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 14 

Abstract: Salvinorin A is an atypical opioid characterized by a non-nitrogenous scaffold and 15 

potent, selective κ-opioid receptor (KOR) agonistic activity. Its distinctive pharmacology has 16 

motivated studies of pain and neuropsychiatric function, but structural complexity and limited 17 

synthetic access have constrained mechanistic investigation and pharmacological 18 

optimization. Here we report concise and scalable syntheses of EOM-salvinorin B and 19 

salvinorin A, together with modular access to 28 new analogs. Temporary skeletal rewiring 20 

generates a pyrone that enables photochemical construction of the congested C9 all-carbon 21 

quaternary center while directly furnishing a versatile intermediate for diversification at the 22 

underexplored C17 position. Notably, C17 substitution yielded potent, selective ligands with 23 

distinct signaling bias, binding kinetics and pharmacokinetic behavior. Replacing the C17 24 

carbonyl with an aminomethyl group yielded an ultrapotent analogue with delayed onset and 25 

sustained antinociception, contrasting with the rapid, short-lived action of SalA and EOM-26 

SalB, with no locomotor impairment detected under the tested conditions. This work 27 

establishes a modular synthetic platform that expands the accessible salvinorin chemical 28 

space, providing a foundation for further biological studies.  29 
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INTRODUCTION 30 

The κ-opioid receptor (KOR), a class A G-protein-coupled receptor (GPCR), is both a 31 

promising therapeutic target for pain and mood disorders and a valuable model system for 32 

probing GPCR signaling1. (–)-Salvinorin A (SalA, 1; Fig. 1a), first isolated from Salvia 33 

divinorum2,3, is a highly potent (EC50 = 1.0–45 nM across assays) and selective KOR 34 

agonist4,5,6. Unlike nearly all known opioid ligands, 1 lacks a basic nitrogen atom, a feature 35 

associated with high lipophilicity and rapid central nervous system (CNS) penetration7. These 36 

characteristics establish 1 as an archetypal "atypical" opioid receptor agonist and confer 37 

broader utility on the salvinorin chemotype, as illustrated by the use of salvinorin B (2; Fig. 38 

1a) in DREADD (designer receptors exclusively activated by designer drugs) systems8,9, for 39 

which high potency, selectivity and CNS penetration are important attributes. 40 

Despite its compelling pharmacology, centrally acting KOR agonists such as 1 are limited by 41 

dose-dependent adverse effects, including sedation10, dysphoria11,12 and psychotomimetic or 42 

hallucinogenic effects13,14. Additionally, 1 suffers from poor metabolic stability: the 43 

hydrolytically labile C2 acetate drives rapid systemic clearance15,16. Over the past two 44 

decades, these liabilities have motivated intensive structure–activity relationship (SAR) 45 

studies and the preparation of more than 600 semisynthetic SalA analogues (Fig. 1a)17,18. 46 

Approximately one-third of these derivatives incorporate modifications at the C2 hydroxyl 47 

group, yielding candidates such as EOM-SalB (3) and MOM-SalB (4), which exhibit 48 

prolonged plasma half-lives and enhanced potencies19. Parallel efforts have focused on 49 

modifications to the C12 furan ring; C16 bromo and ethynyl substitutions, for example, led to 50 

increased KOR potency and enhanced G-protein signaling bias20. Collectively, these studies 51 

establish the salvinorin framework as a versatile platform for tuning KOR potency, stability 52 
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and signalling. Despite these advances, semisynthetic approaches are inherently limited in 53 

both the number and diversity of modifiable positions.  54 

  

 

Figure 1. Salvinorin analogue landscape and scaffold design towards modular synthetic 

diversification. a, An overview of modification sites and the corresponding distribution of potency 

fold change (ΔpEC50 relative to SalA (1), for compounds lacking EC50 value, ΔpKi were used) of 

salvinorin A analogues to date. MOR-selective analogues were not included in this figure. b, The 

problem of destabilizing 1,3-diaxial repulsion between C19 and C20 methyl groups that leads to 

spontaneous C8 epimerization and complicates synthesis. Excision of C20 methyl simplifies scaffold 

construction: 20-nor-salvinorin A (5), O6C-20-nor-salvinorin A (6) and analogues synthesized by 

Shenvi and coworkers. c, A modular and efficient synthesis of salvinorins leverages a photoexcitable 

pyrone intermediate to forge the challenging C–C bond. d, Synthetic modularity enabled the discovery 

of analogues with potent and diversified properties (red dots, this work) in comparison to known 

salvinorin analogues (purple dots). 
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De novo synthesis offers access beyond these restrictions. However, existing total and formal 55 

syntheses remain lengthy (16–32 linear steps), low-yielding (0.22%–1.7%)21–28 and have not 56 

generally been demonstrated on preparative scale (Fig. S1). These difficulties stem largely 57 

from the intrinsic instability of the trans-fused neo-clerodane core, which experiences severe 58 

diaxial strain between the C19 and C20 methyl groups and readily undergoes epimerization 59 

at C829 (Fig. 1b). Shenvi and co-workers improved synthetic tractability and scaffold stability 60 

by deleting the C20 methyl group (Fig. 1b, 5 and 6)29,30. Further diversification furnished a 61 

series of potent, selective and biased 20-nor analogues, underscoring the value of deep-62 

seated structural modifications for salvinorin-based pharmacological explorations30.  63 

Recent structural biology advances have provided unprecedented insight into salvinorin- 64 

KOR engagement. Cryo-EM structures of KOR–G-protein complexes bound to 431 or 132 65 

revealed a predominant hydrophobic interaction network33 and rationalized prior mutagenesis 66 

data implicating residues in ligand affinity, selectivity and bias34,35, thereby guiding structure-67 

based salvinorin modification. Our examination of these reported structures identified the C17 68 

carbonyl, directed towards the extracellular vestibule, as a promising diversification site (vide 69 

infra). We reasoned that substituents introduced here could vary in charge, polarity and size 70 

while preserving the core ligand–receptor contacts, thereby providing a complementary 71 

modulation vector to the established SAR at C2 and C12. 72 

We therefore sought a concise, scalable synthesis that would enable systematic 73 

diversification of the salvinorin scaffold (A, Fig. 1c). A central synthetic challenge lies in 74 

addressing the kinetic and thermodynamic barriers associated with C8–C9 bond formation 75 

(and construction of the C9 all-carbon quaternary center) in intermediates resembling B, 76 

which have thus far been accessible only through a 14-membered ring transannular 77 

cyclization21 or following C20 methyl deletion29,30. To surmount these intrinsic barriers, we 78 

strategically rewired the molecular framework into pyrone C, introducing the counterintuitive 79 

C1–O/C12 linkage as a “tactic bond” that generates a photoexcitable heterocycle. Upon 80 

irradiation, access to the excited state (C*) enables the otherwise unfavorable C8–C9 bond 81 

formation to furnish E via D. Equally importantly, this design directly furnishes E with a 82 
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versatile aldehyde handle, predisposing the scaffold to efficient downstream C17 and C12 83 

modular diversification and thereby unlocking rapid access to analogues spanning distinct 84 

physicochemical and pharmacological profiles (Fig. 1d).  85 

RESULT AND DISCUSSION 86 

We selected EOM-SalB (3), rather than 1, as the initial target because its C2 substituent 87 

confers greater potency and stability36. Guided by the excitable-pyrone retrosynthetic 88 

analysis, we initiated the synthesis from enantiopure 2-hydroxy-Hagemann’s ester (7), 89 

previously established by Shenvi and co-workers (Fig. 2a)30. Ethoxymethylation with 2-90 

pySEOM (8) in the presence of AgOTf and NaOAc furnished enone 9 in 97% yield37. 91 

Conjugate addition of Grignard reagent 10 to 9 generated the corresponding silyl enol ether 92 

with excellent diastereoselectivity, which upon treatment with TMS-EBX and TBAF at –78 °C 93 

afforded allene 11 in 62% yield over two steps following in situ isomerization38. The hetero-94 

Diels–Alder reaction of 11 with 1239, followed by a desilylation–aromatization sequence, 95 

provided 13 in 78% yield on a 4 g scale. Subsequent olefin cross-metathesis with 14 furnished 96 

pinacol borate 15 in 72% yield. A pyrone–alkene [2+2] cycloaddition was realized using a 97 

phenothiazine photocatalyst (PTH) under 410 nm irradiation in DMSO, delivering boryl 98 

cyclobutane 16 in >90% NMR yield, consistent with photosensitization that suppresses 99 

singlet-state pyrone photoelectrocyclization40. In situ oxidation of 16 with 17 triggered 100 

spontaneously retro-aldol cleavage and C8 epimerization, presumably catalyzed by PhNMe2 101 

generated in situ, affording aldehyde 18 with the desired C8 configuration in 77% isolated 102 

yield on a 3 g scale. Notably, an alternative protocol involving irradiation of the in situ-formed 103 

enamine 19 (Fig. 3a) also delivered 18; mechanistic experiments supported an electron 104 

donor–acceptor (EDA) complex mechanism (Fig. 3b–d), underscoring the robustness of 105 

photochemical strategies for challenging bond formations (Fig. S1d).  106 

Aldehyde 18 was transformed into lactol 20 via redox operations. Screening of acid catalysts 107 

revealed that diphenylphosphoric acid [(PhO)2OPOH] efficiently promoted translactolization 108 

of 20 to 22 in dichloromethane, achieving an approximate 6:1 product-to-starting-material 109 

ratio at equilibrium. In THF, toluene or acetonitrile the equilibrium instead favored 20, 110 
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whereas weaker and stronger acids gave poor conversion or decomposition. These solvent 111 

and acidity effects are consistent with a finely balanced equilibrium mediated through 112 

intermediate 21 (Fig. 2b). 113 

  

Figure 2. Total synthesis of (–)-EOM-SalB and (–)-SalA. a, The complete synthesis of EOM-SalB 

and SalA via a pyrone-[2+2] approach is shown. Step number is indicated by the numbers before the 

reaction conditions. b, The equilibrium between 20 and 22 via 21 as evidenced by in situ NMR 

experiment. 
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With a concise and gram-scale route to 22 established, we next pursued its conversion to 114 

EOM-SalB (3). Attempts at deoxygenative cross-coupling on 22 were evaluated (Fig. S2). 115 
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Figure 3. Synthesis of 18 via an EDA complex approach. (a) Reaction monitored by in situ NMR. 

Addition of pyrrolidine to 43 gave a clear signal of trans-enamine 19 (y-axis, 1 to 2), subsequent 

irradiation (y-axis, 3: 1 h, 4: 14 h, 5: 24 h) yielded a set of new signals (44), which upon work-up 

afforded 18. (b) Light on/off experiment did not support a ground-state mechanism (c) UV-vis spectra 

supported formation of an EDA complex. (d) Control experiments on 15 showed the pyrone was not 

excitable under 420 nm; direct excitation of pyrone yielded complex products.  
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However, the equilibration between 21 and 22 suggested that a nucleophilic addition strategy 116 

targeting intermediate 21 could provide an alternative entry. Reacting 22 with 3-117 

furyltitanium24,41 afforded (–)-EOM-SalB (3) and 24 in high combined yield after acidic workup, 118 

but favored the undesired diastereomer. Incorporation of a BINOL-chelated chiral Lewis acid 119 

(S)-2342 and lowering the reaction temperature significantly improved selectivity, delivering 120 

EOM-SalB (3) in 50% yield over two steps from 20 without detectable C8 epimerization, along 121 

with 33% of 24 (Table S1). Notably, heating 24 in HFIP enabled its conversion to 3 in 122 

moderate yield. The identity and enantiopurity of 3 were further confirmed via a two-step 123 

transformation to (–)-salvinorin A (1), whose spectroscopic properties and optical rotation 124 

matched reported values (Fig. S3).  125 

Overall, we achieved a protecting-group-free total synthesis of EOM-SalB (3) in 7% overall 126 

yield over 9 steps from 7. Across multiple batches, this route has furnished more than 15 g 127 

of 18 and more than 3 g of 22. This scalable and efficient strategy for the synthesis of 128 

salvinorins (Fig. S1) laid the foundation for subsequent functional diversification. 129 

The two principal shortcomings of 1—its poor pharmacokinetics and undesirable central side-130 

effects—represent key challenges we sought to address. Guided by the cryo-EM structure of 131 

4-bound KOR31, we aimed to streamline analogue design by pinpointing structurally 132 

permissive modification sites. The most extensively explored positions (C2, C4, and C12) are 133 

deeply buried within the compact binding pocket, where they engage in stabilizing 134 

hydrophobic interactions with the receptor (Fig. 4a). This structural constraint likely explains 135 

why only small, hydrophobic substituents (e.g., the EOM group at C2 or the ethynyl group at 136 

C16) enhance potency relative to 1. In contrast, the C17 carbonyl group is oriented toward 137 

the extracellular vestibule of KOR, a cavity capable of accommodating bulky functional 138 

groups without disrupting core receptor–ligand interactions43. Such substitutions could also 139 

contact extracellular loop 2 (ECL2), which has been implicated in GPCR ligand bias44,45 and 140 

binding kinetics46. Moreover, converting the C17 lactone into a tetrahydropyran was also 141 

expected to avoid C8 epimerization and lactone hydrolysis (Fig. 4b). Collectively, C17 142 

substitution therefore provides an opportunity for fine-tuning pharmacological profiles while 143 
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preserving KOR potency and selectivity, yielding a diversified yet potent analogue library. 144 

Notably, such C17-modified salvinorin analogues have been scarcely explored (Fig. 1a and 145 

Fig. 4b), whereas our synthetic strategy enables their efficient preparation from a versatile 146 

intermediate F, derived from 18, allowing access to both diastereomers (Fig. 4c).  147 

A four-step sequence furnished carboxylic acids 25a and 25b as versatile diversification 148 

precursors (Fig. S4). In vitro cAMP inhibition assays revealed that both compounds exhibited 149 

an approximately 20-fold reduction in potency relative to 3 (Fig. 4d and Table S2), 150 

establishing a benchmark for subsequent optimization. We next diversified the C17 151 

carboxymethyl group into a range of small, hydrophilic substituents to probe potential 152 

interactions with ECL2. Boronic acid derivatives 27a and 27b, designed to form reversible 153 

covalent interactions47 with S211ECL2, displayed moderate potency. Inspired by the canonical 154 

amine pharmacophore of opioid ligands and the distinct physicochemical properties 155 

conferred by basic amines, we next introduced amino substituents at C17. Interestingly, both 156 

aminomethyl analogues retained high potency, and the α-aminomethyl analogue 26a was 157 

eightfold more potent than 3 in the cAMP assay (EC50 = 0.037 nM). Notably, in terms of ligand 158 

lipophilicity efficiency48 (LLE, calculated here as pEC50-cLogD7.4), 26a achieved an 159 

exceptional LLE of 10.1, compared with 6.5 for EOM-SalB, with potential benefits for solubility 160 

and reduced lipophilicity-related off-target risks48,49. 161 

Further functionalization of the hydroxyl and amino groups afforded a series of analogues, in 162 

which a stereochemical trend emerged: C17α-analogues were generally more potent than 163 

their β-epimers when bearing small, hydrophilic substituents (e.g., 26a and 28a), whereas 164 

C17β-analogues became favoured as the substituent size increased (e.g., 31b, 32b, and 165 

35b). This trend suggests that the β-configuration may better accommodate linker attachment 166 

or further pharmacophore expansion. 167 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.11.04.000373. This version posted November 4, 2026. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



10 
 

 168 

-101

5

10

15

20

G
 p

ro
te

in
 b

ia
s
 f
a
c
to

r

SalA (1) EOM-SalB (3)

42

28b

33b

28a

33a

26b

31b

30

34b

29b

26a

31a

34a

27b

36b

39

27a

ΔpEC50

 

 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.11.04.000373. This version posted November 4, 2026. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



11 
 

The nitrile functional group is a well-established carbonyl mimic in medicinal chemistry50,51. 169 

To access C17 nitrile analogues, the primary alcohol in 28b was oxidized to yield carboxylic 170 

acid 30, a potent anionic KOR agonist (EC50 = 0.19 nM). Subsequent amidation and 171 

dehydration furnished nitrile 34b (EC50 = 0.029 nM), displaying an order-of-magnitude 172 

increase in potency relative to 3.  173 

The potency of 34b also provided a basis for C12 diversification, motivated by concerns 174 

regarding oxidative metabolism–induced hepatotoxicity associated with furyl groups52. The 175 

synthesis of 34b was streamlined to four steps from aldehyde 18 (Fig. S5). Guided by SAR 176 

studies of the aryl substituents in nalfurafine53—whose binding mode, particularly involving 177 

the furan ring, closely resembles that of 4 (Fig. S6)—and salvinorins29,30, several C12 178 

substituted analogues (36–42) were synthesized in a modular manner. Among these, the 3-179 

fluorophenyl derivative 39 was the most potent. The phenyl analogue 36b also maintained 180 

high potency, whereas bulkier substituents on the phenyl ring led to diminished activity, 181 

consistent with a tight lipophilic pocket around C1230. The corresponding C17α-nitrile 182 

analogues (34a and 36a) exhibited reduced potency, in line with their altered orientation 183 

relative to the native lactone carbonyl. 184 

Encouragingly, 26 out of 28 analogues retained single-digit-nanomolar potency (Fig. 4d). 185 

Representative compounds also exhibited excellent selectivity over MOR and DOR (Fig. S7), 186 

consistent with the spatial separation of the selectivity-determining residue V1082.53 187 

(Ballesteros–Weinstein numbering54) from the C17 substitution site. Signalling bias studies 188 

revealed notable trends: epimers 26a and 26b displayed markedly different G-protein bias, 189 

potentially arising from additional interactions of 26b within the TM5/ECL2 subpocket45. In 190 

Figure 4. Design and synthesis of salvinorin C17 analogues. a, Right, MOM-SalB (4) in the 

binding pocket of KOR identified in ref 31. The C17 substituents point towards the exterior of the 

orthosteric site. Left, C17 substituents may engage in polar interactions with residues on ECL2. b, 

Based on the binding pose, KOR was hypothesized to accommodate a wide range of C17-substituted 

salvinorins with minimal effects on affinity. Diversifications at C17 would potentially generate a library 

of stabilized, novel and divergent salvinorin analogues. c, An efficient and modular route from key 

intermediate 18 to C12 and C17 salvinorin analogues was established. d, Focused library synthesized 

in this study. e, The bias and potency profile of representative analogues. f, Binding parameters for 

representative analogues. Differences in Ki were primarily driven by variations in kon. 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.11.04.000373. This version posted November 4, 2026. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



12 
 

contrast, 27a and 27b consistently exhibited high G-protein bias. Although nitrile 34b was 191 

initially designed to mimic the interaction profile of 3, it displayed substantially enhanced G-192 

protein bias (Fig. 4e). These observations corroborated prior findings on 20-nor-salA,30 193 

highlighting the impact of C17 modifications on functional selectivity. 194 

Among all analogues, it was noteworthy that 26a, 30, and 34b—despite differing in net 195 

charge—each exhibited exceptional potency. To better understand these observations, we 196 

measured their binding kinetics and affinities, which reflect the underlying ligand-receptor 197 

interactions (Fig. 4f and Fig. S8). While all compounds displayed comparable dissociation 198 

rates (koff), their association rates (kon) spanned nearly three orders of magnitude and 199 

followed a charge-dependent trend. Association was fastest for positively charged 26a, 200 

intermediate for neutral 1, 3 and 34b, and slowest for the anionic 30, consistent with an 201 

electrostatic contribution to ligand association at the negatively charged extracellular domain 202 

of KOR55,56. Binding affinity followed the same charge-dependent rank order (Table S2). 203 

Molecular dynamics (MD) simulations were performed to further elucidate potential 204 

interactions in the orthosteric pocket. The simulations revealed that C17 substituents of 26a, 205 

30 and 34b formed additional polar interactions while preserving the core hydrophobic 206 

stabilization of the scaffold (Fig. S9a-c). Specifically, the protonated amino group of 26a 207 

formed a persistent salt bridge with E209ECL2 (observed in >50% simulation frames over three 208 

1,000-ns replicates). In the case of 34b, the nitrile group engaged in hydrogen bonding with 209 

the backbone amide of L212ECL2 (>75% of frames), exceeding that observed for 3 (<40% of 210 

frames). For the anionic analogue 30, a frequently observed salt bridge with K2275.40 (>60% 211 

of frames)—a residue implicated in KOR signalling bias—may account for its observed G-212 

protein bias profile. MM-PBSA calculations also identified favorable energetic contributions 213 

from these residues (Fig. S9d). 214 

Collectively, these data provide mechanistic support for the C17 derivatization strategy, 215 

demonstrating that tailored polar modifications can modulate KOR signaling bias and binding 216 

kinetics while preserving the core hydrophobic interaction network of the salvinorin scaffold.  217 
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We next examined whether these structural modifications of salvinorin translated into distinct 218 

pharmacological effects in vivo. To this end, 26a, 30, and 34b were evaluated in a mouse 219 

hot-plate antinociception assay (Fig. 5a–c). Compounds were initially compared at 2 mg/kg, 220 

a dose close to the reported antinociceptive ED50 of 157. As expected, SalA (1) exhibited its 221 

characteristic rapid onset and clearance, while EOM-SalB (3), despite its greater potency, 222 

displayed similarly transient activity. Remarkably, 34b produced a stronger antinociceptive 223 

effect, achieving 90% maximum possible effect (MPE) within 20 min at the same dose. At 1 224 

mg/kg, 34b elicited a MPE comparable to that of morphine (10 mg/kg) at 20 min, but the 225 

effect rapidly declined to baseline within 1 h, as observed for 1 and 3. 226 

Conversely, the cationic analogue 26a exhibited a markedly different pharmacodynamic 227 

profile. Its antinociceptive effect developed gradually, became apparent at approximately 1 h 228 

post-injection, reached its maximum at 4–6 h and returned to baseline after 9 h, indicating a 229 

substantially longer duration than those of 1, 3 and 34b under the tested conditions. In 230 

contrast, the anionic analogue 30 showed no detectable activity in the hot-plate assay but 231 

significantly attenuated acetic acid-induced writhing (Fig. 5d), consistent with peripherally 232 

restricted KOR agonism58, possibly as a consequence of the negative charge59,60.  233 

Having established that 34b and 26a effectively elicited central antinociception, we next 234 

investigated whether these centrally active analogues produced sedative-like effects (Fig. 5e). 235 

In the open-field test, administration of 34b significantly reduced spontaneous locomotion, 236 

whereas 26a produced no detectable locomotion impairment. Consistently, 26a did not impair 237 

rotarod performance (Fig. 5f).  238 

We next compared the pharmacokinetic properties of 26a and 34b to investigate their 239 

different in vivo pharmacodynamics. To this end, key pharmacokinetic parameters were 240 

evaluated (Table S3, Fig. 5g–k). The metabolic stabilizing effect of the EOM-substituent was 241 

first validated, as all tested compounds remained stable during the 2 h plasma incubation 242 

(Fig. 5g). In the MDCK-MDR1 bidirectional permeability assay (Table S3), the neutral 243 

compounds (1, 3 and 34b) displayed high permeability and were insensitive to active 244 

transport, whereas the charged analogues (30 and 26a) exhibited high efflux ratios, 245 
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particularly 26a. This observation was unexpected given the potent antinociceptive activity of 246 

26a in the hot-plate assay. 247 

The in vivo pharmacokinetic studies revealed similar plasma half-lives but different systemic 248 

exposures across the compounds: the more hydrophilic analogues 30 and 26a reached 249 

higher plasma Cmax and AUC values (Fig. 5j–k). As anticipated, 3 and 34b exhibited rapid 250 

brain penetration and elimination, with brain exposure closely paralleling plasma levels (Fig. 251 

5h–i). Consistent with the MDCK-MDR1 permeability assay and its lack of activity in the hot-252 

plate assay, 30 had a low brain/plasma ratio over the sampled interval, supporting peripheral 253 

restriction (Fig. 5k). Both plasma and brain concentrations of 26a peaked at 15 min, when 254 

the dose-normalized brain-to-plasma ratio was about 1:18. Thereafter, by 2 h post-255 

administration, the brain-to-plasma ratio increased to approximately 1:3, and measurable 256 

brain concentrations persisted for at least 9 h (Fig. 5j). In addition, a pronounced 257 

pharmacokinetic-pharmacodynamic hysteresis61 was observed, as demonstrated by the 258 

delayed onset of maximal antinociception relative to peak brain concentration. Interestingly, 259 

these features resemble those reported for JDTic, suggesting a potentially similar 260 

explanation61: Efflux may limit the initial brain exposure of 26a, thereby reducing centrally 261 

mediated adverse effects. Following entry into the CNS, 26a may redistribute slowly and 262 

accumulate in KOR-rich regions, contributing to its delayed onset of action. Together, its sub-263 

nanomolar potency, rapid association kinetics62, along with the propensity of positively 264 

charged compounds for nonspecific tissue binding or lysosomal sequestration63, may 265 

account for its sustained in vivo activity. These findings establish C17 as a privileged site for 266 

expanding the accessible chemical and pharmacological space of the salvinorin scaffold. 267 
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CONCLUSION 269 

Salvinorins remain an incompletely explored class of opioid receptor ligands64, and access 270 

to SalA (1) and SalB (2) still relies largely on natural sources65,66. Broader exploration of this 271 

chemotype has been hindered by structural complexity and by the inefficiency and limited 272 

derivatization capacity of existing synthetic routes (Fig. S1). Recent advances, exemplified 273 

by the exploration of 20-nor-salvinorins by Shenvi and co-workers29,30, have begun to address 274 

these challenges. Here, we disclose a concise and scalable total synthesis of EOM-SalB (3) 275 

Figure 5. Pharmacological effects of selected salvinorin analogues. a, Compared with SalA (1) 

and EOM-SalB (3), 34b produced greater maximal antinociceptive activity, but were similar in the 

short duration of action in the hot-plate test (N = 9 mice for vehicle, 2 mg/kg 3, 4 mg/kg 3 and 2 mg/kg 

34b treatments; N = 10 mice for all other treatments). b, 26a had slower onset rate but prolonged 

duration of action, extending over 9 hours (N = 9 mice for vehicle; N = 10 mice for all other treatments). 

c, 30 did not produce detectable antinociception in hot-plate test (N = 9 mice for vehicle; N = 10 mice 

for morphine; N = 5 mice for 30). d, 30 significantly diminished acetic acid-induced writhing (N = 10 

mice for all treatments); Kruskal–Wallis test with Dunn’s multiple-comparisons test as compared to 

the Veh control (Veh versus morphine (Mor), P = 0.0049; Veh versus 30, P = 0.0164). Data are 

presented as mean ± s.e.m. e, Sedative-like effects were assessed by spontaneous locomotor activity 

(distance per 2 min, left; total distance, right) in the open field test. EOM-SalB (3) was effective in 

reducing locomotor activity while 34b markedly inhibited the locomotor activity. 26a did not show 

detectable sedative-like effects (N = 13 mice for vehicle (Veh) and 26a treatment; N = 10 mice for all 

other treatments). Vehicle, U50488H, 3 and 34b were tested 5 min after injection, whereas 26a was 

tested after 6 h; The time-course data (left) were analyzed using two-way repeated-measures analysis 

of variance (ANOVA) with the Geisser–Greenhouse correction, with treatment as the between-subject 

factor and time as the within-subject factor, followed by Dunnett’s multiple-comparisons test 

comparing each treatment with vehicle at each time point. Total distance (right) was analyzed using 

one-way ANOVA with Dunnett’s post hoc test as compared to the Veh control (Veh versus U50488H 

(U50), P = 0.0256; Veh versus EOM-SalB (3), P = 0.0102; Veh versus 34b, P <0.001; Veh versus 26a, 

P = 0.9996). Data are presented as mean ± s.e.m. f, Compounds were tested at 20 min post-injection 

in rotarod test, and again at 6 h post-injection for vehicle and 26a. 26a displayed no detectable 

sedative-like effect. Data are presented as mean ± s.e.m. The 20 min data were analysed using 

ordinary one-way ANOVA with Dunnett’s post hoc test as compared to the Veh control (Veh versus 

U50488H (U50), P = 0.0554; Veh versus 34b, P < 0.0001; Veh versus 26a, P = 0.4325). The 6 h 

comparison was analysed using a two-sided unpaired t-test (P = 0.1981). (N = 8 mice for all 

treatments) g, EOM-protected compounds showed high in vitro plasma stability (N = 2 wells from one 

experiment for all compounds). h-k, In vivo plasma and total brain concentration curves after i.p. 

administration of 3 (h), 34b (i), 26a (j) and 30 (k). Plasma concentrations were measured after 2 mg/ 

kg and brain concentrations after 4 mg/kg (N = 3 mice per timepoint for all treatment). *P < 0.05, **P 

< 0.01, ***P < 0.001, ****P < 0.0001.  
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that improves synthetic accessibility to salvinorins (Fig. 2). Central to our synthesis is 276 

intermediate 18, generated through excited-state reactions of a strategically introduced 277 

pyrone while preserving a synthetically versatile aldehyde as a privileged diversification 278 

handle (Fig. 4). This approach embodies an unconventional pyrone-centered “tactical 279 

combination67” and, more broadly, illustrates how strategic intermediate design can 280 

simultaneously enhance synthetic tractability and diversification potential. Such principles 281 

may prove broadly useful for developing efficient syntheses of diverse structurally complex 282 

targets. 283 

Consistent with insights from cryo-EM structural studies, the C17 position accommodates a 284 

broad range of substituents with varied size and charge. Beyond conventional potency and 285 

selectivity metrics, increasing evidence highlights drug spatiotemporal distribution as a critical 286 

determinant of signaling outcomes68,69. Likewise, ligand-binding kinetics can influence 287 

signaling bias70, pharmacokinetic behavior71 and safety profiles72. Our findings identify C17 288 

as an effective molecular handle for tuning these properties. Strategic modification at C17 289 

altered the molecular pharmacology and pharmacokinetic behavior of salvinorins and, for 290 

selected analogues, reshaped the observed pharmacodynamic profiles. Negatively charged 291 

30 was peripherally-biased, which was expected to minimize centrally mediated adverse 292 

effects73. Meanwhile, 26a exhibited potent antinociceptive activity with minimal sedative-like 293 

effects and prolonged duration of action. Pharmacokinetic analyses indicate that 26a 294 

achieved appreciable brain exposure and displayed prolonged brain retention.  295 

Beyond antinociception, it will be interesting to determine how tailored C17 modifications 296 

influence the profound psychoactive effects of SalA14. Such studies may not only facilitate 297 

the use of salvinorin with reduced neuropsychiatric liabilities, but could also provide a 298 

foundation for salvinorin-derived neuropsychiatric therapeutics74. 299 
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All data is made available in the main text, the Supporting Information or the Source Data file, 302 

including experimental procedures, additional figures and tables, copies of NMR spectra, MD 303 

simulation data and files, all pharmacological protocols and raw data. 304 
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