. 

 

 

(5R,8R,9R)-8,9-bis((4-methoxybenzyl)oxy)-5-((phenylamino)oxy)henicos-1-en-4-ol (16). 

Prepared via adaptation of procedure fromR7. 

To a solution of aldehyde 15 (362 mg, 0.67 mmol, 3 equiv) in anhydrous DMF (2.5 mL), L-

proline (77 mg, 0.67 mmol) was added and stirred at rt for 17 h. Then, nitrosobenzene (24 mg, 

0.223 mmol, 1 equiv) was added. The endpoint of the reaction was monitored by its color 

change from green to orange. After 1.5 h, the solution was cooled to 0 �ƒ�&���D�Q�G���D�O�O�\�O�L�Q�G�L�X�P���L�R�G�L�G�H��

solution (prepared by heating for 1 h at 70 oC: granular indium (73 mg, 0.67 mmol), NaI (95 

mg, 0.67 mmol), allyl bromide (110 �—L, 1.27 mmol) and anhydrous DMF (1 mL)) was slowly 

added. The stirring was kept at 0 oC for 2 h then at rt for 15 h. It was then diluted with Et2O and 

washed with water. The aqueous layer was extracted with Et2O. The combined organic layers 

were dried over Na2SO4, filtered, and concentrated in vacuo. Crude product was purified by 

column chromatography (hexane/acetone 85:15) to give inseparable 1:1 mixture of 

diastereoisomers 16 (95 mg, 62%) as yellow oil. 

1H NMR (400 MHz, C6D6) �/ 7.30 �± 7.20 (m, 4H), 7.11 �± 7.06 (m, 2H), 6.93 �± 6.86 (m, 2H), 

6.84 �± 6.73 (m, 6H), 5.97 �± 5.74 (m, 1H), 5.10 �± 4.96 (m, 2H), 4.59 �± 4.53 (m, 2H), 4.45 (ddd, 

J = 19.7, 11.4, 5.4 Hz, 2H), 3.99 �± 3.93 (m, 1H), 3.81 �± 3.73 (m, 1H), 3.62 �± 3.53 (m, 2H), 3.32 
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�± 3.25 (m, 6H), 2.59 �± 2.49 (m, 1H), 2.40 �± 2.30 (m, 1H), 2.29 �± 2.14 (m, 2H), 2.10 �± 1.91 (m, 

2H), 1.86 �± 1.70 (m, 2H), 1.49 �± 1.37 (m, 1H), 1.35 �± 1.17 (m, 20H), 0.91 �± 0.82 (m, 3H); 

13C NMR (100 MHz, C6D6) �/ 159.4, 159.4, 149.1, 149.0, 135.5, 135.3, 131.4, 131.2, 129.4, 

129.4, 129.3, 128.8, 121.8, 121.8, 116.9, 114.8, 114.7, 113.8, 113.8, 113.7, 85.8, 85.4, 79.7, 

72.4, 72.2, 72.1, 71.6, 59.7, 54.4, 37.6, 32.0, 30.0, 29.8, 29.8, 29.4, 26.3, 24.4, 22.7, 14.0; 

IR (film, CH2Cl2); 3446, 3267, 2999, 2925, 2853, 2062, 1688, 1640, 1611, 1513, 1494, 1464, 

1358, 1302, 1248, 1174, 1037, 914, 821, 762 cm�í1; 

HRMS (ESI) m/z: [M + Na]+ Calcd for C43H63NO6Na 712.4553; Found 712.4542. 

 

 

(5R,8R,9R)-8,9-bis((4-methoxybenzyl)oxy)henicos-1-ene-4,5-diol (SI-15). Prepared under 

conditions fromR8. 

Diastereoisomers 16 (90 mg, 0.13 mmol) were dissolved in a 1:1 THF/H2O mixture (2 mL). 

Acetic acid (3 mL) and Zn dust (296 mg, 4.48 mmol) was added. The mixture was stirred at 60 

�ƒ�&���I�R�U�������K�����$�I�W�H�U���F�R�R�O�L�Q�J���W�R���U�W�����W�K�H���P�L�[�W�X�U�H���Z�D�V���G�L�O�X�W�H�G���Z�L�W�K���(�W2O and filtered through a plug of 

silica gel, which was washed by Et2O. After evaporation of the solvents, the resulting crude 

mixture was redissolved in EtOAc, preadsorbed on silica gel and purified by column 

chromatography (hexane/ethyl acetate 3:2) to give SI-15 (77 mg, 99%) as a colorless oil. 

1H NMR (400 MHz, CDCl3) �/ 7.26 �± 7.19 (m, 4H), 6.89 �± 6.83 (m, 4H), 5.89 �± 5.77 (m, 1H), 

5.17 �± 5.08 (m, 2H), 4.58 �± 4.40 (m, 4H), 3.79 (s, 6H), 3.59 �± 3.32 (m, 4H), 2.36 (s, 2H), 2.31 

�± 2.10 (m, 2H), 1.80 �± 1.66 (m, 1H), 1.63 �± 1.48 (m, 3H), 1.48 �± 1.36 (m, 3H), 1.26 (s, 23H), 

0.91 �± 0.85 (m, 3H); 

13C NMR (100 MHz, CDCl3) �/ 159.3, 159.2, 135.1, 134.7, 130.9, 130.5, 129.7, 129.7, 129.5, 

118.0, 117.8, 113.8, 113.8, 79.7, 79.4, 79.4, 74.0, 73.4, 73.2, 72.3, 72.2, 55.3, 38.3, 36.2, 31.9, 

29.8, 29.7, 29.7, 29.7, 29.6, 29.4, 27.9, 26.0, 22.7, 14.1; 

IR (film, CH2Cl2); 3425, 3073, 2998, 2925, 2853, 2063, 1881, 1708, 1640, 1612, 1586, 1514, 

1465, 1358, 1302, 1249, 1210, 1173, 1065, 1038, 914, 822, 755 cm�í1; 
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HRMS (ESI) m/z: [M + Na]+ Calcd for C37H58O6Na 621.4131; Found 621.4144. 

 

 

(2S,4R,5R)-4-allyl -5-((3R,4R)-3,4-bis((4-methoxybenzyl)oxy)hexadecyl)-2-phenyl-1,3-

dioxolane (SI-16). Prepared under conditions fromR9. 

Mixture of diastereoisomers SI-15 (20 mg, 0.033 mmol) was dissolved in PhH (0.35 mL) with 

�F�D�P�S�K�R�U�V�X�O�I�R�Q�L�F���D�F�L�G�����������P�J�����������������P�P�R�O�����D�Q�G�������c���P�R�O�H�F�X�O�D�U���V�L�H�Y�H�V�����6�R�O�X�W�L�R�Q���Z�D�V���F�R�R�O�H�G���W�R��

0 oC and PhCHO (85 �—L, 0.825 mmol) was added. The mixture was stirred at 0 �ƒ�&���I�R�U�������K�� It 

was then warmed to rt and poured directly on silica gel. Column chromatography (hexane/ethyl 

acetate 95:5) afforded threo/threo diastereoisomer SI-16 (8.5 mg, 37%) as a colorless oil. 

Structure was confirmed by NOE experiment.  

1H NMR (600 MHz, C6D6) �/ 7.35 �± 7.32 (m, 2H), 7.02 (d, J = 8.6 Hz, 2H), 6.97 (d, J = 8.6 Hz, 

2H), 6.90 �± 6.88 (m, 2H), 6.84 �± 6.80 (m, 1H), 6.53 (dd, J = 8.6, 7.8 Hz, 4H), 5.67 �± 5.58 (m, 

1H), 5.50 (s, 1H), 4.83 �± 4.78 (m, 1H), 4.77 �± 4.74 (m, 1H), 4.32 (dd, J = 11.4, 4.4 Hz, 2H), 

4.21 (dd, J = 39.4, 11.4 Hz, 2H), 3.69 �± 3.64 (m, 1H), 3.63 �± 3.59 (m, 1H), 3.33 (m, 2H), 3.03 

(s, 6H), 2.10 �± 2.04 (m, 1H), 1.82 �± 1.77 (m, 1H), 1.73 �± 1.64 (m, 1H), 1.63 �± 1.47 (m, 4H), 

1.41 �± 1.30 (m, 3H), 1.21 �± 1.11 (m, 3H), 1.06 �± 0.98 (m, 20H), 0.62 (m, 3H); 

13C NMR (150 MHz, C6D6) �/ 159.4, 159.4, 138.7, 135.1, 131.4, 131.3, 129.5, 129.3, 128.8, 

128.1, 127.9, 127.7, 127.6, 126.9, 116.5, 113.7, 103.1, 79.9, 78.8, 78.7, 78.4, 72.1, 71.8, 54.4, 

54.4, 34.7, 32.0, 30.0, 29.8, 29.8, 29.8, 29.4, 26.7, 26.3, 26.2, 22.7, 14.0; 

IR (film, CH2Cl2); 3464, 3070, 2925, 2853, 1745, 1641, 1612, 1586, 1513, 1462, 1376, 1301, 

1248, 1173, 1090, 1066, 1037, 916, 821, 758 cm�í1; 

HRMS (ESI) m/z: [M + Na]+ Calcd for C44H62O6Na 709.4443; Found 709.4444. 
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4,4',4'',4''' -((((5R,8R,9R)-henicos-1-ene-4,5,8,9-

tetrayl)tetrakis(oxy))tetrakis(methylene))tetrakis(methoxybenzene) (17). 

NaH (60% dispersion in mineral oil, 15 mg, 0.368 mmol, 4 equiv) was added to a flask 

containing SI-14 (55 mg, 0.092 mmol) and TBAI (1.7 mg, 4.6 �—mol, 5 mol%) in anhydrous 

DMF (1 mL) cooled to 0 �ž�&�����5�H�D�F�W�L�R�Q���P�L�[�W�X�U�H���Z�D�V���V�W�L�U�U�H�G���D�W���� �ž�&���I�R�U���������P�L�Q�����7�K�H�Q�����3�0�%�&�O����������

�—L, 0.368 mmol, 4 equiv) was added dropwise and the mixture was stirred at rt for 17 h. 

Saturated NH4Cl was added to quench the reaction followed by the extraction with EtOAc. The 

combined organic layers were dried over Na2SO4, filtered, and concentrated in vacuo. Crude 

product was purified by column chromatography (hexane/ethyl acetate 95:5) to give 17 (68 mg, 

88%) as a colorless oil. 

1H NMR (400 MHz, CDCl3) �/ 7.27 �± 7.18 (m, 8H), 6.87 �± 6.79 (m, 8H), 5.95 �± 5.76 (m, 1H), 

5.14 �± 4.99 (m, 2H), 4.63 �± 4.39 (m, 8H), 3.78 (s, 12H), 3.53 �± 3.36 (m, 4H), 2.45 �± 2.17 (m, 

2H), 1.88 �± 1.53 (m, 5H), 1.48 �± 1.38 (m, 2H), 1.33 �± 1.23 (m, 19H), 0.92 �± 0.85 (m, 3H); 

13C NMR (100 MHz, CDCl3) �/ 159.1, 129.5, 129.4, 129.3, 113.7, 71.9, 55.2, 31.9, 30.7, 29.8, 

29.7, 29.7, 29.4, 22.7, 14.1; 

IR (film, CH2Cl2); 3070, 2999, 2925, 2853, 2062, 1881, 1612, 1586, 1513, 1464, 1356, 1301, 

1248, 1173, 1087, 1037, 913, 821, 756 cm�í1; 

HRMS (ESI) m/z: [M + Na]+ Calcd for C53H74O8Na 861.5281; Found 861.5273. 

 

 

(6R,9R,10R)-5,6,9,10-tetrakis((4-methoxybenzyl)oxy)docosanal (18). 

Mixture of catalyst Rh(CO)2acac (1.8 mg, 7.2 �—mol, 10 mol%), ligand 6-DPPon (4 mg, 14.4 

�—mol, 20 mol%), additive TBAI (0.6 mg, 1.8 �—mol, 2.5 mol%), 4 �c�� �P�R�O�H�F�X�O�D�U�� �V�L�H�Y�H�V�� �D�Q�G��

anhydrous DMF (0.6 mL) was stirred in an ampule flushed with argon. Then 17 (60 mg, 0.072 

mmol) dissolved in anhydrous DMF (0.6 mL) was added, stirred at rt for 5 min and Ac2O (38.4 
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�—L, 0.432 mmol, 6 equiv) and HCOOH (20 �—L, 0.562 mmol, 7.8 equiv) were successively 

added. The reaction mixture was stirred at 80 �ž�&���I�R�U���������K����It was then cooled to rt and poured 

directly on silica gel. Column chromatography (hexane/ethyl acetate 4:1) afforded aldehyde 18 

(24 mg, 39%) as a brownish oil.  

1H NMR (600 MHz, C6D6) �/ 9.28 �± 9.25 (m, 1H), 7.32 �± 7.19 (m, 8H), 6.81 �± 6.74 (m, 8H), 

4.68 �± 4.55 (m, 3H), 4.53 �± 4.42 (m, 4H), 4.38 �± 4.32 (m, 1H), 3.63 �± 3.49 (m, 3H), 3.45 �± 3.38 

(m, 1H), 3.30 �± 3.25 (m, 12H), 2.14 �± 2.02 (m, 1H), 1.99 �± 1.82 (m, 4H), 1.82 �± 1.77 (m, 2H), 

1.67 �± 1.56 (m, 4H), 1.51 �± 1.41 (m, 2H), 1.34 �± 1.20 (m, 19H), 0.89 �± 0.83 (m, 3H); 

13C NMR (150 MHz, C6D6) �/ 200.4, 200.4, 159.3, 131.5, 131.4, 131.4, 131.2, 129.3, 129.3, 

129.3, 129.2, 129.2, 127.9, 113.7, 113.7, 113.7, 81.1, 80.9, 80.6, 80.5, 80.2, 80.1, 79.3, 72.2, 

72.0, 71.8, 71.8, 71.7, 71.6, 54.4, 43.6, 43.5, 32.0, 31.0, 30.1, 30.0, 29.9, 29.8, 29.8, 29.8, 29.5, 

29.3, 27.5, 27.3, 27.2, 26.5, 26.2, 26.1, 22.7, 18.7, 18.5, 14.0; 

IR (film, CH2Cl2); 2999, 2925, 2853, 2061, 1882, 1724, 1612, 1586, 1513, 1463, 1356, 1301, 

1248, 1174, 1087, 1037, 821, 756 cm�í1; 

HRMS (ESI) m/z: [M + Na]+ Calcd for C54H76O9Na 891.5387; Found 891.5389. 
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Section S10. Literature precedents of heterocycle-forming reactions. 

  

Figure S9. Literature precedents of heterocycle-forming reactions that are part of 

iterative sequences from main-text Figure 3. a) Synthesis of isoxazoles via condensation of 

imidoyl chlorides with active methylene compoundsR10; b) Synthesis of oxazoles from 

isocyanidesR11; c) Synthesis of 1,3,4-oxadiazoles from N-formyl hydrazineR12; d) Four-

component synthesis of pyrrolesR13; e) Synthesis of phenazines from dibromoaarenesR14.  
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Section S11. Spectroscopic data 

 

 

 

 

Figure S10. HPLC chromatogram of compound SI-1 (top) and racemate of SI-1 (bottom). 
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Figure S11. 1H NMR (top) and 13C NMR (bottom) spectra of compound SI-1. 
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Figure S12. 1H NMR (top) and 13C NMR (bottom) spectra of compound 1. 
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Figure S13. 1H NMR (top) and 13C NMR (bottom) spectra of compound 2. 
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Figure S14. 1H NMR (top) and 13C NMR (bottom) spectra of compound 3. 
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Figure S15. 1H NMR (top) and 13C NMR (bottom) spectra of compound SI-2. 
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Figure S16. 1H NMR (top) and 13C NMR (bottom) spectra of compound 4. 
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Figure S17. 1H NMR (top) and 13C NMR (bottom) spectra of compound 5. 
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Figure S18. 1H NMR (top) and 13C NMR (bottom) spectra of compound 6. 

  



S-64 
 

 

 

Figure S19. 1H NMR (top) and 13C NMR (bottom) spectra of compound 7. 
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Figure S20. 1H NMR (top) and 13C NMR (bottom) spectra of compound 8. 
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Figure S21. 1H NMR (top) and 13C NMR (bottom) spectra of compound 9. 
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Figure S22. 1H NMR (top) and 13C NMR (bottom) spectra of compound SI-3. 
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Figure S23. 1H NMR (top) and 13C NMR (bottom) spectra of compound 10. 
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Figure S24. 1H NMR (top) and 13C NMR (bottom) spectra of compound 11. 
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Figure S25. 1H NMR (top) and 13C NMR (bottom) spectra of compound 12. 

  



S-71 
 

 

Figure S26. 1H NMR spectrum of compound SI-4. 

 

Figure S27. 1H NMR spectrum of compound SI-5. 
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Figure S28. 1H NMR spectrum of compound SI-6. 

 

Figure S29. 1H NMR spectrum of compound SI-7. 
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Figure S30. 1H NMR spectrum of compound SI-8. 

 

Figure S31. 1H NMR spectrum of compound SI-9. 
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Figure S32. 1H NMR spectrum of compound SI-10. 

 

Figure S33. 1H NMR spectrum of compound SI-11. 
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Figure S34. 1H NMR (top) and 13C NMR (bottom) spectra of compound 13. 



S-76 
 

 

Figure S35. 1H NMR spectra of compound SI-12. 

 

Figure S36. 1H NMR spectra of compound SI-13. 
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Figure S37. 1H NMR (top) and 13C NMR (bottom) spectra of compound SI-14. 
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Figure S38. 1H NMR (top) and 13C NMR (bottom) spectra of compound 14. 
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Figure S39. HPLC spectra of compound 14 racemate. 

 

 

Figure S40. HPLC spectra of compound 14. 
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Figure S41. 1H NMR (top) and 13C NMR (bottom) spectra of compound 15. 
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Figure S42. 1H NMR (top) and 13C NMR (bottom) spectra of compound 16. 
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Figure S43. 1H NMR (top) and 13C NMR (bottom) spectra of compound SI-15. 
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Figure S44. 1H NMR spectra of compound SI-16. 

 

Figure S45. 1H NMR NOE spectra of compound SI-16. 
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Figure S46. 13C NMR spectra of compound SI-16. 
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Figure S47. 1H NMR (top) and 13C NMR (bottom) spectra of compound 17. 
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Figure S48. 1H NMR (top) and 13C NMR (bottom) spectra of compound 18. 
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Section S12�����8�V�H�U���0�D�Q�X�D�O���I�R�U���$�O�O�F�K�H�P�\�¶�V���³�,�W�H�U�D�W�R�U�´���P�R�G�X�O�H 

S12.1. Basic Information 

�$�O�O�F�K�H�P�\�¶�V�� �³�,�W�H�U�D�W�R�U�´�� �P�R�G�X�O�H�� �L�V�� �I�U�H�H�O�\�� �D�Y�D�L�O�D�E�O�H�� �W�R�� �D�F�D�G�H�P�L�F�� �X�V�H�U�V�� �D�W��
https://iterator.allchemy.net. For optimal performance, we recommend using Google Chrome 
or other web-browsers supporting SVG2.  To register a new account, send an e-mail to 
admin@allchemy.net from your academic address. Each user should create individual account. 
To start using the software, please log in using a valid username and password. After logging 
in you will see a window providing some technical information. Due to limited capacity of our 
servers and the fact that iterative searches can easily explode for large number of products 
(especially when larger numbers of substrates are used) the searches are limited to three iterative 
loops and three additional, user defined starting materials.    

The main control panel visible after logging in is divided into three sections: the first one 
enables starting new searches (A in Figure S49; described in detail in Section S12.2), the 
second tab allows for displaying recent results and currently performed operations (B in Figure 
S49; described further in Section S12.3), while the third one provides access to the previously 
stored results (C in Figure S49; described further in Section S12.4). 

 

Figure S49�����0�D�L�Q���F�R�Q�W�U�R�O���S�D�Q�H�O���R�I���$�O�O�F�K�H�P�\�¶�V���³�,�W�H�U�D�W�R�U�´���P�R�G�X�O�H�����D����Setting up a new search 
is available under �³New search�´��(A) tab; b, Preview of currently performed operations 
���L�Q�F�O�X�G�L�Q�J���F�K�H�F�N�L�Q�J���W�K�H���S�R�V�L�W�L�R�Q���L�Q���V�H�U�Y�H�U�¶�V���F�D�O�F�X�O�D�W�L�R�Q���T�X�H�X�H���D�Q�G���W�H�U�P�L�Q�D�W�L�R�Q���R�I���V�H�D�U�F�K�H�V�����L�V��
available under �³Results�´�� ��B) tab. When no calculations are currently performed, the last 
�F�D�O�F�X�O�D�W�L�R�Q�¶�V�� �U�H�V�X�O�W�V�� �D�U�H�� �G�L�Vplayed; c, Results of the previously performed searches can be 
retrieved under �³Saved results�  ́(C) tab; d, Selection of iterative sequences; e, Panel for adding 
user-specified building blocks. Adding up to three additional substrates to the calculation is 
allowed; f, Preview of currently selected substrates; g,) Number of iterations to be performed; 
h, �/�D�X�Q�F�K���³Search�´���E�X�W�W�R�Q 

 

S12.2 Starting a new search 

Starting a new calculation requires: 

https://iterator.allchemy.net/
mailto:admin@allchemy.net
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i) Choosing types of iterative sequences to be used during network generation (button D in 
Figure S49). The user may select up to three sequences from the displayed list (Figure 
S50a). Once these sequences are selected, their background will change color to light 
�E�O�X�H�����$�I�W�H�U���V�H�O�H�F�W�L�Q�J���G�H�V�L�U�H�G���V�H�T�X�H�Q�F�H�V�����S�X�V�K���³Apply�´���E�X�W�W�R�Q���W�R���F�R�Q�I�L�U�P���V�H�O�H�F�W�L�R�Q�� 

ii)  Selecting proper building blocks/reagents for selected iterative sequence(s)  
 

Note 1: �)�R�U���X�V�H�U�¶�V���F�R�Q�Y�H�Q�L�H�Q�F�H�����E�D�V�L�F���V�H�W���R�I���D�S�S�U�R�S�U�L�D�W�H���U�H�D�J�H�Q�W�V���Z�L�O�O���E�H���S�U�R�S�R�V�H�G��
automatically for each iterative sequence selected (Figure S50b).  
�x The user can remove some of the simple starting materials proposed by the 
�V�R�I�W�Z�D�U�H�����R�U���U�H�S�O�D�F�H���W�K�H�P���Z�L�W�K���P�R�U�H���F�R�P�S�O�L�F�D�W�H�G���R�Q�H�V�����X�V�L�Q�J���³Keep selected�´���D�Q�G��
�³Remove selected�´���F�R�Q�W�U�R�O�V����I  in Figure S50b) 
�x The user will be asked to confirm the removal operation (Figure S50c). 
The calculation will not work properly if indispensable substrates are removed 
���H���J������ �D�O�O�\�O�D�W�L�Q�J�� �U�H�D�J�H�Q�W�V�� �Q�H�F�H�V�V�D�U�\�� �I�R�U�� �.�U�L�V�F�K�H�¶�V���%�U�R�Z�Q�� �D�O�O�\�O�D�W�L�R�Q�� �R�U�� �F�D�U�E�R�Q��
monoxide necessary for the hydroformylation step).  

 

Note 2: Optionally, the user can add up to three of his/her own starting materials 
(E in Figure S49). The molecules can be added using structure-drawing editor 
(recommended, one can draw multiple molecules at once) or from SMILES string 
(separated by full stops). The software checks if the added molecule(s) match any 
of the selected iterative sequences (non-matching ones will not be added to the 
list). We recommend previewing the selected molecules (F) before launching the 
calculation, especially if the list of reagents was modified. 

 

iii)  specifying the number of iterations to be performed (G). User can select up to three 
iterations to be performed during a single search.  

iv) �3�X�V�K�L�Q�J���W�K�H���³Search�´����H) button. 

 
Figure S50. Starting a new search. a, The user is allowed to select up to three types of iterative 
sequences from the displayed list. The selected sequences are highlighted in light-blue. b, After 
�F�R�Q�I�L�U�P�L�Q�J���W�K�H���F�K�R�L�F�H���Z�L�W�K���³Apply�´���E�X�W�W�R�Q�����D���E�D�V�L�F���V�H�W���R�I���P�D�W�F�K�L�Q�J���V�X�E�V�W�U�D�W�H�V���D�Q�G reagents is 
suggested and displayed. User can remove any of the proposed molecules (e.g., to replace them 
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with more complicated ones) using J controls. c, Removal of a key reagent will return empty 
result as the sequence will not be calculated properly. To avoid such outcomes, the user will be 
asked to confirm the removal operation. 

 
S12.3 Analysis of results 

 
After launching calculations, the user is transferred to the Results (B) tab. The calculation may 
take from few seconds up to several minutes and the results will be displayed automatically. 
The search is limited to 30 minutes due to server capacity. Longer calculations will be stopped 
automatically and already generated results will be returned. 
 
In the default view, results are displayed as a panel of molecular structures (Figure S51). As 
the number of generated products may be in the thousands, 
we implemented filtering and sorting functionalities (Figure S51 J and K, respectively) to 
facilitate their analysis. In particular, the user can sort generated products according to their 
mass, number of rings, number of stereocenters, etc. using the K drop-down menu confirming 
�W�K�H���Q�H�Z���F�K�R�L�F�H���Z�L�W�K���³Sort again�´���E�X�W�W�R�Q�����%�\���G�H�I�D�X�O�W�����W�K�H���P�R�O�H�F�X�O�H�V���D�U�H���V�R�U�W�H�G���D�F�F�R�U�G�L�Q�J���W�R���W�K�H�L�U��
molecular mass. Panel J allows for filtering out products that do not meet user-specified 
structural criteria (molecular mass, number of rings, number of stereocenters, number of H-
bond donor/acceptors,  number of basic/acidic groups, number of halogens, Polar Surface Area 
(PSA), etc.). Additionally, the user can filter out molecules according to the number of 
substrates used to make them or by substructure. The latter filtering option can be used both for 
retaining or excluding products containing a specific structural motif. The structural motifs 
should be input in the SMARTS notation.  
 
�)�L�O�W�H�U�V�� �D�U�H�� �D�F�W�L�Y�D�W�H�G�� �E�\�� �F�O�L�F�N�L�Q�J�� �³Apply filters�´�� �E�X�W�W�R�Q�� ��N in Figure S51). To remove any 
�D�S�S�O�L�H�G���I�L�O�W�H�U�V�����W�K�H���X�V�H�U���V�K�R�X�O�G���X�V�H���³Clean all filters�´���E�X�W�W�R�Q����M). Left-clicking on any structure, 
wil l display details of the iterative synthetic pathway leading to this molecule. Each reaction in 
this plan is accompanied by reaction name, typical conditions, typical solvents and literature 
references (with DOIs as hyperlinks).  
 
The generated results can be saved under user-�V�S�H�F�L�I�L�H�G���Q�D�P�H���X�V�L�Q�J���³Save�´���E�X�W�W�R�Q����O in Figure 
S51�������7�K�H�V�H���V�D�Y�H�G���U�H�V�X�O�W�V���Z�L�O�O���D�S�S�H�D�U���L�Q���W�K�H���³Saved results�´���W�D�E����C).  
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Figure S51. Analysis of results. In the default mode, the results are displayed as a panel of 
molecular structures sorted by molecular mass in descending order. The user may change 
sorting criteria using drop-down menu K. After changing these sorting criteria, the choice is 
confirmed by �F�O�L�F�N�L�Q�J�� �³Sort again�´�� �E�X�W�W�R�Q���� �$�G�G�L�W�L�R�Q�D�O�O�\���� �W�K�H�� �X�V�H�U�� �P�D�\�� �D�S�S�O�\�� �I�L�O�W�H�U�L�Q�J�� �R�I��
products according to their masses, numbers of rings, numbers of stereocenters, etc. using list 
of filters in panel J�����7�K�H���I�L�O�W�H�U�V���D�U�H���D�S�S�O�L�H�G���E�\���X�V�L�Q�J���³Apply filters�´��N button whereas removing 
�D�Q�\���D�S�S�O�L�H�G���I�L�O�W�H�U�V���L�V���S�R�V�V�L�E�O�H���Z�L�W�K���³Clear all filters�´��M button. The results are saved under a 
user-�J�L�Y�H�Q���Q�D�P�H���E�\���X�V�L�Q�J���³Save�´����O) button. To change the view mode to network, the user 
�V�K�R�X�O�G���X�V�H���³View as graph�´����L ) button. 

 

Finally, the results can be displayed in network format (using L  button in Figure S52). In this 
mode (Figure S52) molecules are represented as nodes. The nodes are layered according to the 
synthetic generation in which they are produced, with substrates in the first row at the very 
bottom. Hovering over any node displays a structure of a molecule while left-clicking on any 
node displays the synthetic pathway leading to this molecule. Right-clicking on the node selects 
the pathway leading to given molecule or from a given molecule, depending on the chosen 
selection mode Q. 
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Figure S52. Network view of results with molecules represented as nodes.  In this view, the 
substrates are located at the bottom. The user can select the synthetic pathway(s) leading to or 
from a given compound(s) (mode chosen with Q control) using right-mouse-button click on 
any molecule. The selected pathways can be saved as a subgraph using R control �± the saved 
�V�H�D�U�F�K���D�S�S�H�D�U�V���L�Q���W�K�H���³Saved results�´���W�D�E����C). Left-mouse button click displays the synthetic 
pathway leading to a given molecule. Additionally, the P panel allows for coloring the nodes 
according to their status (known/present in EPA list/combination of chemical elements), for 
resizing nodes according to their popularity in the network, or for calculating their similarity to 
drugs or agrochemicals. 
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S12.4 Managing results 
The results of searches are displayed automatically after being calculated in the Results (B) tab. 
�$�Q�\���X�Q�V�D�Y�H�G���U�H�V�X�O�W�V���F�D�O�F�X�O�D�W�H�G���G�X�U�L�Q�J���F�X�U�U�H�Q�W���V�H�V�V�L�R�Q���D�U�H���D�Y�D�L�O�D�E�O�H���X�Q�G�H�U���³�7�H�P�S�R�U�D�U�L�O�\���V�W�R�U�H�G��
�F�D�O�F�X�O�D�W�L�R�Q�´���L�Q���³Saved results�´���W�D�E����C). These unsaved calculations are permanently lost after 
logg�L�Q�J�� �R�X�W���� �&�D�O�F�X�O�D�W�L�R�Q�V�� �V�D�Y�H�G�� �X�V�L�Q�J�� �³Save�´�� �E�X�W�W�R�Q�� ��O) and sub-�Q�H�W�Z�R�U�N�V�D�Y�H�G�� �X�V�L�Q�J�� �³Save 
selected as subgraph�´����R) are stored unless deleted by the user.  

 
 
Figure S53. Saved results tab. �&�D�O�F�X�O�D�W�L�R�Q�V�� �D�U�H�� �V�D�Y�H�G�� �L�Q�� �³Saved calculations�´�� �V�H�F�W�L�R�Q�� �R�I��
�³Saved results�´����C) tab (saving is performed with O button) under user-given names and are 
not removed after logging out. The saved subgraphs (saved with R button) are available close 
�W�R���S�D�U�H�Q�W���V�H�D�U�F�K�H�V�������7�K�H���U�H�V�X�O�W�V���V�W�R�U�H�G���L�Q���³Temporarily stored calculations�´���V�H�F�W�L�R�Q���D�U�H���D�Y�D�L�O�D�E�O�H��
only during current session and will be lost after logging out.  
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Section S13. Selection of conditions for iterative sequences.  

 

Figure S54. Conditions for iterative sequences are sourced from individual reaction rules 
taught to the computer. This example shows screenshots from a-c, Chematica and d-f, 
Allchemy programs for individual steps of the iterative synthesis of 1,2,5,6-polyols via 
aminoxylation-allylation. Each step lists suggested conditions and provides hyperlinks to 
illustrative references (please note that Chematica and Allchemy are coded independently of 
one another and so illustrative literature links are generally not identical). As to the most 
noticeable adjustments in the computer-proposed conditions, for the cleavage of N-O bond step 
corresponding to panels (a-Chematica, d-Allchemy), we used the Zn/AcOH system to achieve 
91% yield while the Cu2+ salts (as suggested by Chematica/Allchemy based on, e.g., R7) 
�S�U�R�G�X�F�H�G���W�K�H���G�H�V�L�U�H�G���S�U�R�G�X�F�W���L�Q�����������\�L�H�O�G�����$�G�G�L�W�L�R�Q�D�O�O�\�����W�K�H���%�U�H�L�W�¶�VR15  catalytic system (Rh/6-
DPPon) was used rather than the proposed Rh/Xantphos system, because it allowed us to 
replace the highly flammable and toxic H2/CO mixture with HCOOH as the formylating 
agentR16 during hydroformylation of alkenes. Finally, in this and other examples from Figure 
5, we used the NaH in DMF as a base for protection of secondary alcohols with PMBCl rather 
than K2CO3 in acetone proposed by Chematica. 
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Figure S55. Conditions for iterative sequences are sourced from individual reaction rules 
taught to the computer. This example shows screenshots from a-d, Chematica and e-g, 
Allchemy programs for individual steps of the iterative synthesis of 1,5-�S�R�O�\�R�O�V���Y�L�D���.�U�L�V�F�K�H�¶�V��
allylation (cf. main-text Figure 5a). Each step lists suggested conditions and provides 
hyperlinks to illustrative references (please note that Chematica and Allchemy are coded 
independently of one another and so illustrative literature links are generally not identical). As 
to the differences between computer-suggested and experimental conditions, in allylation step 
corresponding to panels (a-Chematica, d-Allche�P�\�������Z�H���X�V�H�G���W�K�H���L�P�S�U�R�Y�H�G���.�U�L�V�F�K�H�¶�V���F�D�W�D�O�\�V�W��
that we happened to have on the shelve �± with 4-CN-3-NO2-BzOH instead of 3-NO2-BzOH 
ligand proposed by Chematica. In the same spirit of shelve-availability, the hydrocyanation 
step (c-Chematica, f-Allchemy) was performed with simple Zn(CN)2 salt rather than proposed 
acetone cyanohydrin.  
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Figure S56. Conditions for iterative sequences are sourced from individual reaction rules taught 
to the computer. This example shows screenshots from a-d, Chematica and e-g, Allchemy 
programs for individual steps of the iterative synthesis of 1,4-�S�R�O�\�R�O�V���Y�L�D���.�U�L�V�F�K�H�¶�V���D�O�O�\�O�D�W�L�R�Q��
(Figure 5b). Each step lists suggested conditions and provides hyperlinks to illustrative 
references (please note that Chematica and Allchemy are coded independently of one another 
and so illustrative literature links are generally not identical). Regarding the differences 
between computer-suggested and experimental conditions, in the allylation step corresponding 
to panels (a-Chematica, d-Allchemy), w�H�� �X�V�H�G�� �W�K�H�� �L�P�S�U�R�Y�H�G�� �.�U�L�V�F�K�H�¶�V�� �F�D�W�D�O�\�V�W�� �W�K�D�W�� �Z�H��
happened to have on the shelve �± with 4-CN-3-NO2-BzOH instead of 3-NO2-BzOH ligand 
proposed by Chematica.  



S-96 
 

Section S14. Pseudocode for the algorithm to identify iterative sequences.  

 

 
Figure S57: A general scheme of detecting iterative sequences (function findIteratives; lines 7-
18). As input, the algorithm takes sequence seq of individual reaction steps (and/or sequences 
of steps, like FGI, see main text). Reactions entailing any incompatibilities �± as determined 
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based on the list of groups incompatible with a given reaction rule �± are excluded. In the 
�µ�J�H�Q�H�U�D�O�� �I�L�O�W�H�U�L�Q�J�¶�� �S�K�Dse (generalFiltering; lines 1-5) the algorithm removes trivially useless 
pairs of reactions sequences such as simple loops (substrate = target, e.g., reduction and then 
oxidation of the same group), or sequences in which target or substrate have no atoms common 
�Z�L�W�K���W�K�H���V�H�T�X�H�Q�F�H�¶�V��intermediates�����,�Q���W�K�H���µ�V�W�U�X�F�W�X�U�D�O���I�U�D�J�P�H�Q�W���$���U�H�J�H�Q�H�U�D�W�L�R�Q���I�L�O�W�H�U�L�Q�J�¶���S�K�D�V�H��
(lines 9-13) the algorithm retains sequences if there exists any fragment (functional substructure 
�Z�L�W�K�L�Q�� �U�D�G�L�X�V�� �5� ���� �R�I�� �W�K�H�� �P�R�O�H�F�X�O�H�¶�V�� �D�W�R�P���� �J�H�W�)�U�D�J�P�H�Q�W�V����line 6) present exclusively in the 
intermediate. Furthermore, iterative sequences are to be identified by the following two 
functions: findCoreLoop (cf. also Figure 53) and findABLoop; cf. also Figure S54). 
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Figure S58: Pseudocode of CoreLoops (for example see main-text Figure 2a) identification 
(findCoreLoop; lines 17-20). The algorithm selects sequences of reactions having a 
substructure (structural motif) present both in the target and the substrate, but absent in  the 
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intermediate. This �V�W�U�X�F�W�X�U�D�O���P�R�W�L�I�����R�Y�H�U�O�D�S�V���Z�L�W�K���W�K�H�����³�F�R�U�H�´���R�I���U�H�D�F�W�L�R�Q���U1 ���µ�V�W�U�X�F�W�X�U�D�O���I�U�D�J�P�H�Q�W��
�%�� �U�H�J�H�Q�H�U�D�W�L�R�Q�¶������ �0�R�U�H�� �S�U�H�F�L�V�H�O�\���� �Z�H�� �G�H�I�L�Q�H�� �F�R�O�O�H�F�W�L�R�Q�� �R�I�� �V�X�E�V�W�U�X�F�W�X�U�H�V��Fts =  (fr target - 
fr intermediate ) �@�� ���I�Usubstrate - fr intermediate ) (cf. Figure S52  lines 9-10 and 14-15), and  retain 
sequences in which at least one member of Fts  has only one matching to target and overlaps 
with the r1 core (acceptedFts; lines 1-5). In addition, in order to assign a sequence of 
transformations to this category, the following  close-the loop conditions have to be satisfied 
(closeLoopCondition; lines 8-16): target contains r2 core synthon, forward intermediate, i.e., 
product of r2 applied to the target �L�Q���W�K�H���I�R�U�Z�D�U�G���G�L�U�H�F�W�L�R�Q�����³�U�H�Y�H�U�W�H�G��r2�´) contains core of the 
synthon from the r1 class (i.e., expert-coded reaction rule from the same chemical category 
having the same name, number of products and number of synthons as transformation r1); 
forward intermediate must have more non-hydrogen  atoms than intermediate to avoid, e.g., 
unproductive iterations (line 12). 
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Figure S59: Pseudocode of ABLoops (for example see main-text Figure 2b) identification 
(findABLoop; lines 8-13). The algorithms filters out the following groups of sequences: (a) 
one-molecule sequences, i.e., only one non-trivial  (countNonTrivial; line 1) synthon resulting 
from r1 and r2 (lines 9-10), (b) having protection on r1 (line 11; note sequences with 
incompatibilities at this step are removed earlier), (c) satisfying cross-incompatibility condition, 
i.e., target with incompatibility from r2, or substrate with either protection or incompatibility 
from r1 (crossIncompatible; lines 2-6) (d) returning True when applying 
additionalChemicalFilter (line 7) .  
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