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Planning of multistep syntheses of non-trivial organic molecules is generally a very
complex task, requiring immense expertise and often creative insight. First attempts
to teach computers to assist in this effort date back to 1960s. However, none of the algorithms
offered a broad and accurate enough “knowledge” of reaction rules, algorithms allowing
for fully automated searches over the immense networks of retrosynthetic possibilities, or the
scoring functions to evaluate progress of such searches. At best, the semi-automatic programs
like E.J. Corey’s LHASA suggested synthetic options one-step-at-a-time — leaving the process
of actual synthesis planning and route design to the human user.

My doctoral work was largely centered on the development of the Chematica program —
now distributed worldwide by Millipore-Sigma/Merck. This system combines expert-level
rules of chemical reactivity with Al algorithms with which to navigate retrosynthetic searches.
My early contribution was extending the chemical knowledge base of Chematica by ca. 50,000
expert-coded reaction rules, mostly those for stereocontrolled synthesis of complex natural
products. With this foundational contribution, | then worked on the development of algorithms
with which to estimate realistic costs of the computer-designed routes — including not only costs
of substrates but also estimated yields, costs of individual steps, and the overall structure of the
pathway (linear vs. convergent). | showed that the use of these cost-estimating routines can
be used to design and prioritize either small-scale syntheses used in discovery-oriented settings
(focusing on synthetic conciseness), or larger-scale processes (which seek to minimize substrate
prices).

The next part of my research centered on the development of algorithms to design
syntheses that, while chemically correct, navigate around patented solutions. To do so,
| designed methods to flag key disconnections used in patented syntheses and then
to prioritize alternative solutions. I showed how this methodology can be used to find loopholes
in syntheses of Dblockbuster drugs which, apparently, are patent-protected
in exhaustive detail. This work has had two complementary motivations: on one hand,
to allow chemical producers to better protect their synthetic inventions but, on the other hand,



to allow producers of generic drugs (often from poorer countries) to find alternative solutions
without violating international trade laws.

My next project aimed at enabling Chematica to synthesize multiple syntheses
at one, leading to entire libraries of targets (e.g., drug analogs). | designed algorithms
to plan such syntheses with the maximal use of common intermediates. This allowed
to render the “global” synthetic plans more economical and the calculations times of such plans
to be significantly shorter. | then extended these algorithms to an industrially important situation
in which libraries of isotopically-labelled compounds are to be synthesized in the most cost-
effective manner. In particular, | also created a method to generate libraries of isotopomers,
and then of selecting from this library the target that is most readily synthesizable.

The final project described in my thesis aimed at yet another aspect of synthetic efficiency
— namely, the ability to design routes to complex targets using only few
and iteratively applied types of reactions. Such iterative syntheses have been of immense
importance for synthesis automation — two of the transformative and Nobel-winning examples
are iterative, couple-deprotect cycles for peptide and oligonucleotide syntheses. Yet, the
number of such iterative syntheses is limited, hampering progress of the field. Accordingly,
I set out to design an algorithm that would use Chematica’s broad knowledge of synthetic
chemistry to automatically discover large numbers of iterative sequences. In the end, this
algorithm discovered thousands of new iterative methodologies, ranging from the syntheses
of polycyclic compounds to the syntheses of complex stereoarrays. Several of these iterations
were subsequently validated by experiment and the paper itself — in many ways crowning my
doctoral research —was published as the cover article in the inaugural issue of Nature Synthesis.



