Synthesis and target annotation of GB18
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Ingestion of alkaloid metabolites from the bark of Galbulimima (GB) sp. leads to psychotropic and excitatory effects in humans.
Only a single target, the muscarinic acetylcholine receptor, has been assigned. Limited, variable supply of GB alkaloids has imped-
ed their biological exploration and clinical development. Here we report a solution to the supply of GB18, a structural outlier and
putative psychotropic principle of Galbulimima bark. Efficient access to the challenging tetrahedral attached-ring motif required the
development of a ligand-controlled endo-selective cross-electrophile coupling and a diastereoselective hydrogenation of a rotation-
ally-dynamic pyridine. Reliable, gram-scale access to GB18 allowed its assignment as a potent antagonist of kappa- and mu- opioid
receptors and lay the foundation to navigate and understand the biological activity of Galbulimima metabolites.

The GB alkaloids' derive from the bark of Galbulimima sp.,
which features in the traditional medicine and ritual of Papua
New Guinea as an analgesic, antipyretic and hallucinogen.?
Forty alkaloids unique to Galbulimima comprise four structur-
al classes differentiated by connectivity between conserved
piperidine and decalin motifs (Classes I-IV, see Figure 1). Of
twelve alkaloids subjected to in vivo assays, ten elicited di-
verse physiological or behavior changes in mammals at or
below 10 mg/kg.® Most affected heart rate, blood pressure or
muscle spasm. The most potent antispasmotic, himbacine
(Class I) garnered the most interest as a candidate for treat-
ment of bradycardia (abnormally slow heart beat),” Alz-
heimer’s disease®'? and intraocular pressure'! due to its potent
antagonism of muscarinic acetylcholine receptor (mAChR) M,
(Kq = 4 nM).” Only a single alkaloid displayed activity con-
sistent with effects on behavior. GB18 inhibited mouse preen-
ing at 5 mg/kg, with no effect on pain threshold, which was
interpreted as an effect on cognition instead of sensation.® A
high potency target was not identified. GB18 is not widely
available and its abundance in Galbulimima bark is not report-
ed. However, the extreme variability of overall alkaloid con-
tent and ratio, unrelated to location and season (0.5% to trace
total alkaloid content, avg. content 57 ppm, excluding the
abundant alkaloid, himbacine)!>!* frustrated re-isolation at-
tempts, leading to ad hoc procedures for extraction and purifi-
cation.'”> GB18 and himbacine both correspond to Class I alka-
loids (subclassified here as Ia and Ib). Synthesis of GB18
would allow comparison to himbacine and correlation of
changes in structure (see Figure 1) and function (tachycardia
vs. preening inhibition) with changes to receptor affinity and
selectivity. This change in structure corresponds to alteration
of the pendant piperidine ring of himbacine to the tetrahedral
attached-ring of GBI18 and alters the problem of synthesis
significantly.

Access to GB18 via chemical synthesis is challenged by
the strained ether in its core and vicinal, stereogenic attached-
ring bridgeheads that position the piperidine into the concave
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Figure 1. Analysis of structure and synthesis. a. GB alkaloids are
classified by piperidine/decalin topology (in red) but a target has
only been assigned to the most abundant alkaloid, himbacine. b.
The pendant piperidine of himbacine is rearranged to an attached-
ring system, which challenges stereocontrol.

face of the oxa-tetracycle. Retrosynthetic cleavage of the at-
tached-ring bridge to a [-haloether reduces Bottcher com-
plexity by 28% (448 to 325 mcbits)'* but control of bridgehead
stereochemistry does not benefit from analogy in the literature.
The attached-pyridine (2) can undergo facile bond rotation
(see SI) to expose either face for hydrogenation, in contrast to



the rigid GB scaffolds explored previously.'>!® Stereoselective
appendage of the pyridine onto the carbocyclic core must
overcome the steric repulsion of the endo-face (endo-2 is de-
stabilized 0.5 kcal/mol vs. its exo-isomer, MM2) and the ten-
dency of the bridging ether to fragment at either carbon (vide
infra). The simplicity offered by this approach, however, miti-
gated its inherent risk. Cross-coupling substrate 3 might be
accessed by haloetherification, which keyed the use of a Dan-
heiser annulation transform to the unencumbered convex face
of enone 4 (see Figure 2) and simplified the entry. Execution
on multigram scale validated this design (2.5 g of rac-GB18
was prepared). Access to nat-GB18 allowed its annotation as a
potent antagonist for kappa- (9 nM ICsy) and mu-opioid (12
nM ICs) receptors.

A robust entry was available via 5, the Robinson annula-
tion product of cyclohexanone and methyl vinyl ketone. Con-
jugate borylation using catalytic Cu(I)-CyJohnPhos accessed
cis-decalone 6 stereoselectively in one step on small scale (see
SI), but a two-step protocol of hydrogen peroxide-mediated
epoxidation'’ and palladium-catalyzed hydrogenation'® yielded
294 grams (175 mmol) of 6 in one pass. Identification of a
solvent system (1:1 EtOAc:HFIP) that decreased hydrogena-
tion catalyst loading (1% Pd/C vs. 10% in EtOAc alone), min-
imized overreduction and ensured reproducible yields on
scale-up. High-yielding desaturation (91% yield, 2 steps) was
achieved by regioselective (98:2 A>*: A'?) double silylation
(7), followed by Saegusa oxidation (10% Pd(OAc),) under
modified Larock conditions to provide a 71 wt% (‘H NMR)
solution in PhMe of the volatile enone 4. Danheiser annula-
tion'® proceeded with excellent stereoselectivity (concave-face
diastereomer not detected) in the presence of 1.4 equiv. TiCly
to provide, initially, an alkenylsilane with fert-alkyl silyl ether
intact. In situ addition of HFIP at -40 °C effected double desi-
lylation to provide a 64% yield (‘"H NMR) of 8. A two-step
annulation/ protodesilylation was ineffective using fluoride
(e.g. TBAF, BF;*Et,O) or alkoxide-based (K,COs/MeOH)
protocols due to the tendency of 8 to isomerize and/or elimi-
nate water, necessitating the in situ alkenylsilane protodesi-
lylation protocol, which may rely on a transient Ti(HFIP),Cl..-
substrate complex (see SI). Scale-up of this sequence from
cyclohexanone was aided by identification of crystalline in-
termediates (SI-2, 6 and 8), which allowed single-pass isola-
tion of 13.4 g of 8 (98% purity, '"H NMR) with only one filtra-
tion through silica (the reaction mixture containing 4, 2 M in
DMSO, was eluted from SiO, 1:13 (w:w) without prior
workup). Sensitivity of 8 to acid and base also frustrated ha-
loetherification with a range of halonium sources (e.g. NCS,
Palau’chlor, NBS, DBDMH, TBCHD, see SI). In contrast,
iodoetherification using NIS in HFIP delivered bridging ether
3 (confirmed by X-ray) on multigram scale (5.6 g, 82%),
which possessed the tetracyclic core of 1. Establishment of the
endo-attached-ring motif with a large heterocyclic partner
promised to be challenging, however. The primary strategy of
C-I bond homolysis was probed by Giese addition of the C-
radical (see Figure 2) to methyl propiolate or phenyl vinyl
sulfone but was unsuccessful. Only solvent quantities of the
small radicalophile, TMS-acetylene, proved competent to trap
the radical derived from 3 and produced a near equimolar ratio
of diastereomers favoring exo-9. Comparable reactivity with
heterocycles proved elusive.
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Figure 2. Entry into the GB18 core identifies low selectivity
associated with radical addition reactions.

Minisci-type addition to 2-picoline, 2-picoline N-oxide or
N-methoxy-2-picolinium acceptors® yielded no attached-rings
and transition metal-mediated cross-coupling (Pd, Ni, Fe)?!
between 3 and metastable C2-metalated-pyridines (Mg, Zn)*
produced complex mixtures with no detectable product. Sensi-
tivity of the strained -iodo ether of 3 prompted a search for
more chemoselective conditions. Cross-electrophile coupling
has emerged as a widely adopted tool?® since seminal contribu-
tions over the last decade by Weix, Reisman, and others %
but has not seen use for stereoselective attached-ring coupling.
Attempts to leverage photoredox catalysis®® yielded only traces
of desired product amidst complex mixtures, possibly due to
the photosensitivity of 3, which darkened over several hours
under ambient laboratory light. Modified Weix conditions for
Ni-catalyzed heteroaryl reductive coupling”” with 6-bromo-2-
picoline also gave low levels of endo-2, but byproducts were
few and identifiable, aiding optimization efforts. Off-pathways
included homodimerization (to 6,6’-dimethyl-2,2’-bipyridine),
ElcB ether fragmentation (13), deiodinative ether fragmenta-
tion (14) and protodehalogenation of 3. Fragmentation by-
product 14 reflected the strain of the oxygen bridge, its insta-
bility and tendency to eliminate, and was favored with Zn°,
Mn° and TDAE?* as reductants for Ni, restricting the options
available for cross-electrophile coupling. We recently reported
a suite of alkene hydrofunctionalizations that merged metal-
hydride hydrogen atom transfer (MHAT) catalysis with nickel
cross-coupling cycles,*® where the MHAT catalyst itself ap-
peared necessary for reduction of Ni** to Ni'*3!*> Adaptation
of this reducing system (Mn(dpm)s/PhSiH3) for production of
2 yielded the most promising results (Figure 3).* Exhaustive
screening identified an optimal combination of pyridine elec-
trophile (6-iodo-2-picoline), solvent (DMA), exogenous base
(0.03 M Li,CO:3), temperature (35 °C), salt (0.4 M Nal) and Ni
source (0.06 M NiBr,ediglyme). Weix-type amidine ligands*
and previously unexplored amidines provided variable
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Figure 3. Completion of rac-GB18 (rac-1) on gram scale. a. Con-
trol of attached-ring bridgeheads enables a short, stereocontrolled
route. b. Optimization of endo-selective cross-electrophile cou-
pling; *0.02 mmol scale; ® — denotes no detected product by TLC
or LCMS; © 0.005 mmol scale; ‘yields increased on preparative
scales (>1.0 mmol). c. Optimization of diastereoselective pyridine
hydrogenation via freely rotating attached-rings.

diastereoselectivity ranging from no preference (no ligand, L6,
L17) to strong preference for exo-2 (L3) (see Figure 3; full list
of ligands in SI). A novel ligand proved to be the most selec-
tive and highest yielding: L1, 1H-pyrazole-1-carboxamidine
(Praxidine), an inexpensive, commercially available
($50/100g, Combiblocks) guanidinylating reagent and anti-
inflammatory, favored endo-2 by over 10:1 versus exo-2. The
mechanistic complexity of possible reducing/coupling path-
ways has frustrated the development of conditions that are
catalytic in either Ni** or Mn*, and remains the subject of
ongoing investigation. Nevertheless, the efficiency of the reac-
tion allowed batch scale-up to 2.9 grams of 2 in a single pass
from 3 (72%, 10:1 dr). The high diastereomeric ratio reflects a
1.4 kcal/mol difference between organometallic intermediates
or transition states, which may derive from a hydrogen bond
network between the pyridine-nickel-ligand complex and the
Lewis basic oxygen bridge of 3 (see SI). Endo-2 is destabi-
lized by 0.5 kcal/mol vs. exo-2 (MM?2), and epimerization was
not observed by resubjection of products to coupling condi-
tions. These results demonstrate a surprising and, to the best of

our knowledge, unprecedented reversal of stereoselectivity
based on ligand structure to access the more hindered isomer
of cross-electrophile coupling.

Endo-selective cross-electrophile coupling established one
bridgehead stereocenter, but the attached-piperidine bridge-
head presented a different challenge. The pyridine ring of 3
appeared to equally rotate each prochiral face to incoming
reagents (see SI), resulting in ca. 1:1 dr upon hydrogenation.
Strategies to lock the conformation of the ring—pyridine pro-
tonation, hydrogen bond donors, chelating Lewis acids—also
led to equimolar mixtures of stereoisomers. In contrast, oxida-
tion to pyridine-N-oxide 11 effectively differentiated prochiral
faces of the pyridine and led to diastereoselective hydrogena-
tion using Rh/ALO; (7:1 dr on gram scale). Stereoselectivity
may reflect conformational restriction (see SI) or two-point
binding of the Lewis basic N-oxide/ N-hydroxylamine and
ether oxygen to the metal surface to direct hydrogen delivery
to one face. The resistance of the N-O bond to hydrogenolysis
was evidenced by persistence of N-hydroxypiperidine 14,
which could be cleanly reduced to 12 in situ by the addition of
Zn. This single-atom structural change® to solve the problem
of diastereoselective heteroarene hydrogenation complements
prior approaches—chiral auxiliaries,*® chiral catalysts,”” cova-
lent conformational locks*®—and provides an alternative strat-
egy for related systems. Fast, chemoselective reduction of the
pyridine ring occurred until late in the reaction when small
amounts of ketone reduction were observed, but the resulting
alcohol byproduct was separable by chromatography on deac-
tivated Aleg.

Having solved the three main challenges of the synthe-
sis—the unprecedented core, the strained ether, the endo-
attached-rings —completion of the synthesis became straight-
forward. Ketone 12 was converted via Barton iodination to its
corresponding vinyl iodide, which could be elaborated to the
methyl ester using palladium-catalyzed carbonylation. Each
step scaled to multigram quantities with few changes to the
small-scale procedures. The brevity of the route allowed pro-
duction of 2.5 grams (1 gram in 1 pass) of rac-GB18 in an
academic setting. The two enantiomers could be separated by
preparative chiral SFC, crystallized to verify the absolute con-
figuration of each antipode ((+)-nat-GB18 and (-)-en-GB18)
and assayed to determine potential central nervous system
targets.

GB18 had been singled out by Smith, Kline and French as a
potential psychotropic principle of Galbulimima sp. due to its
inhibition of mouse preening (5 mg/kg) without effect on the
pain threshold.® Both nar-GB18 and ent-GB18 were therefore
screened by the NIMH Psychoactive Drug Screening Program
to identify high affinity targets among human receptors com-
monly involved in CNS modulation.”* Whereas nat-GB18
showed low or statistically-insignificant (p > 0.05) binding at
10 uM to 43 common drug targets including muscarinic recep-
tors M,_s, it strongly displaced [PH]JU-69593 (87%, p < 0.001)
from kappa-opioid receptors (KOR) and [*HIDAMGO (85%,
p < 0.001) from mu-opioid receptors (MOR). Follow-up
TANGO assays* identified nar-GB18 as a potent antagonist at
both KOR (ICsp = 9 nM) and MOR (ICs, = 12 nM) (Figure 4b,
red curve), comparable to the morphine derivative naltrexone
(Figure 4b, blue curve). Delta- (DOR) and nociceptin opioid
receptors (NOP) were not strongly ligated nor were Mas-
related GPCRs. ent-GB18
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Figure 4. Identification of high potency target receptors of GB18. a. nat-GB18 (nat-1) selectively ligates opioid receptors among
45 common receptors of neuroactive substances and potently antagonizes %- and p-opioid receptors.® Values indicate % inhibition
of radioligand binding by 10 pM of (+)-nat-1 (n = 4); *** p <0.001, ** p <0.01, * p < 0.05, two-tailed test (see SI for data tables);
error bars indicate standard deviations. b. TANGO farrestin signaling dose-response (n = 3).** KOR: salvinorin A (green), naltrex-
one (blue), nat-GB18 (red); MOR: DAMGO (green), naltrexone (blue), nar-GB18 (red). ¢. A chemical space (principal moment of
inertia, PMI, and additive complexity, Cn) to distinguish the forty GB alkaloids that differ by piperidine-decalin topology, including
himbacine and GB18. d. A walk through this chemical space to quickly access GB18 with the potential to perturb selectivity
(KOR/MOR) among the GPCR phylogenetic tree, by analogy to himbacine (M;_s) and Vorapaxar (PAR1). n = X number of con-
centration replicates; KOR = kappa-opioid receptor; MOR = mu-opioid receptor; DAMGO = [D-Ala’?, N-MePhe*, Gly-OF]-

enkephalin; GPCR = G protein-coupled receptor.

displaced [*H]U-69593 from KOR with moderate affinity
(56% at 10 uM, p < 0.001; K; = 1.1 uM) and showed higher
affinity to o, and 0, receptors (see SI). The identification of
MOR and KOR as high-affinity receptors for GB18 represent
the first new target assignment for the GB alkaloids in over 35
years since the identification of himbacine as a muscarinic
receptor antagonist.’

Overall homology among the GB alkaloids illustrates
how the relatively small structural differences between himba-
cine and GB18, both Class I alkaloids, impart changes to bind-
ing affinity among rhodopsin-like GPCRs (M,s, subfamily
A18 vs. opioid receptors, subfamily A4).*' A correlation be-
tween structure and GPCR selectivity is also demonstrated by
himbacine vs. Vorapaxar (enantiomeric series, antagonist of
PAR1, subfamily A15), and therefore may serve as an organiz-
ing principle to classify GB alkaloids by function (Figure 4c),
suggesting potential to similarly expand GB18 among the
GPCRome. Functional organization of the GB alkaloids ac-
cording to affinity and selectivity for diverse neuron recep-
tors—not merely muscarinic receptors—complements existing
characterization by structure and biosynthesis, and may begin
to explain the diverse nervous system effects ascribed to the
GB alkaloids over 50 years ago.

The robust synthesis platform described here relies
on fundamental discoveries in chemoselective scaffold assem-
bly, stereoselective cross-coupling and stereoselective at-
tached-ring hydrogenation. The route quickly enters GB chem-
ical space (Figure 4d)'® and allows the exploration of both
enantiomeric series, diverse heterocyclic attached-ring analogs
and core functional groups—all of which are expected to affect
GPCR affinity and selectivity. Further knowledge of the tar-
gets of the GB alkaloids and their analogs will allow a more
accurate parameterization of chemical space to correlate struc-
ture and function. For now, GB18 itself is available freely and
to all interested parties.
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