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ABSTRACT: Tropane alkaloids are an important class of
biologically active small molecules characterized by their 8-
azabicyclo[3.2.1]octane core. Because of their numerous medicinal
applications, microbial biosynthesis and a variety of chemical
syntheses have been designed for individual family members.
However, current approaches are not amenable to late-stage
structural diversification at N8, C3, C6, or C7, positions that are
critical for modulating the biological properties of these molecules.
Here, we describe a general approach to the synthesis of tropane
alkaloids and their analogues that relies on the construction of the
8-azabicyclo[3.2.1]octane core through aziridination of a cyclo-
heptadiene intermediate, followed by vinyl aziridine rearrange-
ment. Using this strategy, we synthesized six tropane alkaloids and
several analogues in only 5−7 steps. Given that the tropane alkaloid scopolamine has been reported to promote structural
neuroplasticity and produce antidepressant effects, we tested five tropane-containing compounds for their ability to promote
dendritic spine growth in cultured cortical neurons. We found that the orientation of the C3 substituent may play a role in the
psychoplastogenic effects of tropane alkaloids. Our work provides a robust platform for producing tropane analogs for future
structure−activity relationship studies.
KEYWORDS: tropane alkaloids, tropacocaine, benzoyltropine, datumetine, total synthesis, aziridine, late-stage functionalization,
psychoplastogen

Since their initial discovery in the early 1800s, over 200
tropane alkaloids have been isolated.1 These small

molecule natural products and their secondary metabolites
have served as medicines for over a century.2,3 The significant
biological activity of this class of compounds results from their
abilities to modulate numerous targets including monoamine
transporters,4,5 muscarinic receptors,6 and NMDA receptors,7

among many others. In 2014, an analysis by Njardarson and
co-workers revealed that the tropane core was ranked no. 15 in
a list of nitrogen-containing heterocycles most commonly
found in FDA-approved drugs,8 emphasizing the importance of
this structural motif in medicine.
The core structural features of these alkaloids include an N-

methyl-8-azabicyclo[3.2.1]octane core (i.e., tropane) and a
hydrophobic tail appended to C3 of the tropane ring (Figure
1A). Crystallographic evidence suggests that the basic nitrogen
of tropane alkaloids can form key salt bridges and/or cation−π
interactions with various targets, while substituents at C6/C7
and C3 often form hydrogen bonds with neighboring
residues.9−11 We became interested in understanding how
the structures of tropane alkaloids might impact their abilities
to serve as psychoplastogens, small molecules that promote
cortical neuron structural plasticity after a single admin-
istration.12,13 Recent evidence suggests that scopolamine (6) is
a potent psychoplastogen with the ability to induce spino-

genesis in the cortex and produce rapid antidepressant
effects.14,15 Most psychoplastogens studied to date are potent
agonists of 5-HT2 receptors.13,16,17 However, the activity of
psychoplastogens such as N,N-dimethyltryptamine (DMT)
and lysergic acid diethylamide (LSD) at 5-HT2A and 5-HT2B
receptors limits their therapeutic potential, as activation of
these receptors produces hallucinations and cardiac valvulo-
pathies, respectively.18,19 Given the current drawbacks of
serotonergic psychoplastogens, we reasoned that other tropane
alkaloids (Figure 1B) might induce structural plasticity similar
to that of scopolamine (6).
To fully realize the potential of tropane alkaloids and

analogues as psychoplastogens, an efficient synthetic strategy
enabling late-stage functionalization of N8, C3, C6, and C7 is
required. Unfortunately, the microbial production of tropane
alkaloids20 and current chemical syntheses1 are not amenable
to facile diversification at these positions. Historically, many
tropane alkaloid syntheses have focused on accessing the
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common intermediate tropinone (Figure 1C).21,22 Unfortu-
nately, the saturated core and N-methyl group of tropinone
make it unsuitable for accessing scopolamine or more recently
isolated tropane alkaloids functionalized at N8, C6, or C7. We
reasoned that an N8-protected intermediate possessing a C6−
C7 olefin would provide optimal functional group handles to
access a range of analogues via late-stage diversification.
However, developing a robust, general synthetic strategy for
the nortrop-6-ene core has proven challenging. Prior strategies
have focused on the formation of the trop-6-ene core with a
ketone at the C3 position.23 Though selective reduction of this
C3 ketone could in principle provide access to C3-substituted
analogues, a known retro-Mannich degradation pathway
hinders further functionalization at the other positions (Figure
1C).24 Many of these previous strategies have relied on
transannular SN2 reactions, ring closing metathesis, and [4 + 3]
cycloadditions between oxyallyl cation precursors and pyrrole
derivatives as their key steps, but these approaches suffer from
high step counts, low yields, harsh reaction conditions, and/or
poor functional group tolerance (Figure 1C).25−28

To solve these issues, we were inspired by the work of
Njardarson and co-workers (Figure 1C), who demonstrated
that the trop-6-ene core could be accessed through Lewis acid

catalyzed sigmatropic rearrangement of a vinyl aziridine at
elevated temperature (150 °C).29 Unfortunately, the intro-
duction of functionality at the C3 position led to a drastic
decrease in yield for their syn-aziridine and complete
decomposition of their anti-isomer (Figure 1C). We reasoned
that if we could overcome this obstacle, we could design a
retrosynthesis around diastereomeric phthalimide-protected
(Phth) vinyl aziridines that would enable access to both C3-
endo and C3-exo trop-6-enes (Figure 1D). These aziridines
would be derived from a substituted cycloheptadiene following
the selective reduction of tropone and subsequent acylation
(Figure 1D). We envisioned that the resulting C6/C7 olefin
following vinyl aziridine rearrangement could serve as a
functional group handle for accessing analogues substituted
at those positions. Moreover, a one-step global reduction/
reductive amination sequence seemed to be a viable strategy to
rapidly access tropanes that were unfunctionalized at C6/C7.
Assuming that we could minimize diastereoselectivity in the
aziridination step, this strategy would provide equal access to
C3-endo and C3-exo congeners.
We began our synthesis by treating readily available tropone

(10) with sodium borohydride to afford the requisite 3,5-
cycloheptadiene-1-ol 11 in 93% yield (Scheme 1).30

Figure 1. (A) Structural classification of tropane alkaloids. (B) Tropane alkaloids with various substitution patterns at N8, C3, and C6/C7. (C)
Previous synthetic strategies to tropane alkaloids and their shortcomings. TABD = 1,5,7-triazabicyclo[4.4.0]dec-5-ene on polystyrene cross-linked
with 2% divinylbenzene. (D) Our retrosynthetic strategy for the tropane core enabling late-stage diversification at N8, C3, and C6/C7.
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Subsequent esterification of 11 proceeded smoothly to give
benzoate ester 12 in 95% yield.31 Both of these reactions could
be easily conducted on a decagram scale. Next, we explored the
aziridination of the diene under a variety of conditions. Initial
aziridination attempts using 2,2,2-trichloroethyl sulfamate as
the nitrene source were successful, but the diastereomeric
Tces-protected aziridines were inseparable. At this point, we
screened several nitrogen sources and various dirhodium
catalysts (See Table S1). We observed modest diastereose-
lectivities when sulfamate nitrene precursors were employed
with either achiral or chiral rhodium catalysts, while a
carbamate nitrogen source gave no appreciable product. In
all cases, we observed chemoselective aziridination with no
oxidation at the allylic positions or alpha to the benzoate.
Ultimately, metal-free aziridination conditions utilizing N-
aminophthalimide as the nitrene precursor32 provided the
desired diastereomeric aziridines 13a and 13b in excellent yield
(82% combined yield, 500 mg scale). Importantly, the reaction
exhibited the desired lack of diastereoselectivity, and the
products were easily separated via silica gel chromatography,
which enabled us to access roughly equal quantities of the
precursors to the C3-endo and C3-exo tropanes.
To effect the key vinyl aziridine rearrangement, we first

subjected 13a and 13b to the conditions described by
Njardarson and co-workers29 (i.e., 5% Cu(hfacac)2, PhMe,
150 °C). Unfortunately, these conditions resulted in limited
conversion to 14a (36% yield) or 14b (19% yield) with
substantial decomposition of the starting material. We explored

a variety of strategies to optimize the vinyl aziridine
rearrangement, including Lewis acid, radical relay, and

Scheme 1. Total Synthesis of Tropacocaine (1) and
Benzoyltropine (2)

Figure 2. (A) Phthalimide deprotection, olefin reduction, N−N bond
cleavage, and reductive amination can be accomplished in a single
step to yield N8-functionalized tropanes. (B) Olefin functionalization
enables access to tropane analogues substituted at C6/C7. (C)
Benzoate hydrolysis followed by esterification enabled the first-ever
total synthesis of trans-3β-(cinnamoyloxy)tropane (4) and datume-
tine (5). Hydrolysis of 1 and 2 produced the natural products
pseudotropine (17) and tropine (18), which could be further
functionalized to produce the natural products 4 and 5, respectfully.

Figure 3. Tropane alkaloids are not agonists of the 5-HT2A receptor.
(A) PsychLight assays conducted in agonist mode indicated that
tropane alkaloids (treated at 10 μM) are not agonists of 5-HT2A
receptors and, thus, have low hallucinogenic potential. (B) PsychLight
antagonist mode studies were conducted in the presence of serotonin
(100 nM) and experimental compound (10 μM). (C) Representative
images of psychLight-expressing HEK293T cells after treatment with
compounds in agonist mode. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001, as compared with VEH controls [one-way analysis of
variance (ANOVA) followed by Dunnett’s multiple comparisons
test]. V = vehicle; P = positive control (i.e., serotonin).
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photoredox catalysis, though none of these strategies proved
fruitful (Table S2). Fortunately, we discovered that an SN2′/
SN2 cascade sequence at elevated temperature yielded the
desired bicyclic ring systems in reasonable yields. However, we
noticed that 14a and 14b were quite sensitive to high
temperatures, leading to a faster rate of decomposition.
Ultimately, we found that a combination of NaBr and an
azaphilic Cu(II) catalyst proved to be the best conditions for
vinyl aziridine rearrangement, as this enabled the reactions to
be conducted at lower temperatures avoiding decomposition
and de-esterification of the benzoate. While 13a was converted
to 14a in high yields (55−73%), the conversion of 13b to 14b
proved to be more challenging, presumably due to the C3
substituent blocking nucleophilic attack on the vinyl aziridine.

To complete the syntheses of tropacocaine (1) and
benzoyltropine (2), we subjected 14a or 14b to sequential
addition of hydrazine, Raney Ni, and formaldehyde under a
hydrogen atmosphere, which enabled phthalimide deprotec-
tion, hydrazine cleavage, olefin reduction, and mono-N-
methylation to occur in a single reaction vessel in high yields
(81−84%). Hydrazine cleavage of the phthalimide was
essential, as all attempts to reduce the N−N bond prior to
deprotection failed. This 5-step route gave tropacocaine (1)
and benzoyltropine (2) in 21% and 9% overall yields,
respectively (Scheme 1). Prior to our work, there was only a
single total synthesis of tropacocaine33 and no de novo total
syntheses of benzyoyltropine reported in the literature. Our
strategy relying on the production of vinyl aziridines 13a and
13b from 12 resulted in the shortest and highest yielding
synthesis of tropacocaine (1) and the first total synthesis of
benzoyltropine (2). Importantly, this strategy gave us access to
several other tropane natural products and analogues through
late-stage diversification (Figure 2).
To explore the versatility of this synthetic strategy for

accessing N8-, C6/C7-, and C3-substituted tropanes, we
synthesized four additional tropane natural products and two
tropane analogues (Figure 2). Nitrogen ethylation was
achieved in excellent yield (78%) in a single reaction vessel
by subjecting 14a to a multistep transformation involving
phthalimide deprotection, N−N bond cleavage, olefin
reduction, and reductive amination with acetaldehyde (Figure
2A). To access the C6/C7-substituted analogue 16, we treated
trop-6-ene 14b with catalytic OsO4 and N-methylmorpholine-
N-oxide (NMO), which yielded the desired product in 82%
yield (Figure 2B). Finally, we completed the first-ever total
synthesis of trans-3β-(cinnamoyloxy)tropane (4) and datume-
tine (5) following ester hydrolysis and acylation of 1 and 2,
respectively (Figure 2C). Hydrolysis of 1 and 2 provided their
respective alcohols 17 and 18 in 90% and 75% yield,
respectively. Treating pseudotropine 17 with trans-cinnamic
acid in the presence of DCC or treating tropine 18 with p-
anisoyl chloride in the presence of triethylamine led to the
production of trans-3β-(cinnamoyloxy)-tropane (4) and
datumetine (5) in 84% and 45% yield, respectively. With this
synthetic strategy, we can perform late-stage functionalization
reactions at four separate positions on the tropane scaffold
with minimal increases in step count (0−2 additional steps)
from our 5-step syntheses of tropacocaine (1) and
benzoyltropine (2).
With an efficient synthesis of 1 and 2, we were able to easily

produce quantities suitable for biological evaluation. We
focused on assessing their abilities to serve as non-serotonergic
psychoplastogens, and we directly compared their effects to the
tropane alkaloids scopolamine (6) and cocaine (19), as well as
the tropane-containing medication benztropine (20). To
determine if these tropane-containing compounds possess
any activity at 5-HT2A receptors, we utilized psychLight, a 5-
HT2A receptor-based biosensor capable of predicting the
hallucinogenic potential of 5-HT2A receptor ligands in animal
models.34 In agonist mode, only the positive control serotonin
activated the biosensor, with 20 exhibiting some degree of
inverse agonism (Figure 3A). Negligible changes in psychLight
fluorescence were observed in antagonist mode with the
exception that 20 produced a strong antagonist signal
consistent with previous results.34 Taken together, these
studies suggest that the tropane alkaloids tested here have

Figure 4. Tropane alkaloids possess psychoplastogenic properties.
(A) Representative images of cortical neurons (DIV 21) treated with
compounds (10 μM) for 24 h. Neuronal morphology was visualized
using phalloidin conjugated to AlexaFluor 488. Brain-derived
neurotrophic factor (BDNF) was used as a positive control (50 ng/
mL). Treatments with and without 0.1% DMSO are indicated with +
and − symbols, respectively. Dotted lines indicate the level of
spinogenesis induced by VEH and positive (scopolamine) controls
with 0.1% DMSO. (B) Quantification of the spinogenesis assays. Data
are presented as mean ± standard error of the mean. Individual data
points indicate spines counted on secondary branches from individual
neurons across 3 independent culture preparations. *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001, as compared with VEH controls
[one-way analysis of variance (ANOVA) followed by Dunnett’s
multiple comparisons test]. VEH = vehicle.
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minimal to no activity at 5-HT2A receptors, making them
interesting candidates as non-serotonergic psychoplastogens.
To assess the ability of tropane alkaloids to induce structural

neuroplasticity, we treated mature cortical cultures (DIV 20)
with compounds (10 μM) for 24 h and then assessed
spinogenesis via confocal microscopy. All five tropane-
containing compounds tested promoted dendritic spine growth
compared to the vehicle control (Figure 4). However,
scopolamine (6) and benzoyltropine (2) exhibited the greatest
effect size, which was comparable to that of the positive control
brain-derived neurotropic factor (BDNF). Given that both 6
and 2 possess C3-endo substituents, this configuration might
be important for maximizing psychoplastogenic effects.
However, additional structure−activity relationship studies
are necessary to validate that hypothesis. Our work suggests
that tropane-containing molecules have the potential to serve
as cortical psychoplastogens that do not directly activate 5-
HT2A receptors.
In summary, we have developed an efficient synthetic

strategy toward tropane alkaloids with four major points of
late-stage functionalization. During the development of this
synthetic strategy, we achieved 5-step total syntheses of
tropacocaine (1) and benzoyltropine (2) and 7-step total
syntheses of trans-3β-(cinnamoyloxy)-tropane (4) and datu-
metine (5) relying on a vinyl aziridine rearrangement to
construct the key trop-6-ene intermediates 14a and 14b.
Furthermore, we found that benzoyltropine (2) was a non-
serotonergic psychoplastogen with comparable effects on
cortical dendritic spine growth as the muscarinic antagonist
and deliriant scopolamine (6). Unlike scopolamine (6),
benzoyltropine (2) lacks high affinity for muscarinic receptors
suggesting that it might serve as tropane-based psychoplas-
togen with lower potential for inducing unwanted deliriant side
effects.35

■ ASSOCIATED CONTENT
*sı Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.3c00472.

Detailed synthetic procedures, and experimental data for
all compounds, and 1H and 13C NMR spectra (PDF)

■ AUTHOR INFORMATION
Corresponding Author

David E. Olson − Department of Chemistry and Institute for
Psychedelics and Neurotherapeutics, University of California,
Davis, Davis, California 95616, United States; Department
of Biochemistry & Molecular Medicine, School of Medicine,
University of California, Davis, Sacramento, California
95817, United States; Center for Neuroscience, University of
California, Davis, Davis, California 95618, United States;
orcid.org/0000-0002-4517-0543; Email: deolson@

ucdavis.edu

Authors

Winston L. Chow − Graduate Program in Chemistry and
Chemical Biology, University of California, Davis, Davis,
California 95616, United States; Department of Chemistry
and Institute for Psychedelics and Neurotherapeutics,
University of California, Davis, Davis, California 95616,
United States; orcid.org/0000-0002-2305-2140

Monica A. Gonzalez − Department of Chemistry and Institute
for Psychedelics and Neurotherapeutics, University of
California, Davis, Davis, California 95616, United States

Arabo A. Avanes − Department of Chemistry, Institute for
Psychedelics and Neurotherapeutics, and Graduate Program
in Biochemistry, Molecular, Cellular, and Developmental
Biology, University of California, Davis, Davis, California
95616, United States; orcid.org/0000-0001-6211-7966

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacsau.3c00472

Author Contributions

WLC performed all of the chemistry. MAG performed the
psychLight assays. MAG and AAA performed spinogenesis
assays with assistance from WLC. DEO conceived the project.
DEO and WLC wrote the manuscript with input from all
authors.
Notes

The authors declare the following competing financial
interest(s): DEO is a co-founder of Delix Therapeutics, Inc.,
serves as the chief innovation officer and head of the scientific
advisory board, and has sponsored research agreements with
Delix Therapeutics. Delix has licensed technology from UC
Davis related to analogues of tropane alkaloids. The sponsors
of this research were not involved in the conceptualization,
design, decision to publish, or preparation of the manuscript.

■ ACKNOWLEDGMENTS
This work was supported by funds from Delix Therapeutics,
Inc. (CDIX22OD) and the National Institutes of Health
(R01GM128997 and R01DA056365). Funding for NMR
spectrometers was provided by the National Science
Foundation (NSF CHE-04-43516) and National Institutes of
Health (08P0ES 05707C). Analysis for this project was
performed in the UC Davis Campus Mass Spectrometry
Facilities with instrument funding provided by the NIH
(1S10OD025271-01A1).

■ REFERENCES
(1) Afewerki, S.; Wang, J.-X.; Liao, W.-W.; Córdova, A. The
Chemical Synthesis and Applications of Tropane Alkaloids. In The
Alkaloids: Chemistry and Biology; Elsevier, 2019; Vol. 81, pp 151−233,
DOI: 10.1016/bs.alkal.2018.06.001.
(2) Lounasmaa, M.; Tamminen, T. In: The Alkaloids; Cordell, G. A.,
Ed.; Academic Press: London, 1993; Vol. 44, pp 1−144.
(3) Fodor, G.; Dharanipragada, R. Tropane Alkaloids. Nat. Prod.
Rep. 1994, 11, 443−450.
(4) Verma, V. Classic Studies on the Interaction of Cocaine and the
Dopamine Transporter. Clin Psychopharmacol Neurosci 2015, 13 (3),
227−238.
(5) Simmler, L. D.; Anacker, A. M. J.; Levin, M. H.; Vaswani, N. M.;
Gresch, P. J.; Nackenoff, A. G.; Anastasio, N. C.; Stutz, S. J.;
Cunningham, K. A.; Wang, J.; Zhang, B.; Henry, L. K.; Stewart, A.;
Veenstra-VanderWeele, J.; Blakely, R. D. Blockade of the 5-HT
Transporter Contributes to the Behavioural, Neuronal and Molecular
Effects of Cocaine: SERT-Mediated Cocaine Effects. Br. J. Pharmacol.
2017, 174 (16), 2716−2738.
(6) Shim, K. H.; Kang, M. J.; Sharma, N.; An, S. S. A. Beauty of the
Beast: Anticholinergic Tropane Alkaloids in Therapeutics. Nat. Prod.
Bioprospect. 2022, 12 (1), 33.
(7) Ishola, A. O.; Imam, A.; Ajao, M. S. Effects of Datumetine on
Hippocampal NMDAR Activity. Toxicology Reports 2021, 8, 1131−
1142.

JACS Au pubs.acs.org/jacsau Letter

https://doi.org/10.1021/jacsau.3c00472
JACS Au 2023, 3, 2703−2708

2707

https://pubs.acs.org/doi/10.1021/jacsau.3c00472?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00472/suppl_file/au3c00472_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+E.+Olson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4517-0543
https://orcid.org/0000-0002-4517-0543
mailto:deolson@ucdavis.edu
mailto:deolson@ucdavis.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Winston+L.+Chow"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2305-2140
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Monica+A.+Gonzalez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arabo+A.+Avanes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6211-7966
https://pubs.acs.org/doi/10.1021/jacsau.3c00472?ref=pdf
https://doi.org/10.1016/bs.alkal.2018.06.001
https://doi.org/10.1016/bs.alkal.2018.06.001
https://doi.org/10.1016/bs.alkal.2018.06.001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/np9941100443
https://doi.org/10.9758/cpn.2015.13.3.227
https://doi.org/10.9758/cpn.2015.13.3.227
https://doi.org/10.1111/bph.13899
https://doi.org/10.1111/bph.13899
https://doi.org/10.1111/bph.13899
https://doi.org/10.1007/s13659-022-00357-w
https://doi.org/10.1007/s13659-022-00357-w
https://doi.org/10.1016/j.toxrep.2021.05.009
https://doi.org/10.1016/j.toxrep.2021.05.009
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00472?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(8) Vitaku, E.; Smith, D. T.; Njardarson, J. T. Analysis of the
Structural Diversity, Substitution Patterns, and Frequency of Nitrogen
Heterocycles among U.S. FDA Approved Pharmaceuticals: Mini-
perspective. J. Med. Chem. 2014, 57 (24), 10257−10274.
(9) Wang, K. H.; Penmatsa, A.; Gouaux, E. Neurotransmitter and
Psychostimulant Recognition by the Dopamine Transporter. Nature
2015, 521 (7552), 322−327.
(10) Thal, D. M.; Sun, B.; Feng, D.; Nawaratne, V.; Leach, K.;
Felder, C. C.; Bures, M. G.; Evans, D. A.; Weis, W. I.; Bachhawat, P.;
Kobilka, T. S.; Sexton, P. M.; Kobilka, B. K.; Christopoulos, A. Crystal
Structures of the M1 and M4 Muscarinic Acetylcholine Receptors.
Nature 2016, 531 (7594), 335−340.
(11) Polovinkin, L.; Hassaine, G.; Perot, J.; Neumann, E.; Jensen, A.
A.; Lefebvre, S. N.; Corringer, P.-J.; Neyton, J.; Chipot, C.; Dehez, F.;
Schoehn, G.; Nury, H. Conformational Transitions of the Serotonin
5-HT3 Receptor. Nature 2018, 563 (7730), 275−279.
(12) Olson, D. E. Psychoplastogens: A Promising Class of Plasticity-
Promoting Neurotherapeutics. J. Exp. Neurosci. 2018, 12,
117906951880050.
(13) Ly, C.; Greb, A. C.; Cameron, L. P.; Wong, J. M.; Barragan, E.
V.; Wilson, P. C.; Burbach, K. F.; Soltanzadeh Zarandi, S.; Sood, A.;
Paddy, M. R.; Duim, W. C.; Dennis, M. Y.; McAllister, A. K.; Ori-
McKenney, K. M.; Gray, J. A.; Olson, D. E. Psychedelics Promote
Structural and Functional Neural Plasticity. Cell Report 2018, 23,
3170−3182.
(14) Voleti, B.; Navarria, A.; Liu, R.-J.; Banasr, M.; Li, N.;
Terwilliger, R.; Sanacora, G.; Eid, T.; Aghajanian, G.; Duman, R. S.
Scopolamine Rapidly Increases Mammalian Target of Rapamycin
Complex 1 Signaling, Synaptogenesis, and Antidepressant Behavioral
Responses. Biol. Psychiatry 2013, 74 (10), 742−749.
(15) Kolar, D. Scopolamine as a Potential Treatment Option in
Major Depressive Disorder − A Literature Review. Isr J. Psychiatry
2021, 58, 48−53.
(16) Cameron, L. P.; Patel, S. D.; Vargas, M. V.; Barragan, E. V.;
Saeger, H. N.; Warren, H. T.; Chow, W. L.; Gray, J. A.; Olson, D. E.
5-HT2ARs Mediate Therapeutic Behavioral Effects of Psychedelic
Tryptamines. ACS Chem. Neurosci. 2023, 14 (3), 351−358.
(17) Vargas, M. V.; Dunlap, L. E.; Dong, C.; Carter, S. J.; Tombari,
R. J.; Jami, S. A.; Cameron, L. P.; Patel, S. D.; Hennessey, J. J.; Saeger,
H. N.; McCorvy, J. D.; Gray, J. A.; Tian, L.; Olson, D. E. Psychedelics
Promote Neuroplasticity Through Activation of Intracellular 5-HT2A
Receptors. Science 2023, 379, 700−706.
(18) Hutcheson, J. D.; Setola, V.; Roth, B. L.; Merryman, W. D.
Serotonin Receptors and Heart Valve Disease�It Was Meant 2B.
Pharmacology & Therapeutics 2011, 132 (2), 146−157.
(19) Kwan, A. C.; Olson, D. E.; Preller, K. H.; Roth, B. L. The
Neural Basis of Psychedelic Action. Nat. Neurosci. 2022, 25, 1407−
1419.
(20) Srinivasan, P.; Smolke, C. D. Biosynthesis of medicinal tropane
alkaloids in yeast. Nature 2020, 585, 614−619.
(21) Robinson, R. A synthesis of tropinone. J. Chem. Soc., Trans.

1917, 111, 762−768.
(22) Nicolaou, K. C.; Montagnon, T.; Baran, P. S.; Zhong, Y.-L.
Iodine(V) Reagents in Organic Synthesis. Part 4. o -Iodoxybenzoic
Acid as a Chemospecific Tool for Single Electron Transfer-Based
Oxidation Processes. J. Am. Chem. Soc. 2002, 124 (10), 2245−2258.
(23) Hayakawa, Y.; Baba, Y.; Makino, S.; Noyori, R. General
Synthesis of Tropane Alkaloids via the Polybromo Ketone-Iron
Carbonyl Reaction. J. Am. Chem. Soc. 1978, 100 (100), 1786−1790.
(24) Cramer, N.; Juretschke, J.; Laschat, S.; Baro, A.; Frey, W. Acid-
Promoted Retro-Mannich Reaction OfN-Protected Tropenones to 2-
Substituted Pyrroles. Eur. J. Org. Chem. 2004, 2004 (7), 1397−1400.
(25) Howarth, N. M.; Malpass, J. R.; Smith, C. R. Manipulation of
Substituents at Nitrogen in Tropanes, Homotropanes, and Dehydro-
Derivatives. Tetrahedron 1998, 54 (36), 10899−10914.
(26) Mann, J.; de Almeida Barbosa, L.-C. An Efficient Route to the
Tropane Alkaloids. J. Chem. Soc., Perkin Trans. 1 1992, No. 7, 787.
(27) Antoline, J. E.; Hsung, R. P.; Huang, J.; Song, Z.; Li, G. Highly
Stereoselective [4 + 3] Cycloadditions of Nitrogen-Stabilized Oxyallyl

Cations with Pyrroles. An Approach to Parvineostemonine. Org. Lett.
2007, 9 (7), 1275−1278.
(28) Neipp, C. E.; Martin, S. F. Synthesis of Bridged Azabicyclic
Structures via Ring-Closing Olefin Metathesis. J. Org. Chem. 2003, 68
(23), 8867−8878.
(29) Brichacek, M.; Lee, D.; Njardarson, J. T. Lewis Acid Catalyzed
[1,3]-Sigmatropic Rearrangement of Vinyl Aziridines. Org. Lett. 2008,
10 (21), 5023−5026.
(30) Chapman, O. L.; Pasto, D. J.; Griswold, A. A. 1,8-Additions to
Troponoid Systems: A Novel Route to Substituted Cycloheptadienes.
J. Am. Chem. Soc. 1962, 84 (7), 1213−1219.
(31) Neises, B.; Steglich, W. Simple Method for the Esterification of
Carboxylic Acids. Angew. Chem., Int. Ed. Engl. 1978, 17 (7), 522−524.
(32) Krasnova, L. B.; Yudin, A. K. Highly Regioselective Trans-
formation of Alkenyl Bromides into α-Bromoaziridines and α-
Bromohydrazones. Org. Lett. 2006, 8 (10), 2011−2014.
(33) Iida, H.; Watanabe, Y.; Kibayashi, C. A New Synthetic Route to
Tropane Alkaloids. Pseudotropine and Tropacocaine. Tetrahedron
Lett. 1984, 25 (44), 5091−5094.
(34) Dong, C.; Ly, C.; Dunlap, L. E.; Vargas, M. V.; Sun, J.; Hwang,
I.-W.; Azinfar, A.; Oh, W. C.; Wetsel, W. C.; Olson, D. E.; Tian, L.
Psychedelic-Inspired Drug Discovery Using an Engineered Biosensor.
Cell 2021, 184 (10), 2779−2792.e18.
(35) Meyer, E. M.; Potter, L. T.; De Vane, C. L.; Irwin, I.; MacKay,
S. L.; Miller, R.; Ruttenber, A. J. Effects of benzoyltropine and
tropacocaine on several cholinergic processes in the rat brain. J.
Pharmacol. Exp. Ther. 1990, 254 (2), 584−590.

JACS Au pubs.acs.org/jacsau Letter

https://doi.org/10.1021/jacsau.3c00472
JACS Au 2023, 3, 2703−2708

2708

https://doi.org/10.1021/jm501100b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm501100b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm501100b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm501100b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nature14431
https://doi.org/10.1038/nature14431
https://doi.org/10.1038/nature17188
https://doi.org/10.1038/nature17188
https://doi.org/10.1038/s41586-018-0672-3
https://doi.org/10.1038/s41586-018-0672-3
https://doi.org/10.1177/1179069518800508
https://doi.org/10.1177/1179069518800508
https://doi.org/10.1016/j.celrep.2018.05.022
https://doi.org/10.1016/j.celrep.2018.05.022
https://doi.org/10.1016/j.biopsych.2013.04.025
https://doi.org/10.1016/j.biopsych.2013.04.025
https://doi.org/10.1016/j.biopsych.2013.04.025
https://doi.org/10.1021/acschemneuro.2c00718?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschemneuro.2c00718?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.adf0435
https://doi.org/10.1126/science.adf0435
https://doi.org/10.1126/science.adf0435
https://doi.org/10.1016/j.pharmthera.2011.03.008
https://doi.org/10.1038/s41593-022-01177-4
https://doi.org/10.1038/s41593-022-01177-4
https://doi.org/10.1038/s41586-020-2650-9
https://doi.org/10.1038/s41586-020-2650-9
https://doi.org/10.1039/CT9171100762
https://doi.org/10.1021/ja012127+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja012127+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja012127+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00474a021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00474a021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00474a021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ejoc.200300804
https://doi.org/10.1002/ejoc.200300804
https://doi.org/10.1002/ejoc.200300804
https://doi.org/10.1016/S0040-4020(98)00643-7
https://doi.org/10.1016/S0040-4020(98)00643-7
https://doi.org/10.1016/S0040-4020(98)00643-7
https://doi.org/10.1039/p19920000787
https://doi.org/10.1039/p19920000787
https://doi.org/10.1021/ol070103n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol070103n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol070103n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo0349936?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo0349936?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol802123e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol802123e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00866a029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00866a029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.197805221
https://doi.org/10.1002/anie.197805221
https://doi.org/10.1021/ol060336z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol060336z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol060336z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0040-4039(01)91127-X
https://doi.org/10.1016/S0040-4039(01)91127-X
https://doi.org/10.1016/j.cell.2021.03.043
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00472?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as



