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Abstract

The plant metabolite salvinorin A potently and selectively agonizes the human kappa-opioid
receptor, an emerging target for next-generation analgesics. Here we review analogs of the
salvinorin chemotype and their effects on selectivity, affinity and potency. Extensive peripheral
modifications using isolated salvinorin A have delivered a trove of SAR information. More deep-
seated changes are now possible by advances in chemical synthesis.
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Acute pain is an important learning device to discourage harmful behavior and allow injuries
to heal. Chronic pain is generally detrimental to health and quality of life. Pain is a
subjective experience and what qualifies as “chronic” is ill-defined, so that estimates of
chronic pain prevalence vary. In the United States, between 30! and 100 million Americans
suffer from chronic pain?; at either extreme, this is a dramatic proportion of the population
(323 million total in 2016). Sufferers cannot merely ‘grin and bear it.” The long-term
sequelae associated with untreated chronic pain include sleep disruption, mental health
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deterioration and cardiovascular events. For instance, chronic pain intensity tracks with
probability of hypertension and risk of cardiovascular morbidity.3

Both chronic and acute pain are treated with opioid analgesics, use of which has risen
steadily since 1999.4 By 2016, the total number of prescriptions written in the US for opioid
pain medications had surpassed 210 million, with over 60 million unique recipients® (the per
capita prescription rate should not escape the reader’s attention). These stark numbers
actually represent a decrease in prescription rates from their peak in the years 2010-12.5
Nevertheless, as licit opioid use has grown, illicit use, abuse, and overdose fatalities have
followed. Drug overdose is now the leading cause of death for Americans under the age of
55.7

Traditional opioids target the mu-opioid receptor (L-OR), a transmembrane, G protein-
coupled receptor (GPCR) named for its most famous agonist, morphine. This metabolite of
the opium poppy plant Papaver somniferum was isolated in the early 1800s, an event that
ushered in the beginnings of the pharmaceutical industry.2 Opium (the crude extract from 2,
somniferum) had been used for the entirety of recorded human history.® But the
diversification of the morphine structure into a broad class of analgesics,1911 and the
discovery of the opioid receptors,12 paved the way to a deeper appreciation—and
capitalization—of neuroscience and pain. Morphinans have been developed to include
selective agonists, selective antagonists, nonselective opioid agonists (multiple opioid
subtypes bound, see below), mixed agonist-antagonists, peripherally restricted compounds,
and agonists of other brain receptors like the Atmethyl-D-aspartate (NMDA) receptor.13

Opioid Receptor Biology

Four major opioid receptor subtypes have been identified to date: in addition to u-OR, there
exist the kgppa-opioid receptor (x-OR), the de/ta-opioid receptor (6-OR), and the nociceptin
opioid peptide receptor (NOP). All four opioid receptors (including pu-OR) are G protein-
coupled—they convert an extracellular signal into intracellular G protein activation. And all
four are associated with G protein G;/G, (although NOP is also associated with several other
G proteins).14

When an agonist binds to an opioid receptor (Figure 1B), conformational changes of the
receptor induce activation of the associated heterotrimeric G protein complex: GTP is
exchanged for GDP and the Ga subunit disassociates from the G-y subunits. Activated
Gajo inhibits adenylyl cyclases and cAMP production, while the freed  and y subunits
(which are permanently tethered together) can interact with ion channels (among them, pre-
and postsynaptic Ca2* channels, G protein-coupled inwardly rectifying K* channels, and Na
* channels).1® The net cellular effect of opioid receptor activation is inhibitory—it
hyperpolarizes the neuron. However, opioid receptors are heterogeneously expressed
throughout the central and peripheral sensory neurons, and their variable locations are
thought to partly explain the different, unwanted side effects observed between receptor
types.11 For example, agonism of the p-OR, x-OR, or 8-OR can result in analgesia.
However, u-OR agonism infamously results in tolerance, dependence, reduced bowel
motility, and respiratory depression. Agonism of x-OR can result diuresis, dysphoria,
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hallucinations, and sedation. §-OR agonism can cause physical dependence and convulsion.
15

Biased signaling further complicates this class. Opioid receptors are known to activate at
least two distinct signaling pathways: G protein signaling and Barrestin recruitment. An
alternative opioid receptor active-state conformation may lead to Barrestin recruitment,16:17
which is correlated with receptor phosphorylation, internalization,18 and desensitization
(Figure 1C).15 Many of the non-analgesic effects of opioid agonists (but not all) have been
correlated with Barrestin recruitment. For example, Barrestin recruitment has been correlated
with developed tolerance and respiratory depression at u-OR, and with dysphoria and stress
at x-OR.19 A biased agonist imparts GPCR signaling that favors one pathway over another
—G protein-biased versus Barrestin-biased. Such ligands could help disentangle the multiple
effects of opioid receptor activation.

Salvinorin A and the x-OR

An opioid-strength analgesic devoid of side effects, especially addiction, continues to elude
pain researchers. Recent research efforts in this area have focused on developing subtype-
selective and G protein-biased agonists, 20 as well as subtype-selective antagonists.2 Such
compounds are desirable for their potential analgesia, anti-pruritis, and anti-depressive
effects, among others.1® This review will center on analog development around the x-OR
agonist salvinorin A (SalA, 1, see inset), the active metabolite in the Mexican sage bush and
recreational hallucinogen Sa/via divinorum.?2 Unlike traditional hallucinogens that exert
their effects primarily through activation of the serotonin 5-HT,x receptor, SalA agonizes «-
OR with very high selectivity against other opioid receptors.23 Also unlike conventional
CNS-active secondary metabolites, SalA contains no basic amines or nitrogen atoms at all,
and therefore is not ionized at cellular pH. It passes through the blood-brain barrier quickly,
achieving a max concentration at 40 seconds in primates.24 It clears the primate brain
quickly, with a half-life of 8 minutes, which tracks nicely with the duration of
hallucinogenic effects in humans.24 Its metabolism is still not completely understood. Ex
vivo, the primary metabolite is salvinorin B, or the product of hydrolysis of the C2 acetate
(15, Fig. 2).2526 /n vivo, Sal B also appears to be a major metabolite,2” but other metabolites
have escaped characterization.28 /n vivo PET imaging in baboons suggests at least two
routes of excretion (renal and biliary), which suggests at least two modes of metabolism.24
In vitro studies of rat serum metabolism identified lactone hydrolysis as another viable
metabolic pathway, catalyzed by calcium-dependent lactonases.2? Another source of
instability is configurational: treatment of SalA with acid or base causes epimerization of the
C8 carbon to favor a less active isomer (8-gpoi-1, see inset).30 This instability has required
semi-synthetic medicinal chemistry efforts to discover mild enough conditions to avoid
epimerization. In some cases, separation of the diastereomers is difficult, and for every new
transformation, analysis of epimerization is necessary.
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Nearly all SalA analogs prepared to date are a result of semi-synthetic modification of the
isolated natural product.3 This has resulted in a set of analogs that, while numerous, is not
particularly diverse. Of about 600 analogs, a near-majority (295) involve substitution of the
C2 acetate group, and 42% involve only a change at C2. An additional 33% of analogs
involve a change to the furan ring; most of these are more sterically demanding than a one-
for-one aryl ring replacement. Structure—activity relationships have been difficult to
generalize, in part because a consensus binding model has not been established. Alanine
mutagenesis has provided evidence of important contacts between x-OR and SalA,32 but the
docking model remains unconfirmed. A recent report detailed the first known active-state
conformation of x-OR17; the docked pose of SalA differs from poses derived from the
inactive-state x-OR structure, but requires experimental validation.

Comparison of the analogs is complicated by variation of biological assays between reports.
Different studies include different types of data, sometimes omitting Kj, ECsg, or x-OR/u-
OR/8-OR selectivity. Incomplete data sets paint an incomplete picture. Binding affinity (Kj)
alone does not indicate potency: a ligand can bind well without stabilizing an active
conformation. Also within each type of assay are additional sources of inconsistency. Kj has
been measured with different radioligands, which can produce different binding constants
for the same analog. Expression levels differ from experiment to experiment, which can
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result in different observed potencies. And ECsp has been measured by Ca?* mobilization
assays, GTP binding assays, or CAMP production inhibition assays, which demonstrate
different responses of ligand binding. Even within the same study, SalA has shown a 2-fold
change in K; and ECsq from experiment to experiment.32 Some studies neglect measurement
of a reference compound altogether (typically SalA or another known agonist, like
U50,488H) but instead include a previously determined value for SalA. In other cases, the
reported value for SalA or an analog identically matches those previously reported, but the
authors do not explicitly note whether they are relaying the previous data or a new data
point. Few studies include G protein versus Barrestin bias. Our review will present binding
and activity data of the analogs relative to the reported SalA binding or activity, in an
attempt to standardize these data. But differences still remain. Raw data from the original
literature and a more comprehensive summary of all the analogs that have been reported are
available in the Supporting Information.

Analogs at C2

As mentioned above, C2 acetate replacement is the most common alteration to SalA.
Conditions for hydrolysis of the acetate group with minimal C8 epimerization, lactone
hydrolysis, or methyl ester hydrolysis have been developed, which has afforded easy access
to a broad sampling of substitution patterns here.34 Carbonates, carbamates, alternative ester
groups, ethers, amines, amides, sulfonic esters, sulfonamides, thioesters, and halides have all
been prepared and evaluated.

Some of the earliest analogs include alkyl esters. Propionate 2 demonstrates up to a 5-fold
loss in affinity (one report shows its Kj as comparable to SalA) and a 3.5-7.5-fold drop in
activity.33:35-37 Further increases in size result in further losses: isopropyl ester 3 loses
affinity 10-fold3” while tert-butyl ester 4 is inactive.36 In the opposite direction, the
decreased bulk of formic ester 5 results in around a 5-fold loss in affinity and a 7-11-fold
loss in activity.38-40 The compound with inverted stereochemistry at C2 (2-epi-1) has
produced widely discrepant data: reports range from 8.6- to 2800-fold less potent.33:41-43
Trifluoroacetate 644 and cyclopropyl ester 7 are inactive compounds.3644 Analogs designed
to be covalent binders like thiocyanate 8 or bromoacetate 9 improve on SalA’s affinity (3-
fold and 1.2-fold better, respectively) and potency (250-fold and 1.5-fold better,
respectively), but no verification of irreversible binding has been reported (see below).4>

Bulkier aryl esters like 10-14 result in a loss of affinity and potency at x-OR, but in many
cases the scaffold gains p-OR activity (discussion below).3742:46-48 gybstitution introduced
to the benzene ring of 10, regardless of electronic effect (bromides, nitro groups, methoxy
groups, a fluoride, carboxylic acid) or placement, is unable to recover x-OR activity.46:47
The only aryl ester yet developed that falls within an order of magnitude of SalA’s affinity is
the styrenyl ester 14 (3.3-fold worse affinity, 19-fold worse potency).8

Several non-ester derivatives at C2 have been prepared. The corresponding alcohol SalB (15)
has had a range of values ascribed to it: complete loss of affinity36:49 versus an 85-150-fold
decrease compared to SalA.33.354447.50 One recent report even described it as 11-fold less
potent, with a raw ECsg of 2.4 + 0.8 nM.*3 This single result stands in contrast to past
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reports and should be corroborated. Complete removal of the acetate group (16) has
provided similarly conflicting reports—one paper describes a 35-fold loss in potency,3°
while the other one reports complete inactivity at 10 pM.43 A series of halides (as in
bromides 17 and 2-epi-17) experienced dramatic losses in potency: a 32-fold drop was the
smallest decrease in the series.39 Halides are one of the few substituents with better affinity
or potency as the unnatural C2 epimer. Equatorial bromide 17 has a Kj 10 times higher than
that of axial bromide 2-ep~-17.

Replacing the acetate ester with alkyl ethers has a deleterious effect: methyl ether 18 loses
120-170-fold affinity,3335 while ethyl ether 19 binds 6-23-fold less efficiently.33:35.51
Larger alkyl ethers see worse losses (see Sl). Similarly, introducing equatorial amine
substituents results in compounds with 15-250-fold less affinity for x-OR, but in contrast to
the ether series (not shown), axial amine substituents are more active than their equatorial
counterparts. For example, axial isopropylamine 2-gpi-20 is similar in affinity (1.8-fold loss)
and potency (1.6-fold loss) to SalA, while the equatorial version 20 binds 14-16-fold less
efficiently and is 4.2-fold less potent.33:51 Introducing basic nitrogen atoms at other
positions in the acetate chain was deleterious in general—a variety of protected and
unprotected amino acids installed at C2 resulted in complete loss of activity.3%46.52 The only
compounds in this series to demonstrate affinity at 1 uM, glycine 21 and valine 22, still lose
around 50-fold affinity vs. SalA.35:46

Introduction of H-bond donors at this A-ring site generally hurts binding. Acetamide 23
binds to x-OR 16-110-fold worse than SalA,3347 whereas the corresponding A-
methylacetamide 24 largely retains SalA’s binding (1.3-2.5-fold drop) and was reported to
improve upon its potency (1.9-fold improvement).3351 This trend holds in other
comparisons of secondary and tertiary amides (see Sl). Similarly, the H-bond donor in
sulfonamides like 25 is problematic: this compound binds to x-OR with 140-fold worse
affinity,4” whereas the corresponding methyl sulfonic ester 26 is similar in affinity (1.2-fold
worse) and potency (1.3-fold better) to SalA.3” The phenyl sulfonic ester 27 experiences a
similar loss in x-OR affinity to the phenyl ester 10 (32-fold loss*® vs. 47-fold loss,3’
respectively). Other acetate replacements that are not H-bond donating can be safely
introduced, as in thioacetate 28 (3—25-fold loss in affinity, 1.7-fold loss in potency).47:53

A series of unsaturated esters revealed an interesting feature of the SalA chemotype. While
a,pB-unsaturated esters, exemplified by 29, showed depressed affinity (6.2-fold worse
binding), B,y-unsaturated esters were more successful, as in 30 (3.4-fold worse binding) and
31 (2.1-fold worse binding). Aided by computational study, the authors determined that
additional spacing enabled the alkene to occupy a small hydrophobic subpocket formed by
Asp138, Tyr139, and Met142.48 However, since no consensus binding model has been
reached, this conclusion is not definitive.

The types of analogs that most consistently improve affinities and potencies are alkoxyl
methyl ethers, as in 32-34. These compounds mimic SalA with a modified oxidation state:
the carbony! of the acetate is replaced with a C—O single bond. In this class, MOM SalB
(32) binds 1.8-4-fold more efficiently, and is 4.5-7.7-fold more potent than SalA.40:44.54.55
Six other alkoxyl methyl ethers have been reported with stronger affinities or potencies than
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SalA, including EOM SalB (33, 13-63-fold more potent).#%:54 In general, restricting rotation
of these compounds as in tetrahydropyran 34 does not significantly aid binding values (1.7-
fold worse affinity than SalA in one report, 1.2-fold better affinity in another).40:54 One
study explored additional C2 substitution, as in 35. This compound demonstrates a 3.6-fold
loss in affinity relative to SalA, and therefore approximately a 10-fold loss relative to the
parent MOM SalB.5% Other, larger substituents (see SI) were even worse, but the study did
not extensively sample polar functionality along this vector.

A second H-bond acceptor as in malonate 36 seems beneficial—this compound
demonstrates a 3-fold improvement in affinity relative to SalA. However, the trend does not
translate to potency, as 36 is 27-fold less potent than SalA.4? Other malonic esters and
different spacing of the carbonyls are detrimental (see Sl). Lastly, restricting bond rotation of
the acetate as in spiro-lactone 37 results in only a 2.9-fold loss in potency,*3 a somewhat
surprising result given the loss in activity demonstrated by 2-epr-1.

With active doses as low as 200 pg in humans,>6 improvement of SalA potency is not
necessarily the most important goal in a medicinal chemistry campaign. Instead,
improvement of its metabolic lifetime, brain residence time and removal of its
hallucinogenic effects take priority. In this vein, several of the above compounds stand out.
N-methylacetamide 24 is more metabolically stable than SalA /n vitro, both with human and
rat liver microsomes, with or without the P450 co-factor NADPH.51 An Jn vivo assay with
24 demonstrated a 6-fold increase over SalA in the duration of its prodepressant-like effects.
Mesyl SalB (26) also has longer-lived in vivo effects compared to the parent SalA: 26
increases the latency of tail-withdrawal in a hot water tail-withdrawal assay for 60 minutes,
while SalA shows an impact only to 15 minutes.>’

MOM SalB (32), EOM SalB (33), and THP Sal B (34) are all demonstrated to have
improved metabolism. MOM SalB (32) was observed to have antinociceptive and
hypothermic effects for 120 and 90 minutes, respectively, in contrast to SalA’s 20 minute
antinociceptive effect.>® EOM SalB (33) was shown to be more metabolically stable than
SalA in vivowith [11C]-labeled versions of both compounds. SalA was metabolized such
that 50% of the observed radioactivity was from metabolites after 5 minutes in female
baboons, while 33 took ~30 minutes to reach 50% metabolism.2’ 33 was not observed to
have a longer brain residence time than SalA when both were administered intravenously
(both cleared to half their maximum brain concentration in under ten minutes). However,
when administered intraperitoneally, the brain concentration of 33 after 65 minutes was
nearly triple that of SalA.2” These data indicate that the slower route of administration was
more effective for the more metabolically stable compound, but that its increased stability
did not translate to increased brain residence time. In another test, THP SalB (34) showed an
antinociceptive effect in a hot water tail-withdrawal test for 45 minutes, in comparison to
SalA’s 30 minute performance.>® EOM SalB and THP SalB were also observed to attenuate
drug seeking behavior (specifically, cocaine) in vivo.50

Cinnamic ester 14 (termed “PR-38"), a mixed p-OR and x-OR (and cannabinoid) agonist is
orally bioavailable, and preliminary results indicate a lack of CNS-associated locomotive
side-effects.61 This compound and malonate 36 (termed “PR-37") were both observed to

Bioorg Med Chem Lett. Author manuscript; available in PMC 2019 May 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roach and Shenvi

Page 8

have antipruritic effects /n vivo. PR-37’s effects were counteracted by a x-OR selective
antagonist, while PR-38’s antipruritis was blocked by a p-OR selective antagonist.52 The
restricted spiro-lactone 37 is more stable when exposed to rat liver microsomes wi or
without the co-factor NADPH (after 2.5 hours, about twice as much material remains vs.
SalA), but the authors did not observe a longer-lived effect in vivo.*3

Assays to reliably measure G protein bias have appeared more recently, and represent a
minority set among assays used to evaluate SalA analogs. Structure—activity relationships to
explain G protein bias have not been described for the SalA chemotype, and in general the
differences between the two types of active states are not well understood. Thiocyanate
RB-64 (8) demonstrates bias in favor of G protein signaling over Barrestin2 recruitment. As
mentioned above, RB-64 was initially thought to be a covalent binder of x-OR /n vitro, but
subsequent unpublished results indicate it may not be irreversibly binding in vive®3

Analogs at C4

In contrast to the acetate group at C2, selective cleavage of the methyl ester at C4 requires
more forcing conditions that consistently epimerize C8 and require separation of these
diastereomers. The C4 region of salvinorin may fit into a small pocket of the x-OR bound by
Trp-287 and Tyr-320,32 depending on binding orientation. Accordingly, analogs that are
bulkier at this position bind less well. Conversion of the SalA (1) methyl ester to larger alkyl
esters like propyl ester 38 results in a total loss of affinity (/& > 1000 nM).54 Alternatively,
changing the functionality to other related functional groups like a carboxylic acid
(39)30:64.65 or an aldehyde (40)%5 also causes a complete loss of affinity. The carboxylate
anion may introduce unfavorable electron repulsion, and the aldehyde may introduce
unfavorable H-bond as the hydrate. The corresponding alcohol 41 has produced conflicting
reports. One report found its affinity reduced 87-fold versus SalA, but its potency non-
existent to 10 uM—the profile of an antagonist.38 Another report found it to bind to x-OR
380-fold worse than SalA, and to produce a partial response (68%) at 10 pM.33 In contrast,
Ref. 65 determined this alcohol to bind the x-OR only 33-fold worse than SalA, and produce
a full activity response with an ECsq only 4.6-fold higher than SalA. To the best of our
knowledge, this disparity has not been resolved. While bulkier alkyl esters almost uniformly
cause complete loss of binding, introduction of additional polar functionality can rescue
some of that lost affinity. MOM ether 42, while comparable in size to the inactive propyl
ester 38, retains some affinity (77-fold drop vs SalA) and activity (13-fold drop vs SalA).64

Replacing the methyl ester with an H-bond donor as in amide 43 results in a significant loss
of affinity (540-fold). The loss in activity in this compound is much harsher: 43 only elicits a
71% response at 10 pM.33 This partial agonism may mirror that of H-bond donor alcohol 41,
if the two different reported activities of 41 can be reconciled. Dimethylamide 44, without
an H-bond donor, does not show any evidence of binding.33 Removing the carbonyl in favor
of ethers (45)% or amines (46, 47)33 results in a complete loss of affinity. Use of alcohol 41
to prepare esters with alternative regiochemistry as in acetate 48 predictably results in total
loss of binding (12 compounds evaluated, see SI). The lone exception, cyclopropyl ester 49,
has 170-fold worse binding to x-OR and 80-fold lower activity, compared to SalA.6°
Interestingly, increased steric bulk with amino acids did not uniformly remove all affinity:
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alanine derivative 50 only loses affinity by a factor of 21, and it loses activity by a factor of
10. Serine derivative 51, in contrast, was completely inactive.54

Scaffold Analogs

Deep-seated changes to the SalA scaffold are harder to come by. A few changes to the A and
C rings have been reported. Removal of the C1 ketone in the A ring (52) causes a modest
loss (3-6.2-fold) in potency and affinity (4.5-fold), whereas introduction of an H-bond donor
as in alcohol 53 results in a steeper loss in affinity (280-fold).38:66 In fact, alcohol 53 was
reported in one publication as an antagonist of x-OR.6 Protecting this alcohol did recover
some activity, as in mesylate 54 (60-fold less active than SalA).56 Fragmentation and more
freedom of rotation in the A ring resulted in 56-140-fold losses in activity, as exemplified by
acetal 55 (56-fold less active, see Sl for others).3 Modification of the geometry of the A
ring by introducing unsaturation (56, 57) also harmed activity at xk-OR. Acetate 56 was 14-
fold less active than SalA, but benzoate 57 (termed “kurkinorin™) was reported to be
completely inactive at x-OR (ECsp > 10 pM) while improving p-OR activity.4? In
comparison to the saturated benzoate 10 (Fig. 2), this is a dramatic change in activity, and
improvement in selectivity (see p-OR section below).

The C-ring lactone of SalA has been the target of even less derivatization. In general,
alteration of the lactone results in a modest loss in affinity or potency: tetrahydropyran
derivative 58 has 1.5-fold less affinity for x-OR, and 4.8-fold lower activity; lactol 59 has
15-fold lower affinity, and 1.7-fold lower activity; and dihydropyran 60 has 1.5-fold worse
affinity, and 14-fold worse activity.38 Fragmentation of this ring, as in 61 (480-fold loss in
affinity) generally results in steeper drops in affinity.%0

A variety of chemical conditions cause epimerization of the C8 carbon (see Table 1). These
analogs are often tested when they arise, and are in general significantly less active than their
8-nat counterparts. The majority of them show no affinity (K; > 1 uM) at x-OR. A few select
examples show improvements against their counterpart, but none are within an order of
magnitude of SalA’s affinity or activity (see Sl).

Analogs at the Furan

The furan ring in SalA has been another desirable target for alteration, in part because of the
well-known metabolic lability of furans.” The role of the furan—H-bonding, pi-stacking, or
hydrophobic interactions—nhas not yet been fully elucidated, but its importance is clear:
complete removal of substitution at C12, as in methylene analog 62, results in an 1800-fold
loss in affinity.%9 Alternating the regiochemistry of the furan (63), which could disrupt or
alter a hydrogen-bonding interaction, results in only a 1.2-fold loss in affinity and a 3.5-fold
loss in activity relative to the parent SalA.”* Hydrogenation of the furan ring (64), in
contrast to the reduced and fragmented analog 61 (Fig. 4), results in only a moderate loss in
affinity (7-39-fold) and activity (2.7-fold).38:50 One diastereomer (13R) retains more affinity
(1.9-fold loss vs. SalA) than the mixture demonstrated.>0 Installing the furan with the
opposite stereochemistry at C12, as in analog 12-epi-1, causes a moderate loss in affinity
(2.3-16-fold loss). In two reports, this compound demonstrates partial agonist behavior (67—
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73% maximum response) for G protein signaling®8:7°; a third report observes a full response
(109% vs. (-)-U50,488) in the same test.”* Interestingly, 12-pi-1 demonstrated G protein
signaling without effecting receptor internalization, but only when acting at the human «-
OR. At the mouse x-OR, 12-gp/-1 was internalization biased.’®

One of the most effective strategies for selective alteration of the furan ring has been
oxidative cleavage. The resulting carboxylic acid 75 has been used to prepare the majority of
furan replacement analogs (as opposed to differently substituted furans, like 79-87). The
aryl ketones prepared from this process in general experience a moderate loss in affinity and
activity: furyl ketones 65 and 66 show an 11-fold and 20-fold loss in affinity, respectively.’*
Activity was only tested for the 2-furyl regioisomer 65, but a 53-fold loss was observed.
Thiophene analog 67 was more competent (4.2-fold less affinity, 16-fold less activity).”*
Phenyl ketone 68 has 9.5-fold less affinity and is 57-fold less active. A series of substituted
benzene rings lose at least an order of magnitude of affinity relative to SalA (see SI), with
the lone exception being the meta-carboxamide analog 69 (5.4-fold less affinity, 18-fold less
activity).” Reduction of the ketone spacer as in alcohol 70 results in a compound with a
slightly improved profile than the ketone (8-activity) fold less affinity, 17-fold less activity).
68 Other secondary alcohols of this sort have not yet been reported.

The oxidative cleavage product has also been used to prepare a series of amides, esters, and
ethers. A series of 22 secondary amides, exemplified by methyl amide 7168 or phenyl amide
72,77 were found to have a K; above 1 uM. Tertiary amides, as in piperidine 73, did not
demonstrate a similar drop (73 has 19-fold less affinity and 120-fold less activity than SalA).
T Other compounds which remove the H-bond donor of the secondary amides, like methyl
ester 74, also recover affinity at x-OR (74 has 62-fold less affinity and 170-fold less activity
than SalA).58 Carboxylic acid 75, presumably bound as the negatively charged carboxylate,
demonstrates an even better profile (22-fold worse affinity, 80-fold worse activity) than the
series of esters.58 Methyl ether 76 has 200-fold less affinity than SalA; other related ethers
and esters demonstrate a similar profile.58

The furan ring has also been selectively altered by Diels—Alder reaction with alkynes to
prepare oxanorbornadiene derivatives like 77 (see SI). These compounds could be converted
to the corresponding substituted benzene analog, as in 78. In general, these substituted
benzene rings demonstrate a moderate loss in affinity (78 shows a 39-fold loss in affinity).
Surprisingly, the more sterically demanding oxanorbornadienes show a better profile than
their benzene counterparts: 77 only loses 8-fold affinity vs. SalA.78

Selective substitution of the furan ring of SalA has been achieved via the bromination
product 79. This compound itself displays a similar profile to SalA (1.2-1.6-fold worse
affinity, 1.1-1.3-fold loss in activity),%9-68.79 and has been used as a coupling partner to
further substitute the furan ring. Phenyl substitution (80) results in a 2.5-43-fold loss in
activity®9:79; more substituted benzene rings, regardless of electronics, were worse (see Sl).
The lone exception, the ortho-fluoro analog, was roughly equipotent (1.2 £ 0.1 nM vs. 1.3
+ 0.4 nM) to the unadorned benzene ring.”® Polar substituents result in steep drops in
potency, for example nitrile 81 is 310-fold less potent than SalA.”® Small nonpolar
substituents (like cyclopropyl analog 82) result in compounds with better profiles than polar
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functionality, but they still experience moderate drops in activity—cyclopropyl analog 82 is
33-fold less active than SalA.”® Introduction of a trifluoromethyl group to C2 as in analog 83
results in a 1000-fold drop in potency, but an alternative regioisomer, compound 84, is an
order of magnitude more potent than the C2 analog (100-fold less active than SalA).”® To
the best of our knowledge, this is the only compound yet prepared to probe C5 substitution.
Vinyl-substituted compound 85 demonstrates 2.2—-32-fold lower potency,58.79 whereas the
alkyne analog 86 is more active than the parent SalA (1.6-fold more potent).”® Any
additional substitution to the alkyne results in a steep drop in potency (6 compounds, of
which 87 is the most potent with an 870-fold drop in ECsg).”®

Recent Synthetic Analogs

SalA’s intriguing activity profile has made it a desirable target for total synthesis: four
syntheses from three groups have been reported.8%-83 These routes, while creative and
aesthetically pleasing, are suboptimal for analog generation due to their length, throughput,
and linearity. None of the original syntheses report activity data for any analogs. In 2017,
our lab reported that deletion of the C20 methyl group allowed for a much shorter synthesis
of the SalA scaffold and higher material throughput thanks to diminished C8 epimerization.
The 20-nor-SalA target (20-r0r-1) proved to be similarly active to SalA (6.8-fold drop in
both affinity and potency).8 Its synthesis was divergent and enabled rapid analog
development: benzene and thiophene analogs 90-91 had not been described previously in
the parent system, but were available in 2 steps from intermediate 89. These simpler arene
replacements were marginally more active than the previously described aryl ketones (66 &
68, iffinity Fig. 5). Phenyl analog 90 was 3.3-fold lower affinity than SalA, and experiences
an 18-fold drop in potency. The 12-gpi series, including 12-epi-20-nor-1, 12-epi-90, and 12-
epi-91 have similar profiles (4.8-13-fold loss in affinity, 17-, 26-, or 93-fold loss in potency).
84 This route also enabled the creation of more deep-seated changes to the scaffold. In
particular, analog 92 featured a cyclohexanone in place of the C ring lactone; this change
completely eliminated C8 epimerization and retained activity (1.3-fold less potent than
U69,593, a benchmark agonist which is typically 4-10-fold less potent than SalA).85

An analog synthesis based on the 2006 Evans total synthesis reported SalA-inspired
compound 94, which was 110-fold less potent than SalA.8 It is difficult to infer what causes
this potency decline. C19,20 deletion or inclusion of a B ring hydrogen-bond donor may be
offset by the beneficial MOM group at C2 (see 32, Fig. 2), whereas the methyl ether (see 45,
Fig. 3) may exacerbate potency loss.

Analogs with p-OR Activity

Early into SalA analog development, C2 aryl ester analogs were determined to increase
affinity at u-OR yet decrease x-OR affinity and potency.#6 This was first observed in phenyl
ester 10, later termed “herkinorin.” Herkinorin has a K at u-OR of 12 + 1 nM, 7.5-fold
lower than its affinity at x-OR,4® and has been observed to avoid p-OR receptor
internalization and other Barrestin2 signaling pathways.8” The improved p-OR profile
extends to the series of substituted benzene rings reported (see Sl), of which para-bromide
95 has the highest affinity for u-OR (10 £ 1 nM) and the best selectivity (74-fold in favor of
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H-OR over x-OR).4647 Other aryl rings like thiophene 11 or pyridine 13 display similar
properties: both favor u-OR binding by a factor of 26, thiophene 11 with a Kj at p-OR of 10
+ 2 nM#647 and pyridine 13 with a K; at u-OR of 73 + 2 nM.37

In contrast to the deleterious nature of hydrogen-bond donating amides at C2 in x-OR
activity, phenyl amide analog 96 (termed “herkamide”) demonstrates strong activity at -
OR: in one report its Kj was shown to be 3.1 £ 0.4 nM (selective over x-OR by a factor of
2500),%7 in another report its ECsq was determined to be 3.0 + 0.6 nM (selective over x-OR
by a factor of 3300 and more potent than morphine at p-OR in the same assay).#2 Sulfonic
esters like 27 were not found to be comparable to their ester counterparts in u-OR activity
(27 did not demonstrate any binding).46 PR-38 (14), a vinylogous aryl ester , demonstrates
both p-OR and x-OR activity (see Fig. 2 above). As mentioned above (Fig. 4), unsaturation
between C2 and C3, as in benzoate 57, changes the conformation of the compound such that
x-OR activity is completely lost, while p-OR activity is improved.*2 This compound, and the
related series of substituted benzene esters (see Sl), nearly completely reversed the natural
selectivity of SalA. Unfortunately, 57 gained activity at 6-OR, and the series of related
compounds tested did not improve upon its u-OR/8-OR selectivity.

Conclusions

The salvinorin A scaffold represents a promising, yet underdeveloped chemotype for
modulation of opioid receptors, especially x-OR.88 Several points of ambiguity remain.
First, no consensus binding model has been settled: two recent papers describe gpposite
binding poses of SalA at the same site.17:84 Second, little pharmacology besides agonism
has been observed and no predictive model developed. Third, unlike the morphinan class,
SalA analogs lack predictable, discernable SAR trends for antagonism, partial agonism or
biased agonism, although there is proof-of-principle for each. Finally, we could find no /n
vivo studies that identify all major metabolic degradation products of SalA (besides SalB);
its short brain residence time may result from active efflux, or may point to an unknown
metabolite. Regardless, application to chronic pain treatment requires that the short brain
residence time of SalA be radically increased. Nevertheless, the inherent selectivity of SalA
for x-OR merely raise the profile of these challenges, heightening the reward, if not
mitigating the risk. A bright spot on the horizon may be the two recent syntheses of the SalA
scaffold, which will allow more diverse and more deep-seated scaffold modifications than
the simpler peripheral changes already reported.8486 Three important advances may be
enabled by these chemical syntheses. First, covalent analogs of SalA may elucidate the
binding site, pose and contacts within activel” and inactive®? receptor conformations.
Second, diverse pharmacology besides mere agonism may become available to the SalA
chemotype; biased agonism may be possible by taking structural lessons from other ligands.
Third, the possibility of photochemical modulation of SalA binding presents the opportunity
for temporal control of x-OR signaling and all the lessons it may bring.%? To be sure, the
future of the SalA scaffold is bright, illuminated largely by innovations in chemical synthesis
and close ties with advanced pharmacology.
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A. ORs in their unactivated state

B. G Protein Signaling C. Barrestin Signaling

Agonist

Barrestin

cy ;'m

(cAMP
production)

Figure 1.
A. Opioid receptors are membrane proteins with 7 transmembrane domains, associated with

G protein Gj,o. B. Agonism of an opioid receptor can activate the associated G protein by
exchanging GDP for GTP. The activated Ga subunit inhibits adenylyl cyclases, while GB-y
regulate various ion channels. C. Alternatively, another opioid active-state conformation can
induce phosphorylation by a GPCR Kinase (GRK) and Barrestin recruitment.
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Figure 2.
Selected examples of C2-modified SalA analogs. Kj and ECsg are represented

logarithmically: red bars represent greater than 1000-fold loss in affinity compared to SalA,
whereas orange bars represent between 100- and 1000-fold loss, yellow between 10- and
100-fold loss, green between 1- and 10-fold loss, and blue represents an improvement vs.
SalA.
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Figure 3.
Selected examples of C4-modified analogs of SalA
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Figure 4.
Selected examples of core modifications to SalA
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Selected examples of furan-modified analogs of SalA
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Synthetic analogs of SalA
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Figure 7.
Selected examples of u-OR active analogs of SalA
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Conditions in which C8 epimerization have been observed

Conditions: Reference:
NH3, MeOH, 0 °C 37
Na,CO3, MeOH, 0 °C 37
NaHCO3, DMPU or DMF, 150 °C 38
K,CO3, MeOH, 0 °C 44
Alyklamide oxime, EDCI, HOBt, CH,Cl,, 23 °C; 50, 67, 68
PhMe, 110 °C

CCly, PPh;, PhH, 80 °C 53
NaH, DMF, 40 °C 55
Lil, pyridine, 120 °C 64, 65
RSO,NH,, AcOH, 95 °C 67
RB(OH),, Pdy(dba)s, SPhos, K3PO,4, PhMe, 100 °C 69
LiOH 70
NaOH, MeOH/H,0; 1M HCI; Ac,0, pyridine 71
neat, 248 °C 72
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