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Referenced Single Paragraph Intro. Strong-bond activation refers to the conversion of typically inert functional groups (FG) into reactive
ones: e.g. C-H or C—C into C—X.! Its application in retrosynthetic analysis>> requires evaluation of strategy (is it simplifying?) and feasibility
(will it work?). However, the feasibility of strong bond cleavage can be difficult to predict due to competing low barrier pathways (e.g. 5-8
kcal/mol)*3 in complex molecular environments.®’® If strong bond activation can be strategically evaluated, accurately calculated and
experimentally validated, it can simplify the synthesis of complex molecules.>* Here we build a virtual library of strategic late-stage
intermediates en route to diverse picrotoxanes, calculate C—H vs. C—C oxidation preference and experimentally interrogate the predictions.
Costly transition state calculations are then simplified to faster parameterizations to explain remote effects on strong bond activation and to
devise concise routes to the picrotoxanes’.

Introduction. The picrotoxanes (Fig 1a) occur across diverse plant genera and include at least 102 members, many of which selectively
antagonize the gamma-aminobutyric acid A receptor (GABAAR),'? a major neurotransmitter-gated ion channel expressed in the mammalian
nervous system.!! Close homology between GABA4R and invertebrate receptors'? has led to the deployment of picrotoxanes against parasitic
infection'? like filariasis.'® Broader adaptation for medical use,'* however, has been hampered by their complexity, toxicity'® and instability.'®
Syntheses of tutin'7!® corianin'®?° and coriamyrtin?'?>?3 have required 43 steps (0.0013%), 30 steps (0.27%) and at least 15 steps (0.01%)
respectively, and have delivered no analogs. Recently, we identified structural modifications to the flagship member, PXN, that stabilized it
against C15 solvolysis and altered its selectivity among ion channels—reducing affinity for mammalian receptors while maintaining potency
at invertebrate resistance-to-dieldrin (RDL) receptors.”* However, we also found that the major kinetic site of hydrolysis was C11, not C15
(Fig 1a)* as long thought.?® As a result, congeners that lack a C11 carbonyl, like tutin (T, 1) and corianin (C, 2), should exhibit a longer
lifetime in buffer and serum; indeed, tutin persists in blood (ti2 = 10 h) via slow release from its C2-glycosides.?’
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Figure 1. Design, observations and problems. a. Picrotoxinin and congeners. b. Tactical failure: minor B-ring changes divert 1,5-HAT to a
B-scission pathway and prevent access to T and C classes. ¢. High level DFT and parametrization can sort possible intermediates as a
framework to probe pathway prediction in CASP.

Our prior route to PXN relied on C15 methyl oxidation to establish the A-ring lactone bridge. This C—H to O« 1,5 HAT (see Fig
1b) required a C—H-O transition state that approached co-linearity (180°) and C—H, O groups in close proximity (C--O < 2.8 A)*’ Diverse
picrotoxane scaffolds met these criteria and therefore seemed ideal subtargets to reach the T and C classes via 1,5-HAT. Unfortunately,
adaptation of our PXN synthesis?® failed. Only minor changes to the B-ring caused the 1,5-HAT step to instead favor B-scission (Fig 1b).%°
This failure of the C—H oxidation step at the tactical level was not predicted by heuristics,>® basic patterns of reactivity®'=3*32 or existing
data.3334 These are key features of computer assisted synthesis planning (CASP): an approach to dramatically simplify problems like 1 and
2 with computational algorithms.?3-3%37 To address its shortcomings and avoid a laborious guess-and-check empirical approach, we imagined
a DFT module that would evaluate feasible reactivity of an in silico library, which could be parameterized to deliver faster predictions (Fig.
1c). Among the subset of intermediates predicted to be feasible, standard heuristics could then determine which were strategic.

Results and Discussion. A streamlined entry to the picrotoxanes began with a-vinylation of 4 (0.25 mol% Pd(z-BusP),, 20:1 dr, >200 mmol,
88%),3® whereby the axial o-vinyl of 5 allowed stereoselective aldol reaction and dehydration of 2-oxo-methylbutanoate to arrive at 6.
Intramolecular aldol cyclization combined with bromoetherification and Johnson-Lemieux oxidation produced aldehyde 7 in 68% yield (a
range of step counts (1-3) avoids unfair contrast to prior work that used different counting conventions). Modified Dong transfer
hydroformylation3® using Ph,PO,H as a novel Rh ligand [see SI] proved crucial to synthetic design because the resulting A>'S 1,1-
disubstituted alkene allowed unrestricted access to the hindered A** alkene without itself undergoing reaction (see 8). Consequently, osmium-
catalyzed dihydroxylation (<5 mol% OsQOs) occurred over 5 h, whereas prior picrotoxane substrates have required stoichiometric osmium
(1-10 equiv.) and protracted reaction times (3-7 d, 23-70 °C).2%4%-4! Triene 8 could be isolated or dihydroxylated in situ to yield 9a;
alternatively, thexylborane-mediated hydroboration yielded 9b.

https://doi.org/10.26434/chemrxiv-2024-g8j1r ORCID: https://orcid.org/0000-0001-8353-6449 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-g8j1r
https://orcid.org/0000-0001-8353-6449
https://creativecommons.org/licenses/by-nc-nd/4.0/

o d. LDA, THF, 0 °C; H (o]
a. LHVDS b. KHMDS, ZnBr, NBS, MeCN, 0 °C MeO.C
Me Me PAPt-Bug)s MeO,C(CO)E 0s0,, NMO, Nalo,, 602 .
_ —_— e
..., ~Me /\Br c. SOCl,, DMAP, Py (68%, 1—3 steps) Me' T H
(48-59%, 2 steps) o
(88% >20:1 dr) Br Me
4 5 7
e. PhoPO(OH), NBD | 1,4-dioxane
. predicted productive subtargets [RhCI(COD)], 100 °C (99%)
f. 0sO,, NMO
MeCN / H,O
-
or
f. thexyl-BHy;
Me NaB,04(0H);
in silico 9a: X = OH, 5-9 steps
10: KHAT(CE,,CJ / Kg(calc) 11: KHAT(CG/C) / Kgaiy  12: kHAT(ca/C) / Kg(caic) - (25-33% overall) 8: diversifiable triene
L ratio: 29:1 (calc) ratio: 11:1 (calc) ratio: 343:1 (calc) _| build and compute 9b: X = H, 5-9 steps to access PXN, T and C
(18-23% overall) chemical space
A-ring reactivity B-ring variation 8 4 negative controls
- o
B-scission 7 1 5-HAT oo
9 )
e O @cedrol
°
6 [)
5
ratio affected by — < [} @o/
B-ring substitution = g 5 0© °
% o o © °
s ®CH, o
\ B 4 B-scission
4 1,5-HAT °
30 possible intermediates
X OH 3
3 4 5 6 7 8 In(kuar/ke)

log kg

0,8-0 ..., . HO Ou.,, ©.
o NUE T AN ? p Y0, 0 Me0,C—/ © Meo,c—/|  Meo,c Me0,C—/ /] ci
o2 | o o MO e Br 0 R Br- MeO- cl
o Beo Me M Me Me M T ) Bso o Bso Me
- e ) Z r4 )Z| )Z|
ey Z Z BzO °H H BzO BzO A BzO
HO ° HO o MeO,C— 7/ MeO,C— 7/ €l Meo,c Me0,C—7 .., 0wy Br
MeO,C - MeO,C:.. Me0C—7| Me0,C-2/ "\ o ON ; \\Meozc J
" " e Meo 2 Meo Meo MeH " MeO- T™MSO
e e - e
B0 Bz0 AcO B0 Yo B20 o e
o cl o 0Bz

o
Figure 2. Synthesis entry and virtual library. a. Access to divergent intermediates 9a/b. b. Calculation of A-ring relative rates based on B-
ring substitution identifies possible intermediates.

The two reaction pathways implicated by experiment, 1,5-HAT and B-scission, were modeled with the Gaussian 16 software
package using the Scripps Garibaldi cluster (46 TFlops, theoretical peak performance; 17 Terabytes total memory, see SI). Both elementary
steps could be accelerated by tunneling along the reaction coordinate*>** so that traditional comparisons of Gibbs activation energies were
replaced with rate constants using transition-state theory (TST)*** with one dimensional Eckart tunneling correction.*> The relative
preference for 1,5-HAT vs. B-scission is therefore expressed in Fig 2b in rates: log kuar,log kg (avg. value given if multiple conformers
possible). Results from several levels of functional theory were calibrated against experimental data (Fig 1b), in addition to literature data
for the Suérez reactions of cedrol (ca. 2.3-2.7:1 1,5-HAT:B-scission).*® After calibration, virtual compounds (31 compounds and 51 total
conformers) were evaluated at the uM062X-D3 functional level with the 6-311+G(d, p) basis set*” and SMD solvent model*®.

More than half of the virtual library appeared to favor B-scission, but several members preferred HAT. Among these, the highest-
risk/ highest reward subtarget was bis-epoxide 10 (Fig 2a, calculated ratio of 29:1 HAT:B-scission), which contained the native strained B-
ring of tutin itself. Assessment of this calculation would involve a speculative multistep synthesis. If successful, however, it would deliver
the (+)-tutin scaffold almost fully formed. This enticing possibility led us to prioritize 10 for synthesis and evaluate the accuracy of theory.
Similarly, the unusual epoxy mesylate 11 was calculated to favor HAT over B-scission by 9:1 (avg. of conformers) and might easily lead to
(+)-corianin 3. Interestingly, the corresponding bromide was calculated to generate a mixture of HAT and [-scission products from its
ensemble of conformers; both the bromide and the mesylate were investigated experimentally. Finally, iodo-epoxide 12, a motif formed
unexpectedly in a prior investigation, indicated strong preference of HAT over B-scission and might lead to C2 deoxy congeners like (+)-
coriamyrtin (13, see below).
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Figure 3. Synthesis of three picrotoxanes using calculated intermediates: a. (+)-corianin (3), b. (+)-tutin (2), ¢. (+)-coriamyrtin (13). Only
a single stereoisomer was isolated in each reaction.

To access HAT substrates from 9a, we first transketalized to a benzylidene acetal, which formed stereoselectively to position the
phenyl ring endo to the picrotoxane scaffold (see 14, Fig 3), based on the preferred conformation of the intermediate oxocarbenium. The
benzylidene acetal served four roles: 1) to occlude one face of the C5 alkene, 2) to protect the C2 alcohol against competitive Sudrez reaction,
3) to promote HAT vs. B-scission as its benzoate ester, as suggested by the calculations in Fig 2b, and 4) to slow 1,2-acyl shift (the acetate
tended to migrate). First, hydrogenation catalyzed by Pt/C could be carried out in situ to yield 15 as a single diastereomer, whereas
hydrogenation of 9a resulted in 1.7:1 dr. Ester deprotonation with LDA and y-selective oxidation at -60 °C, followed by reduction with
DIBAL yielded 16 as a single diastereomer. Sulfene-mediated mesylation,* followed by intramolecular allylic substitution®® arrived at
mono-epoxide 16. Conversion of 16 to 17 occurred by benzylidene acetal C—H oxidation with TFDO to its orthoacetal, which opened
selectively to the C2 benzoate in the presence of 5 mol% (S)-TRIP>!, whereas achiral acids resulted in regioisomeric mixtures or a strong
preference for the C3 benzoate. Extended reaction times caused TFDO to further oxidize A%'? alkene to epoxide 18, now poised to undergo
the Sudrez 1,5 HAT predicted for 10 in Figure 2. This reaction could be conducted in situ by addition of I, to the remaining excess TFDO,
likely forming ,O%2). The 1,5-HAT etherification product 19 predominated in 83-96% yield (confirmed by X-ray, see des-Bz 19) with no
discernible presence of B-scission products by '"H NMR, corresponding well to the calculations. As a negative control, we subjected -
scission-biased substrate A (Fig 2b) to the same conditions and found that it generated only aldehydes and no HAT products. A simple
sequence of ether oxidation to bridging lactone 20°3, followed by B-bromoether reductive cleavage by Zn° and benzoate deprotection with
Sml, and water completed the synthesis of (+)-tutin (1) in 12—17 steps and 9.0—18.9% overall. The final benzoate removal proved challenging
due to O2-C15 translactonization under basic conditions, and alkene etherification under acidic. Hydride donors yielded only traces of (+)-
1, but Sml,, a single electron donor, worked well.

A modification of this sequence accessed (+)-corianin (2) via mesylate 21, itself accessible from 15 by ester reduction, epoxidation
and mesylation. The identical sequence developed for 17 in the T-series was applied to mesylate 21, resulting in acetal oxidation/migration
and 1,5-HAT to yield 22 in 80% yield. The apparent HAT:B-scission ratio of 11:1 matched the calculated ratio of 9:1 (avg). Debenzoylation
with NaOMe and epoxide isomerization with -BuOK led to an alkene that could be oxidized by CF3CO3H to yield 23, which incorporated
the full corianin pattern of cyclopentane oxidation. Completion of (+)-2 only required monoperoxo chromate oxidation® to the bridging
lactone and bromoether reductive cleavage, resulting in a 13-20 steps synthesis (3.5-6.7% yield overall).

Finally, we sought to test iodo-epoxide 12 (Fig 2b)** The allylic alcohol 24 was derived from 9b via TES silylation to increase
steric repulsion on its upper face, followed by alkene hydrogenation, ester reduction and desilylation upon acetic acid quench. Suarez
conditions first reacted the allylic alcohol motif to yield an inconsequential 1:1 mixture of diastereomers, which underwent 1,5-HAT instead
of B-scission in a >20:1 ratio. lodide 25 eliminated upon treatment with DMDO to yield an unstable epoxy-alkene, which was hydrated with
aqueous perchloric acid to yield 26. A similar sequence to (+)-tutin (1) then completed (+)-coriamyrtin (13) in 13—17 overall steps and 2.6—
3.5% overall yield.
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Figure 4. Parametrization and prediction. a. Correlation heatmap of 9 parameters leads to a predictive model. b. short synthesis of amoenin
predicted by parameterization. ¢. In(kuar/kg) heatmap defined by ¢ and y.

The successful prediction of selectivity by library members required a high computational cost: multiple days of cluster time for
compounds >60 atoms using 3-( basis sets.>® Therefore, we searched for parameters that might accurately predict relative rates of HAT vs.
B-scission without transition state or product calculations. A correlation heatmap of selectivity (Fig 4a, nine parameters of interatomic
distance’ and atomic charge®) and exhaustive regression led O-C interatomic distance (O » C) and natural bond orbital (NBO) charge at O2
(NBOq2) and O3 (NBOo3) to be selected as non-redundant parameters that correlated to HAT selectivity in a multivariate regression model
(0.85 R?). Increased negative charge on O2 correlated to B-scission rate, whereas increased negative charge on O3 correlated to 1,5-HAT;
these could be weighted predictively. This simpler parameterized model required half an hour per compound and predicted that O-Troc and
O-Ac epoxides 28 and 29 would prefer 1,5-HAT over B-scission at 4:1 and 1:1 ratios, respectively. Experimental ratios—6:1 and 2:1—
roughly matched these values (Fig 4b) and led to the total synthesis of (+)-amoenin (31).

These correlations between structure and rate raised the question of how the B-ring affected NBOo2, NBOos, and (0 ¢ C).
Conformational analysis of the in silico library suggested a transmissive effect from the B-ring, whose conformation and substituents
controlled two A-ring dihedral angles, v and ¢ (Fig 4c¢). Decreasing values of ¢ rotated O3 towards C15, enhancing the rate of 1,5-HAT
through proximity; y and ¢ together affected NBOos, where greater charge correlated to faster HAT, likely through polarization effects.>
Similarly, y and ¢ values directly correlated to O2 negative charge, which increased B-scission, likely due to Ce stabilization in the transition
state. These relationships created a “sweet spot” of 1,5-HAT selectivity centered at y = -70° and ¢ = -30°; the diepoxy motif of 10, for
example, enforced y and ¢ angles through a B-ring conformation that drove its substituents against the C2 benzoate. In contrast, the B-ring
substitution of negative control A allowed dihedral angles that led to B-scission. These B-ring features would be challenging to design a
priori or predict in the absence of calculation.
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Figure 5. Navigation of chemical space aided by “virtual probes” to guide route selection leads to 25 picrotoxanes.

Conclusion. Computer aided synthesis planning (CASP) holds great promise to speed the production of complex molecules. However,
functionally dense targets cannot be predictably analyzed yet,*” as illustrated here, due to changes in reactivity associated with multiple
interacting components. If an algorithm were to map a tutin synthesis onto the pre-existing picrotoxinin synthesis,?® it would fail (Fig 1¢).
Approaches based on template-matching,* language models®’, or database mining*>* do not distinguish the features in Figure 2b that lead
to success or failure in a multistep route. The solution described here involves a DFT module for steps of low predictability [i.e. thin literature
precedent] or few experimental options. The DFT module can be used to generate predictive parameters in a library of restricted size, leading
to a multivariate regression model and a larger search space of possible intermediates,>® providing more opportunities to identify an efficient
strategy. This trade-off between specificity and coverage’® makes sense for complex molecules where the slow step is synthesis, not design.
And it makes sense where the exponential “one-to-many” problem>® of an EXTGT tree’ is constrained by a transform-based strategy* that
identifies key subtargets. As late as 1996, the accurate prediction of reaction outcome was deemed “not yet very successful” in the context
of synthesis design,®® but subsequent advances in computational power and software have reduced this to an attainable goal®' and led to the
virtual library search described here. The brevity of this approach has enabled the synthesis of 25 picrotoxanes (Fig S and SI) via efficient
navigation of chemical space, where complexity increases in a roughly linear way (tutin synthesis shown) and oxidation can be embedded
early, allowing for explosive divergency. We aim to explore these chemotypes as selective ion channel inhibitors, as recently demonstrated
with a small library of non-natural picrotoxinin analogs.* Many congeners described here lack the labile C11 lactone?> and may prove to be
useful leads to perturb GABAergic signaling'>"'> These concise syntheses make possible the thorough exploration of picrotoxane chemical
space.

Data availability
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Code availability
Code used in Fig 2,4 and 5 is in the Supplementary Information.
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