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Abstract 

This is an account of my views on the relationship between structural complexity and photochemistry of small 
organic molecules. Exploration of the benefits of photochemical reactions for efficiently accessing novel 

structures has shaped my research interest over the past decade. Operating within the build-couple-pair 
paradigm, high energy intermediates obtained through the absorption of a photon are especially useful in the 
pairing phase. They enable intramolecular cyclizations that often significantly increase structural complexity 
and rigidify the saturated carbon frameworks. Computing complexity of a molecule is easy, but developing 
new reactions is difficult. So, most of my lab’s day-to-day work is dedicated to solving synthetic problems. We 
think that measuring structural complexity can productively direct our synthetic efforts by focusing attention 
on transformations that increase it significantly and quickly. We hope that structures which are the product of 
such efforts can also reveal something new, primarily in the context of bioactive molecules.  
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1. Introduction  
 

Kansas is the eighth sunniest state in the US. (Florida, the Sunshine state, is ranked 10.)1 One day we 

measured 0.5 mmol/(secm2) of photons reaching our Hatchard-Parker actinometer.2 To do photochemistry 

in a place where sunshine is plentiful was also obvious to Giacommo Ciamician, who pioneered converting the 

energy of photons into chemical bonds in the early 20th century in sunny (or so I imagine) Bologna, Italy.3 

Today, as we are pondering renewable sources of energy for a sustainable future of our species, we are again 

turning towards the Sun as the ultimate source of renewable energy for the foreseeable future, because wind 

and hydro both depend on the Sun.  

Another quirk of doing photochemistry in Kansas is that our state flower is the sunflower, a heliotrope 

that turns its oil-heavy seed-head in sync with the Sun. Figure 1 shows my research group over the years 

(2020, 2023, and 2024) in a field of sunflowers near Lawrence, KS. Those pictured are the ones who did the 

work: most of all Manvendra Singh, now at Arena BioWorks in Cambridge; Zach Pearson contributed to 

multiple projects as a coding chemist; Bryce Gaskins, a very talented and motivated undergrad now a PhD 

student at Caltech in Stoltz group, pioneered some S8-mediated photo-ozonolysis; Victor Fadare, and Mauricio 

Bahena Garcia are now in the group and exploring enantioselectivity in photochemistry.  

Unlike most photochemists who spend at least their PhD years learning the intricacies of the field, I 

came to photochemistry late, during my postdoctoral training in Stuart Schreiber’s lab at the Broad Institute of 

MIT and Harvard. Armed with what I could grasp from “Turro” and “Calvert and Pitts,” I crossed the Charles 

River to Boston University where Aaron Beeler4 and his group members showed me how to set up my first 

photochemical reactions. We still use his setup for photochemistry in flow.5 Oliver Kappe told me at a Gordon 

Research Conference that flow is the right way to do photochemistry. I agree, but he may be biased.6,7  

The Broad Institute at that time was heavily devoted to screening small molecules in various 

sophisticated assays that would reveal their biological activity.  My interest in tapping the potential of excited 

state reactivity was piqued when I learned about the problems associated with increasing percentages of 

“flat” molecules populating screening decks in large and small pharmaceutical companies.8 The origin of the 

problem is in the fact that chemists became really good at connecting sp2-hybridized atoms together by using 

transition metal-catalyzed aryl-aryl or amide coupling.9 Unfortunately, these compounds are often too 

crystalline, tend to aggregate in solution,10 and sometimes fluoresce on their own and confuse the screening 

measurements which often rely on fluorescent readouts.11  
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Figure 1. The group in the field of sunflowers over the ages. 2020 : Zach Pearson, Sri Kolluru, Vishva Shah, 

Manvendra Singh, ZB, Amar Kumar, Cybelle Areye, Bryce Gaskins ; 2023 : Mauricio Bahena Garcia, Elizabeth 

Miller, Victor Fadare, ZB, Manvendra ; 2024 standing: Mauricio, Victor, Ian Shire, ZB ; kneeling : Zhe Wang, 

Alhamza Hamza. 

 

In view of these considerations, I reasoned that if we need to “escape from flatland,”8 as the phrase 

went, why not take advantage of the absorption characteristics of such flat and often aromatic molecules, and 

transform them photochemically into non-flat molecules that are still rigid, but with lots of interlocked sp3 

carbons and nitrogens? Can photochemistry help us turn the abundance of sp2 carbons into stereogenic 

centers, and make polycyclic fused, spiro, bridged structures, thus rigidifying them in a distinctly non-2-

dimensional way?  

While at the Broad, I secured internal funding for what I called a “build-couple-glare” project, and in 

tandem with two amazing Harvard graduate students, Bruce Hua and Chris Gerry, we started shining light on 

molecules.12 This approach fit well with the “NextGen chemistry” zeitgeist at the Institute at that time. 

Schreiber and coworkers at the Broad, and also at KU, funded by the NIH CMLD program, have been designing 

synthetic pathways towards small organic molecules that are rich in stereocenters for over a decade. As the 

next logical steps in the evolution of the Science of Therapeutics and diversity-oriented synthesis several new 

approaches were evaluated. Fate would have it that I escaped the molecular flatland by finding a faculty 

position in one of the flatter states, at least by reputation (again, Florida is flatter than Kansas).13    

 

 

2023 

2024 
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2. Structural Complexity  
 

Earlier in my training, I saw compounds as a goal, something to be prepared. Now I see chemical structures as 

encoding information.14 Asymmetry in a molecule leads to the possibility of isomers. With N elements of 

asymmetry, each one allowing for two distinct spatial arrangements, there can be as many as 2N 

stereoisomeric structures.15 A tremendous diversity of shapes emerges from this simple combinatorics. For 

instance, in 6-carbon monosaccharides (hexoses) four points of asymmetry (stereogenic carbons) can generate 

sixteen stereoisomers (excluding diastereomeric hemiacetals). Each of these stereoisomers has a unique 

structure, and as a result, it interacts with biological systems in distinct ways.16 This diversity of non-flat 

structures, within the confines of isomeric chemical compositions, enables a corresponding diversity of 

biological activities and behaviors, leading to a greater combinatorial space of possible outcomes. This is very 

life-like! 

It has become common to refer to the set of all conceivable chemical structures as the “chemical 

space.” The size of this set is mind-bogglingly large even when limits on the number of atoms are imposed.17,18 

But is it really a space? In mathematics, a space requires that an internal structure exist between the objects 

that comprise it. It can be remarked that because chemical structures are discrete objects, it is not possible to 

interpolate between them (what is between an ethyl group and a methyl group?) and the framework 

connecting various chemical compounds is not known. It may be more difficult to navigate a set than a space, 

but it seems evident that this set is “denser” in regions where isomers are possible, i.e., there is only one 

toluene, but there are three xylenes. This possibility of isomers is measured by structural complexity of 

molecules.  

In this paper, I will use a measure of structural complexity developed by Böttcher in 2016.19 This 

measure can be thought of as a mapping between a chemical structure and a real number line. The mapping is 

achieved by computing five numbers for each heavy atom in the molecule, multiplying those numbers either 

directly or as their logarithms, and adding the products for all the atoms, making sure to subtract the 

symmetry equivalent contributions. This approach is rooted in information theory and is distinct from the 

graph-based approaches in which unique sub-graphs of a molecular graph are counted.20 Sarpong has recently 

compiled and contextualized a useful overview of various methods for computing structural complexity.21  

To make computation of these indices more facile, my group (Zach Pearson, in particular) developed 

our own Python programing language-based implementation, using RDKit functions,22 for calculating them in 

practice (https://github.com/boskovicgroup/bottchercomplexity), but we struggled to properly account for 

several edge cases. Shortly after, the Forli lab developed a convenient web-based app for computing the index 

by simply pasting the SMILES string (https://forlilab.org/services/bottcher/). I will use the numbers computed 

through the Forli lab web app in the remainder of this article. Since that time, however, my group has 

associated with each one of our papers a GitHub page (“git commit, git push”) containing all the NMR 

assignments in the structured data format, the code for analyzing the data and generating the figures, and the 

computational log files, etc. I believe this is how we can make research more reproducible.  

The build-couple-pair formalism (Figure 2) systematizes a nature’s approach for efficiently exploring 

the chemical space through biosynthesis.23 It can be illustrated on the example of biosynthesis of terpenoids. 

In the build phase, dimethylallyl alcohol 1 (activated as a pyrophosphate) and isopentenyl alcohol are 

synthesized. These building blocks have relatively low structural complexity19,24 and can exist as either two or 

one isomers, respectively. The coupling phase involves connecting these building blocks into a linear trimer 2. 

The complexity of the trimer is proportional to the complexity of the monomer: the trimer is approximately 

three times more complex than the monomer. In terms borrowed from fractal research,25 the trimer is “self-

https://github.com/boskovicgroup/bottchercomplexity
https://forlilab.org/services/bottcher/
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similar” to the monomer, meaning that its structure contains little new chemical information compared to the 

monomer. Strikingly, it is in the pairing phase, specifically through intramolecular cyclization reactions, when 

complexity jumps abruptly. In the example provided, the isomerization (i.e., a reaction in which no new atoms 

are added to the structure) of 2 converts three double bonds into three rings, resulting in the creation of five 

stereocenters in 3. This transformation significantly increases the complexity index, the structure becomes 

more rigid, and nearly every proton in the NMR spectrum becomes distinct.  

 

 
Figure 2. Build-couple-pair : Example from sesquiterpene biosynthesis ; Structures of several alkaloids ; 

Cyclization of squalene to hopene. 

 

Several structures of naturally occurring alkaloids also nicely illustrate the range of complexities 

achieved through biosynthetic reactions and point again to the stereocenter content within small molecular 

frameworks (high information density)24 as representative of nature’s way of exploring chemical space. I hope 

that someday “chemical archeology” will reveal to us how aconitin evolved.  

 

 

3. Photochemistry  
 

Photochemistry is concerned with the reactivity of excited states.26,27 Instead of using heat or highly energetic 

(and often non-selective) reagents to promote thermodynamically unfavorable reactions, as is typically done 

in ground state chemistry, substrates are provided with excess energy through the absorption of a photon. 

Desirable products with strained rings or high levels of steric congestion are often thermodynamically 

“downhill” from such highly energetic excited states. The price to pay is often a decrease in selectivity. Indeed, 

the field of synthetic organic chemistry is still learning how to exert control over these states and derive 

maximal synthetic benefit from them.28  
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When a molecule is photoexcited, the behavior of its functional groups can be altered, which is 

manifested as a change in their reactivity. For example, a normally electrophilic carbon in a carbonyl group 

becomes more carbanion-like, while a typically Lewis basic oxygen becomes highly electrophilic.29  

I will now discuss several examples of synthetic sequences in which photochemistry played a central 

role in increasing structural complexity of the final products, and which inspired the work in my lab.  

The photochemistry of alkylpyridinium salts, like 4 (Figure 3), was first disclosed by Kaplan,30 and then 

developed by Mariano into a number of useful synthetic methods for accessing stereotriads on 

cyclopentenes.31 When 4 is irradiated in wet acetonitrile, product 5 is obtained in a single synthetic step,32 in a 

sequence that can be named {Kaplan-Mariano}–{Ritter} to facilitate its identification. Excited state of 4 

rearranges to cyclopentenyl cation-fused aziridine A whose positive charge attracts nucleophilic acetonitrile to 

give rise to nitrilium B. Finally, small amounts of water in the solvent add to the nitrilium and upon 

deprotonation give C, which cyclizes by opening the vinyl aziridine to give 5. 

 

 
 

Figure 3. From flat pyridines to bicyclic stereotriads via cyclopentenyl cation-fused aziridine. 

 

Notably, the complexity of 5, with three contiguous stereocenters, two heteroatoms, and a cis double 

bond, is about three times higher than the combined complexities of its precursors (i.e., 4, acetonitrile and 

water). Its rigid structure, with three hydrogen bond acceptors and one donor, and low lipophilicity made it 

appealing from the standpoint of chiral fragments synthesis33 where the goal was to create diverse, but small 

organic molecules with an abundance of stereocenters and use them in binding experiments against proteins 

of interest, either through saturation transfer difference NMR or soaking with protein crystals and examining 

x-ray diffraction.  

A similar {Kaplan-Mariano} vinyl aziridine generated from 6 in methanol (Figure 4) can be converted in 

situ to cyclopentene-fused imidazolidinones 7 with catalytic palladium and arylisocyanates.34 Here, methanol 

traps the cation, and Pd readily inserts into the vinyl aziridine. For similar reasons as for 5, the product here 

has about 2-3 times higher complexity than the precursors. Diastereoselective formation of the aziridine, and 

stereospecific addition of one of C-N bonds of aziridine over the π system of the isocyanate is an attractive 

feature of this sequence of transformations. Trost has shown that chiral ligands on Pd lead to enantioenriched 

products of the opening of acyclic vinyl aziridines with arylisocyanates,35 suggesting further studies on this 

appealing sequence are warranted.  

Moreover, from the vantage point of bioactivity of such rigid yet saturated structures, compound 7 

(aka BRD3975) is being explored as an enantiospecific inhibitor of sulfide-quinone oxidoreductase (SQOR) 

enzyme, after initial screening revealed its ability to shrink a tumor organoid model of pancreatic cancer.34  
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Figure 4. Allylic aziridines are efficiently prepared through photochemistry; Palladium reliably catalyzes 

insertion of one of the C-N bonds into isocyanates. 

 

While examples with 4 and 6 relied on exceedingly simple starting materials, Kutateladze has 

developed a photochemical transformation that requires a slightly more complex “coupling phase” product 8 

(Figure 5) as the photochemical substrate.36 The payoff is the concurrent formation, in compound 9, of two 

new C-C bonds, two new C-N bonds, and two new O-H groups, generating six new stereocenters and four new 

rings in a single step. This is achieved by converting two unsaturations from the furan ring and two from the 

activated carbonyls into the new rings, thus displaying a level of cascade reactivity and concomitant 

stereogenicity rivaling the polycyclization of squalene to hopene (Nature still wins, Figure 2).37  

 

 
 

Figure 5. Furans act as remarkable rigidifying elements. 

 

4. Towards more elaborate photo-synthetic schemes 

 

We also explored products of arylpyrrolinium irradiation as substrates for further structural diversification.38 

Irradiation of 10 leads to the formation of two chromatographically separable isomers 11 and 

dihydrosemibullvalene 12, a product of meta cycloaddition. The complexity of these products is about double 

that of their flat sp2-rich precursors and is primarily due to the formation of two new stereocenters. Notably, 

11 and 12 are structurally very distinct, having Tanimoto similarity of 0.167. This underscores the notion that, 

in addition to complexity, photochemistry can be a useful tool for accessing structurally diverse products, as 

well.   

Similar to the use of vinyl aziridine described above for the subsequent transformation, the 

photochemically generated amine can be used as a nucleophile together with a cis amide for the N,N-

acetalization of an aromatic aldehyde as in 13. Selective functionalization of the aromatic portion of 10 

necessitated using newly-developed thiantrenation chemistry39,40 to install a thiantrenyl “pseudo-halide” for 

Pd-catalyzed Suzuki and Sonogashira reactions to arrive at 14. Overall, by applying this strategy, we 

synthesized a collection of 27 related molecules whose biological activity we profiled using the cell painting 

technique.41–43  
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Figure 6 Synthesizing a collection of spiroindane pyrrolidines through phenylpyrrolinium photochemical 

coupling with electron-defficient olefins. Subsequent transformations include selective C-H thiantrenation, 

followed by Pd-catalyzed couplings, or N acylations. 

 

Cell painting is a technique pioneered by Anne Carpenter at the Broad. It can be used in many contexts 

to reveal changes in cell morphology as a reporter on different perturbations. For small molecules, the cells, 

usually osteosarcoma U2OS, are treated for 24 hours, and then six organelle- or sub-cellular structure-specific 

dyes are added, cells are fixed and automated fluorescent microscope is used to capture images of cells. The 

key is in the analysis of these image. CellProfiler is a program that allows relatively straightforward extraction 

of numerical data from such images. When the analysis is done, each treatment (i.e., a compound at a given 

concentration) can be associated with a numerical vector of around one to two thousand components. These 

vectors can then be compared to those produced by known bioactive compounds, with the underlying 

assumption that compounds with similar mechanisms of action would produce similar morphological changes 

in cells.  

In our hands, preliminary data suggests that 14 induces unique and reproducible changes in cell 

morphology, while its trans diastereomer does not. This finding may hint towards a selective interaction with a 

biological target (or targets) whose identity is still unknown. A path is clear for synthesizing a suitable probe 

for a proteomic experiment which may provide an answer to this important question.  

Surprises abound in photochemistry, which is why, I suspect, many are drawn to the field. When we 

attempted a similar photochemical reaction on an analog of 10 containing an electron-donating group at the 

para-position (Figure 7), we unexpectedly obtained a product 16 in which the two fragments of 15 added in a 

1,2-fashion to the electron-poor double bond of acrylonitrile.44 This reaction is reminiscent of a De Mayo 

reaction45 and likely proceeds through the intermediacy of an intramolecular charge-transfer state A (Figure 

7).46 The electrons residing in HOMO of the excited state, which is the iminium π* orbital, add in a conjugate 

addition sense to the electron-poor olefins producing B. On return to the ground state electrons reorganize 
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and attempt radical recombination as in C. This would lead to highly strained system, and instead, the 

electrons from nitrogen assist in cleaving the sigma bond and rearomatize the molecule.  

 

 
 

Figure 7. Fragmentative addition of TICT over an olefin. Photochemical pathways can be sensitive to small 

structural changes in reactants. Introduction of electron-donating substitutent into phenyl pyrrolinium salts 

enabled access to pyrrolizidines, following reductive cyclization. 

 

The complexity increase here is only modest, about 40%. If ester is used as an electron-withdrawing 

group on the olefin, reductive lactamization on 17 can furnish 5-5 fused pyrolizidones like 18, with virtually no 

diastereoselectivity. Parallel to an overall complexity of the molecule, it may be worthwhile to compute 

complexity relative to the number of non-hydrogen atoms. With such a metric, transformation of 17 to 18 

increases this relative complexity by about 30%. 

We explored similar strategy by developing the {aza-Yang}–{Buchner} synthetic sequence (Figure 8) in 

which three simple starting materials (acetophenones 19, piperidines 20, and arylacetic acids 21) are 

converted to products like 25 which contain 4, 5, 6, and 7-membered rings, three stereocenters including an 

all-carbon quaternary one, an azetidine ring and a gamma-lactone.47 The complexity of the product is about 2 

times higher than the sum of complexities of the starting materials.  

The key reaction we developed for realizing this sequence is the isomerization of phenacyl piperidine 

22 into azetidinol 23. This aza-Yang reaction was enabled by protonating the tertiary amine in 22 with sulfonic 

acids. It proceeds through the intermediacy of A (Figure 8) which is an n,π* triplet formed after electrophilic 

carbonyl O of the excited state abstracts the  hydrogen. Diastereoselectivity of the reaction is high because 

the N-H-O salt bridge rigidifies the structure.  
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Figure 8. {Aza-Yang}–{Buchner} sequence. Acetophenones, secondary amines, and arylacetic acids can be 

converted to cycloheptatriene-containing azetidine lactones in seven easy steps, two of which are 

photochemical. 

 

The structural complexity in this isomerization doubles as two new stereocenters are formed. Because 

the alcohol is the new functionality formed in this step, the subsequent acylation was a logical step to produce 

24. The structural complexity increase is relatively large in this coupling reaction, but this is mainly due to the 

new atoms and connectivity introduced by merging two approximately equal-sized fragments. Phenyl group 

was needed in 19 to improve efficiency of the photochemical reaction. This same group was now used as a 

target of an intramolecular carbene addition (Buchner reaction), following the installation of a diazo 

functionality on aryl acetate. This step furnishes a -lactone and a cycloheptatriene. Diastereomeric products 

of this reaction were separated by HPLC.  

 

 
 

Figure 9. Are we reaching new chemical space? Chemscape analysis. 

25 
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The key question following a campaign in diversity-oriented synthesis, such as in the ones described 

above, is to what extent are we really reaching the new chemical space. One possible answer can be obtained 

for the {aza-Yang}–{Buchner} sequence by searching the SciFinder database for the most structurally similar 

compounds of 25 and computing the Tanimoto similarity48 of those structures. Tanimoto index measures 

similarity between two vectors that can be created by “binning” various substructures present in a molecule. 

Value of 0 means no structural similarity is shared between two molecules, and 1 means that the two vectors 

are perfectly aligned. A Chemscape visualization of such an analysis on several hundred most similar 

compounds is presented in Figure 9. This visualization is a two-dimensional projection of the compound 

fingerprint vectors in which similar structures cluster together. Excluding other molecules from the collection 

we prepared, a molecule most similar to 25 is an analog of the natural product securinine. The similarity stems 

from the presence of a -lactone, a tertiary amine embedded in a bicyclic structure, and the p-methoxyphenyl 

group. Overall, however, the structural similarity is fairly low, reaching only 0.387.  

 

Conclusions 
 

Strategies for systematically accessing new chemical space can be evaluated and optimized by measuring the 

difference in structural complexity between the building blocks and products of such synthetic strategies.21 

The “finality” of any such scheme is arbitrary and is limited only by creativity of the chemist and the availability 

of synthetic transformations that can be applied to a given structure.  

Adopting such a broad view of synthetic goal frees a chemist from over-focusing on a particular 

molecular target. It also points to many “missing” synthetic methodologies that reveal themselves in a 

particular structural context; methods that may be enabling for efficient exploration of new chemical “space.” 

Ultimately however, the work of developing new chemical reactions rests on careful analyses and 

understanding of underlying physico-chemical principles and the use of computational tools to aid in these 

analyses.  
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