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In 2005 and 2006, we published the first reports!'®®! on the
representation of all synthetic knowledge as a giant network
in which molecule “nodes” are connected by reaction
“arrows” (Figure 1). In these early works, we focused on the
topological structure and evolution of this network and
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Figure 1. a) A small (ca. 5500 nodes, ca. 0.1% of the total) fragment
of the network of organic chemistry (NOC), where individual nodes
represent the molecules and arrows represent reactions. The represen-
tation in b) has the reaction arrows colored by the times these
reactions were first reported. This representation emphasizes the fact
that NOC, by itself, is not a “coherent” giant chemical system but only
a repository of reactions discovered separately, without regard for their
mutual compatibility. At best, it can be said that there was a “coherent”
interest in certain areas of chemistry (for example, synthetic activity
around the Penicillin V node in the 1960s, following the first total
synthesis).

demonstrated the scale-free network topology, existence of
hub molecules central to organic synthesis, exponential
growth of the network in time, correlations between molec-
ular masses,'¥ trends in reactivity based on network con-
nectivity,'*Y and more. While our analyses had little applic-
ability to the everyday synthetic practice, we envisioned!!
that such a junction between network theory and synthesis
would one day be achieved. Now, we are reporting, in three
consecutive communications,'” the extension of chemical-
network concepts into methods directly relevant to exper-
imental chemistry: 1) discovery of one-pot reactions; 2) opti-
mization of multiple reaction pathways, and 3) the detection
and blocking of synthetic pathways leading to dangerous
chemicals. The first communication in this series addresses
one of the most important challenges in organic chemistry:
namely, how to “wire” individual reactions into sequences
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that could be performed in one pot. One-pot reactions!

save resources and time by avoiding isolation, purification,
characterization, and production of chemical waste after each
synthetic step. Sometimes, such reactions are identified by
chance or, more often, by careful inspection of individual
steps that are to be wired together; even this latter process,
however, is invariably subjective and depends on the knowl-
edge and intuition of any individual chemist (or group of
chemists) involved. Herein, we show that the discovery of
one-pot reactions can be facilitated by computational meth-
ods. We first describe algorithms that identify possible one-
pot reactions within the network of all known synthetic
knowledge and then demonstrate that the computationally
predicted sequences can indeed be carried out experimentally
in good overall yields. The experimental examples are chosen
to “rewire” small networks of reactions around practically
important chemicals: quinoline scaffolds, quinoline-based
enzyme inhibitors, and thiophene derivatives. In this way,
we replace individual synthetic connections with two-, three-,
or even four-step one-pot sequences.

The network of organic chemistry (NOC; Figure 1) is
constructed from reactions reported in the chemical literature
since 1779 and nowadays stored in chemical databases.
Pruning the raw data™ to remove catalysts, solvents,
substances that do not participate in reactions, and duplicate
or incomplete reactions, leaves about 7 million reactions and
about 7 million substances on which further analyses are
based. This dataset is translated into a network by represent-
ing chemical substances as network nodes, and the reactions
as arrows directed from the reaction’s substrates to products.

At first glance, this giant network of chemistry might look
akin to the metabolic networks of biochemical reactions. In
reality, however, metabolic networks are true chemical
systems comprising reactions that can, in most cases, occur
concurrently within the same reaction medium (that is, in
a cell); in contrast, the network of organic chemistry is
a collection of individual reactions performed by different
chemists at different times (Figure 1b), typically under differ-
ent conditions and in different solvents. Our goal is to find
within NOC the combinations of reactions that can be wired
into the simplest systems, that is, the linear, one-pot sequen-
ces.

To do so, the possible reaction sequences within NOC are
evaluated for one-pot-compatibility by several computational
criteria. The initial, trivial check is whether for a given
sequence (for example, a two-step A—B—C), there already
exists within NOC a direct A—C connection; if so, this
sequence is no longer considered. Assuming no A—C
connection is known, the algorithm applies various filters to
determine the compatibility of the individual reactions to be
wired together. Filter #1 checks for the compatibility of
functional groups on all molecules participating in a putative
sequence. Specifically, a house-written program is first used to
unambiguously partition each of the molecules into functional
groups taken from a list of 322 common chemical function-
alities (Figure 2a; Supporting Information, Section 1). The
constituent groups are then compared against a 322 x322
“master” matrix where all possible group combinations are
classified® as mutually unreactive (that is, compatible; gray
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Figure 2. lllustration of the group-compatibility filter (#1). a) Examples
of algorithmic partitioning of molecules into specific functional
groups. The full list of possible 322 groups is included in the
Supporting Information, Section 1. b) A large fragment (left) and
further magnification (right) of the group-compatibility 322 x322
master matrix used to determine the compatibility or incompatibility
of groups involved in a putative one-pot sequence. The classifications
are made assuming typical reaction conditions (see [11]). The zoomed
fragment contains some familiar group combinations and illustrates
their well-known reactivity trends (for example, ethers are poor
nucleophiles and generally unreactive, primary and secondary amines,
on the other hand, are reactive towards all kinds of electrophiles, and
so on).

entries in Figure 2b) or reactive (incompatible; red entries).
If incompatibilities are found, the algorithm suggests the
order of addition to avoid conflicts (for instance, in a two-step
A—B—C sequence, if A reacts with C, then A must be
consumed before the reagents to make C are added). Filter #2
verifies whether reaction conditions required in each step
would cause unintended reactions of functional groups in
other steps. These rules are summarized in the form of a table
comprising 97 typical reaction types/conditions versus 322
functional groups (Supporting Information, Section 2). Filter
#3 checks for the compatibility of solvents using a digitized
version of the well-known solvent miscibility tables (although
reactions can occur at solvent interfaces, it is not efficient for
one-pot reactions to combine solvents that are not miscible).
Filters #4-#8 are based on the compatibility of 600 common
reagents and are summarized in the Supporting Information,
Section 3. For instance, filter #4 checks for anhydrous versus
aqueous conditions (for example, in Gattermann reactions,
which install aldehyde groups in aryl systems under aqueous
conditions, subsequent one-pot steps cannot involve water-
sensitive reactants or reagents, such as Grignard compounds,
alkali metal hydrides, or organolithium reagents). In a similar
way, filter #5 checks for oxidizing versus reducing conditions,
which are incompatible unless the oxidizing or reducing
reagents can be converted into unreactive spectator species.
Filter #6 determines acid-base compatibility and alerts the
user as to whether acidic, basic, or neutral conditions are
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incompatible among reaction steps, such that the addition of
acids/bases at specific times, needs to be planned. Finally,
filter #7 checks for the incompatibilities in terms of hydride/
proton sources, and filter #8 checks for the compatibility of
chemical groups on the reagents (akin to filter #1 for
substrates/products). Although the rules stored in the filter
tables comprise over 86000 chemical criteria to evaluate
candidate one-pot sequences, the entire analysis takes only
a small fraction of a second on a typical desktop computer.
Also, when suitable reactions are identified and potential
conflicts resolved by proper reaction timing (that is, order of
addition), an optional step in the algorithm is to check for the
commercial availability of the substrates and reagents (in the
current version of our software, against the list of ca. 20000
chemicals, mostly from Sigma Aldrich).

Of course, the true value of any theoretical-chemical
algorithm is in experimental validation. In principle, the
method can be tested to identify one-pot reactions from
among any of the possible 1.8 billion two-step sequences
present within the NOC. While our algorithm has already
identified over a million (and counting!) possible sequences,
such randomly chosen reactions might be of no real-world
interest, and so herein we chose to illustrate the performance
of the method by “wiring” reaction sequences within classes
of compounds that are of popular interest and/or practical
importance. As the examples in Figure 3 and 4 span 27 one-
pot syntheses (14 two-step, 12 three-step, and 1 four-step
sequences), the main text focuses on their key aspects (full
experimental procedures and structural characterization of all
compounds are included in the Supporting Information,
Section 7). Finally, we emphasize that all the sequences and
yields reported below are based on the one-pot procedures as
suggested by the algorithm; that is, without any human
“tinkering” to optimize the yields, and so on (for comparison
of one-pot versus sequential reactions yields, see the Support-
ing Information, Section 4).

Figure 3 has the examples of one-pot reactions involving
quinoline-based molecules. We chose these molecules
because 1) quinolines are core structural units in medicinal
plant alkaloids, drug therapuetics”! (notably, antimalarial
drugs™), dyes, and bioactive materials;" and 2) the pre-
dicted sequences illustrate well the performance of the
algorithm in the detection and avoidance of cross-reactivity
conflicts. Initiating the searches in the network vicinity of 2,4-
dihyroxyquinoline (1 in Figure 3a), which is a common and
commercially available precursor for many C2- and C4-
substituted quinolines, our algorithm predicted seven viable
two-step one-pot reactions (red dashed arrows) and two
three-step sequences (blue dashed arrows). These plausible
sequences involved the chlorination of 1, followed by
arylation, alkynylation, or amination at the C2 and/or C4
positions and were subsequently carried out with overall
experimental yields indicated next to the arrows. In evaluat-
ing these syntheses, the functional group compatibility filters
#1 and #8 (compare with Figure 2b) detected a reactivity
conflict between aryl chlorides and alkylating reagents
(especially, boronic acids for Suzuki couplings and alkynes
for Sonogashira reaction, which can both alkynylate or arylate
the C2 position) and between some of the reagents or reaction
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chlorination with POCI; (water-sensitive,
carried out under acidic conditions) was
found by filters #4 and #6 to be incompat-
ible with the basic and aqueous conditions
common in many Pd-catalyzed cross-cou-
pling reactions. Accordingly, with 24-
dichloroquinoline (2) generated almost
quantitatively in situ, the reaction was basi-
fied before proceeding to C2 alkynylation
and then, under the same conditions, to the
final Suzuki coupling. The "H NMR spectra
in Figure 3 ¢ showcase the clean transitions
among the steps.

To further challenge the detection capa-
bilities of our program, we focused on
quinoline platforms that use acyclic precur-
sors for the ring construction. This
approach allows for a greater variety of
substituents and access to more types of
therapeutic targets such as the inhibitors of
phosphoinositide 3-kinase delta (PI3K9),
Ph  a key enzyme in the signaling pathway

Ny v involved in airway inflammation.®* Fig-
= ure 4a shows the network of syntheses of

several PI3KJ inhibitors, inhibitor precur-

4b sors, or closely related compounds with four

two-step, eight three-step, and one four-step
one pot sequences predicted and then
validated experimentally. Here, the algo-
rithmic compatibility filters gave predic-

N, Z B tions/suggestions similar to those we dis-
’I 3b n cussed in the context of Figure 3 (that is,
changing to basic conditions after the

cyclization and chlorination steps followed
by alkynylation, arylation, or amination).
Furthermore, the algorithm correctly iden-
tified that there were no group/reaction
condition incompatibilities in the initial

purified 4b
i — J\k\ cyclization and chlorination steps. Perhaps
I 1 L} ) L) 1 L) 1 L) 1 |} 1 1k ’
83 8.1 79 75 75 the mF)st strlkllng example. of. our method’s
ST o effectiveness is the prediction, and then
execution, of a four-step one-pot sequence
Figure 3. a) Individual reactions reported in NOC (black arrows) and the “wired” one-pot combining cyclization, chlorination, alky-

sequences predicted and carried out with the indicated yields (for all experimental details,
see the Supporting Information, Section 7). Note that 1 and 2 are shown twice to make the
scheme look less congested. b) An example of a three-step one-pot sequence involving

i) chlorination of 2,4-dihydroxyquinoline (1) with POCI; to generate the corresponding 2,4-

nylation, and arylation. This sequence,
indicated by a violet arrow in Figure 4a
and highlighted in Figure 4b, was carried

dichloroquinoline (2), ii) evaporation of phosphoryl chloride (POCL,) /HCI and iii) basification ~ out with an overall yield of 49 %. We note
with Cs,CO; (aq), iv) alkylation with phenylacetylene at the C2 position to provide 3b and, that the algorithm-identified sequences in

finally, v) alkylation at the C4 position with phenylboronic acid to give product 4b. The Figure 4a provide an attractive approach
"H NMR spectra in c) illustrate reaction progress and the purity of the final product 4b (see 5, large-scale preparations, as they allow

also the Supporting Information, Section 7).

conditions (filters #2, #4, and #6); together, these algorithmic
guidelines translated into the proper timing of reagent’s
addition. Figure 3b provides one illustrative example where
a three-step sequence involving chlorination, Sonogashira,
and Suzuki couplings was carried out cleanly, without
isolating 2 and 3b, with 95 % overall yield. In this example,

for flexible and regioselective introduction
of substituents using acyclic precursor 5 and
a substituted aniline 6¢.

The final set of examples (Figure 4c) deals with the one-
pot syntheses of thiophenes, which are of widespread interest
owing to their multifunctional properties, adaptability, chem-
ical robustness, and applications in electronics and photo-
voltaics."”! Central to our thiophene network is 3-bromothio-
phene, which was detected by network searches as a synthetic
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far generated over a million structurally

diverse one-pot sequences, it is clearly impos-

sible to validate all of them experimentally.

Me Instead, we estimated the likelihood of false-
positive predictions by closely inspecting
! about 500 predicted sequences and cross-
checking them against the original research

e 6. i describing the constituent/individual reac-

NS NoAn? [ AN tions. In few percent of cases, the predicted
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Figure 4. Rewiring reaction networks of individual reactions involving PI3KJ inhibitors
and substituted thiophenes. Previously reported individual reactions correspond to black
arrows; two-step sequences are represented by red arrows, three-step sequences by blue
arrows, and a four-step sequence is denoted by a purple arrow. a) Network of PI3Ko
inhibitors or precursors and closely related compounds. b) Four-step one-pot synthesis of
10g: i), ii) cyclization, iii), iv) chlorination, v) Sonogashira reaction, and vi) Suzuki cou-
pling. c) A small reaction network centered on 3-bromothiophene. For experimental

details, see the Supporting Information, Section 5.

“hub” and thus a key starting material within our thiophene
network. This small, “rewired” network comprises three two-
step and two three-step one-pot sequences involving four
types of reactions: arylation (Suzuki cross coupling), bromi-
nation, iodination, and dimerization. In the pathways going
through 11a to 12a or 12¢, the program deemed the reactions
compatible with the proviso that the basic conditions of the
Suzuki coupling be changed to acidic for the bromination
step; this was achieved using acetic acid, which is a common
medium for NBS bromination reactions!'!! and can scavenge
remaining metal catalyst. In the pathways going through 11b
(prepared using Grignard reagent and [NiCl,(dppp)] cata-
lyst), regioselective bromination led to 12b, the iodination of
which then completed the three-step sequence to give 13a. In
a similar fashion, after forming 12b by a Grignard bromina-
tion sequence, a second Grignard reaction was carried out to
provide homodimerization product 13b.

Having discussed the success cases, it is important to
outline the pitfalls of the method. While our algorithm has so
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report, or reported incorrectly, the key
reagents or reaction conditions present in
the original reports. This result underscores
the need for faithful translation of the liter-
ature data into chemical database content. A
much less frequent source of errors (only few
cases we encountered so far) is the algorithm’s
incomplete “knowledge” of the mechanistic
details of the reactions to be wired. One
illustrative example is included in the Sup-
porting Information, Section 5, where a pre-
dicted sequence failed experimentally
because of an unforeseen transformation of
Lawesson’s reagent into species reactive
toward one of the intermediates. We recog-
nize that there is an ongoing need to improve
the filters/rules that our algorithm uses; the
goal is that such improvements will ultimately
render the algorithm on a par with the
detailed synthetic knowledge of experienced
organic chemists (including stereoselective
syntheses; see the next communication, Fig-
ure S$12).0141

In summary, we have described one-pot
reactions that were first “blindly” discovered
by a computational method (that is, without
any human guidance during algorithm execu-
tion) and then validated experimentally. The
current work is to the best of our knowledge
the first experimentally validated demonstration of a com-
puter-driven discovery of one-pot sequences. A software
product for NOC searches, one-pot reaction analyses, opti-
mization of synthetic pathways, and other functions described
in the following two communications!™* will be commercially
available later in 2012. In the meantime, our immediate
goal is to extend the algorithm to the discovery of multi-
component reactions such as the famous Ugi reaction.!'
Incidentally, it was the late Ivar Ugi who first considered
the use of computers for optimizing and rewiring chemical
syntheses.**¢I Three decades later, we finally have computers
and algorithms powerful enough to rewire chemistry into an
optimal and coherent chemical systems. As wiring individual
computers together gave rise to the internet revolution, so
will the wiring of chemical reactions into systems give rise to
the revolution of the “chemical internet”. Our aim with this
and the subsequent two communications in the series!' is to
illustrate how powerful a tool the chemical internet can

S” 'Br
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become in connecting molecules through synthetically advan-
tageous or even optimal pathways.
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