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Abstract 
The loss of nigrostriatal dopaminergic neurons is the fundamental hallmark of 

Parkinson’s disease (PD). In early PD stages, this is ameliorated by dopamine (DA) 

supplementation; however, as the disease progresses, the complete loss of this key 

dopaminergic pathway forces the central nervous system to find alternative routes to 

regain motor control. It has previously been shown that serotonergic routes must take 

on the role of the failed dopaminergic system throughout the progression of the disease. 

Previously studied 5-HT1A anxiolytic and anti-depressive therapeutics have yet to be 

successfully repurposed for Parkinson’s disease patients. Herein is described the current 

efforts towards the employment non-dopaminergic agonists in the investigation of 

motor control in Parkinson’s disease. This research outlines the development of non-

dopaminergic therapeutics inspired by the core structure of the clinically approved 5-

HT1A agonist Befiradol. This motif has been infused with a trans-2-arylcyclopropylamine 

moiety which has been independently shown to reduce motor symptoms in Parkinson’s 

disease via a prior collaboration from the McCafferty lab. While it was originally 

hypothesized that these therapeutics would act as bifunctional agonists at the 5-HT1A 

and M4 GPCRs, affinity assays reveal dualistic agonism at the 5-HT1A and s1 receptors, 

offering a new class of potential bifunctional therapeutics. 
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1. Introduction to Parkinson’s Disease  
In 1817, James Parkinson penned a monograph detailing an aggressive shaking 

palsy he had witnessed amongst passersby in the streets of London. The now famous text 

characterized progressive motor dysfunction across six individuals, which was later 

defined as the eponymous Parkinson’s disease (PD).1 Today, Parkinson’s disease is among 

the most common progressive motor disorders of the central nervous system, affecting 

over 10 million people globally.2 Epidemiological studies have shown a prevalence 

upwards of 1-3% in the general population.1,3 Disease prevalence in industrialized 

countries wavers around 1% of the population over 60, with a mean onset estimated to be 

in the late 50s. Although most common in aging populations, 5-10% of Parkinson’s 

patients experience early-onset symptoms which may arise between ages 21-40.4-6 

Although the specific cause of Parkinson’s disease is currently unknown, ongoing 

investigations point to an amalgamation of causalities, including a genetic predisposition 

and environmental risk factors.1  

1.2 Pathology & Disease Progression 

A definitive diagnosis of Parkinson’s disease requires post-mortem analysis 

upon autopsy, prompting clinicians to rely on a rigorous system of diagnostic criteria, 

which includes gradations of certainty based on displays of progressive motor 

dysfunction. The cardinal symptom of Parkinson’s is a resting hand or foot tremor of 3-5 

Hz, which is later accompanied by a loss of fluid ambulation, locomotive gait, and 
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postural rigidity.7-9 Bradykinesia - slowness and rigidity of movement – and akinesia - the 

loss the voluntary movement – comprise the most severe motor symptoms over the 

course of disease progression. Neuronal degradation is further exacerbated over time 

with the formation of Lewy bodies.16 Lewy bodies primarily consist of misfolded α-

synuclein protein which aggregates into small clusters. Mutant α-synuclein resists 

degradation by the ubiquitin-proteasome system, forming clusters of misfolded proteins 

which advance the deterioration of signaling within the central nervous system.16, 17 

Furthermore, Parkinson’s disease patients showcase sever psychiatric 

manifestations due to dopaminergic cell death. Patients commonly suffer from severe 

anxiety and depression in early disease stages. Moreover, patients are marred by sleep 

abnormalities, learning deficits, and eventually dementia.12 These non-motor symptoms 

progress over the timeline of PD and eventually dominate the later, more sever stages. 
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1.3 Motor Function & The Central Nervous System 

The pathological hallmark of Parkinson’s disease rests in the central nervous 

system itself: an overwhelming depletion of dopaminergic (dopamine producing) 

neurons within the substantia nigra pars compacta. These neural projections innervate the 

dorsal striatum, forming the nigrostriatal tract of the basal ganglia, or motor loop. 

Although a loss of dopaminergic neurons is typical upon aging, Parkinson’s disease is 

characterized by an 80% pathological depletion of striatal dopamine and a 50% loss of the 

nigral neurons.12, 13 Within the basal ganglia motor loop, the inhibitory dopaminergic 

neurons originating in the substantia nigra pars compacta negatively regulate excitatory 

striatal GABAergic output as well as excitatory acetylcholinergic interneurons (Figure 1). 

Conversely, the striatum also receives simultaneous excitatory input from the 

glutamatergic cerebral cortex.14 Thus, depletion of nigrostriatal projections promotes 

                         Figure 1. Motor loop circuitry in the central nervous system 
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elevated acetylcholinergic activity amongst interneurons and striatal output neurons, 

resulting in the phenotypical motor symptoms of Parkinson’s diease. Possible 

explanations for dopaminergic neurodegeneration include oxidative damage, 

excitotoxicity, and mitochondrial dysfunction;15 despite uncertainties in the 

neuropathogenesis, the conclusive end is the breakdown of the nigrostriatal pathway.  

Biosynthetically, endogenous dopamine production begins with the non-essential 

amino acid L-tyrosine, which is either produced in vivo or converted from dietary intake 

of the essential amino acid L-phenylalanine. Tyrosine hydroxylase (TH) is responsible for 

the hydroxylation of L-tyrosine to form the iconic catechol group of L-3,4-

dihydroxyphenylalanine (levodopa or L-DOPA). Finally, loss of the carboxylate group via 

aromatic L-amino acid decarboxylase (AAAD) results in the familiar dopamine structure 

(Figure 2).18 Although AAAD is topologically distributed between both the peripheral and 

central nervous systems, dopamine destined for use by motor pathways must be 

produced locally in the central nervous system, as the decarboxylation event renders 

dopamine impassable through the blood brain barrier (BBB).18  
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Figure 2. Endogenous dopamine production in the presynaptic neuron (top) and the 
activation of the D2 receptor (bottom) to inhibit the cell signaling cascade 

Upon exocytosis, dopamine is released from the presynaptic axon terminal, 

flooding the synapse with the chemical messenger; it is here that dopamine may take on 

several roles. Two distinct classes of G protein-coupled receptors (GPCRs) mediate the 

endogenous promiscuity of dopamine, producing a unique messenger cascade (Figure 2). 

D1-type receptors (D1 & D5) activate Gαs/olf, increase cAMP levels via adenylate cyclase, 

and ultimately stimulate depolarizing ion channels (i.e. NMDA, AMPA) to initiate an 
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action potential. Inversely, the D2-type receptors (D2, D3, D4) couple to Gαi/o to inhibit this 

messenger cascade.21, 22 While this later class is expressed both presynaptically on 

dopaminergic neurons and postynaptically on target neurons, the former D1 class is 

exclusively expressed postsynaptically. The balance of these two classes predicate fluid 

locomotion, exemplified by their heterodimeric coexpression in pyramidal neurons.23 The 

untimely breakdown and dysfunction of this complex signaling system forms the basis of 

neurodegeneration in Parkinson’s disease, ultimately resulting in dopaminergic cell 

death.21  

2. Neuropharmacology of Parkinson’s disease  
Historically, L-DOPA therapy has been the gold standard treatment for the 

replenishment of nigrostriatal dopamine; ironically, however, chronic L-DOPA therapy 

results in its own severe motor complications. Namely, 90% of Parkinson’s patients 

develop levodopa induced dyskinesias (LIDs) with prolonged treatment.24 LIDs may 

manifest as involuntary motions that are irregular in nature, thus burdening the patient 

with drastic over-movements, and prohibiting synchronized motor actions. The short 

half-life of L-DOPA creates an ON/OFF cycle where patients fluctuate between states of 

akinesia and dyskinesia with rare moments of motor stability; as tolerance builds during 

therapy, fluctuations in motor control become insurmountable.32 Thus, supplemental 

therapeutics aim to delay the administration of L-DOPA therapy or to attenuate levodopa 

dosage via D2 receptor agonism. Activation of the D2 receptor restores the loss of the 



 

 7 

inhibitory neuronal pathway and restores balance to the system. D2 agonism alone 

exhibits clinical utility during early disease stages; however, it does not replenish the 

necessary dopamine levels during advanced neurodegeneration, nor does it prevent the 

development of dyskinesias.25, 26 Thus, therapeutics that initiate D2 receptor activation 

merely delay the inevitable administration of L-DOPA. 

2.2 Non-Dopaminergic Therapeutics: Serotonergic Agents 
 Intriguingly, rat models have shown that over the trajectory of PD, 

dopamine cell death sparks a neural ‘reroute’, forcing serotoninergic (5-HT or serotonin-

producing) neurons to become the primary site of L-DOPA decarboxylation in dopamine 

production.26, 33 While serotonergic circuitry in the raphe nuclei becomes the dominant 

source of L-DOPA conversion to dopamine via AAD, this neuronal path lacks a proper 

feedback mechanism to govern dopamine’s release. This unregulated release of dopamine 

Figure 3. Activation of the 5-HT1A receptor in turn activates the GIRK ion channel, 
leading to hyperpolarization and the cessation of signaling 
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via serotonergic receptors not only exacerbates dyskinesias and fluctuations in motor 

control, but it also inhibits endogenous serotonin release. Therefore, the neural reroute 

observed in the progression of PD provides an explanation for L-DOPA mismanagement, 

the short-term efficacy of D2 agonism, the development of progressive dyskinesias, and 

the onset of serotonin-dependent non-motor symptoms.28-30 In light of this, recent 

advances in PD therapeutics target the serotonergic pathway of the raphe nuclei to restore 

balance in the motor loop. Serotonergic therapeutics activate the Gi/o protein coupled 5-

HT1A receptors on post-synaptic target neurons, inhibiting adenylate cyclase and protein 

kinase A; furthermore, this activates neighboring G-protein-gated inwardly rectifying K+ 

(GIRK) channels for the efflux of intracellular K+ (Figure 3). This ultimately controls the 

hyperpolarization of the target neuron, inhibiting neuronal firing. Thus, by targeting 5-

HT1A receptors, these therapeutics aim at restoring balance by quelling the excitatory 

activity of the cerebral cortex rather than activation of the failing nigrostriatal output. 27, 34 

In a recent review on Parkinson’s disease therapeutics, Ohno et al. describe the 

additive fashion in which co-administration of 5-HT1A and D2 agonists have ameliorated 

both Parkinsonian motor symptoms and dyskinesias from levodopa therapy.27, 34 This 

synergy is profoundly amplified upon clinical administration of bifunctional D2/5-HT1A 

agonists. The clinically approved Aripiprazole, along with the currently investigated 

cariprazine, and pardoprunox have amplified motor control upon administration to 

patients;35 however, the efficacy of this dual therapeutic declines over the course of disease 
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progression. As the nigrostriatal pathway diminishes, D2 agonism becomes futile. 

Although bifunctional agonists show promising synergistic results, this therapeutic 

method does not address the neural network reorganization in the advanced stages of PD 

as it acts on a deteriorating pathway. Indeed, it is impossible to commandeer the 

dopaminergic tract after severe cell death; therefore, bifunctional therapeutics that display 

this synergy without targeting the dopaminergic pathway currently represent a clinically 

unmet need in Parkinson’s disease therapeutics. 

 

2.3 Trans-2-arylcyclopropylamines (ACPAs) 

Recent collaborations between the McCafferty & Caron labs have shown that novel 

derivatives of aryl cyclopropylamines (ACPAs) alleviate motor symptoms in a DA-

depleted DAT-KO (DDD) mouse model that mimics the loss of nigrostriatal function in 

PD.35 The partial restoration of motor control by ACPAs in the DDD model further 

evidences that restoration of motor activity is possible while circumventing the offline 

Figure 4. Known 5-HT1A agonists, including the clinically approved Befiradol 
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dopaminergic pathway. A scan of the GPCRome via the PRESTO-TANGO assay reveals 

that the ACPA derivatives display modest affinity for serotonergic receptors and incite a 

2.0 to 2.2-fold change from baseline in M4 acetylcholinergic autoreceptor activity. As an 

intermediate striatal pathway between 5-HT input and GABA output, M4 receptors 

exercise control over the excitatory interneuronal activity of the striatum itself (Figure 1), 

another feedback mechanism in the motor loop. Although the complete ACPA 

mechanism of action is currently under investigation, it is possible that M4 autoreceptor 

agonism plays a crucial role in conjunction with 5-HT1A agonism. These tentative results 

provoke further investigation into the interplay of 5-HT1A & M4 activity and their necessity 

in non-dopaminergic restoration of motor activity in late stage PD. Furthermore, the 

current literature has yet to investigate the concomitant activation of these pathways and 

the possible activation synergy a functional therapeutic may provide. These unmet needs 

thus prompted the development of a small molecule library to investigate the necessity of 

5-HT1A agonism in the restoration motor function, optimize bifunctional molecular probes 

for activation of non-DA pathways, and provoke their possible synergy. 
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3. Design Rationale & Library Synthesis 
The library of potential therapeutics is inspired by the unique structural 

similarities between aryl cyclopropylamines and the clinically approved 5-HT1A agonists 

currently administered for the treatment of anxiety and depression.37, 38 As shown in 

Figure 4, The general composition of known 5-HT1A agonists (both presynaptic and 

postsynaptic) includes three distinct regions: a substituted benzamide, a piperidine or 

piperazine ring, and heterocycle often following an alkyl amine bridge. The clinically 

approved Befiradol is particularly inspiring due to its current FDA approval, previously 

optimized structure-activity studies, and the characteristic α-pyridyl amine following the 

piperidine linker. Previous studies by Vacher et al. have determined that the 3-chloro-4-

fluoro substitution on the benzamide as well as the tertiary axial fluorine on the piperidine 

linker promotes 5-HT1A selectivity. In this general schema, it is hypothesized that 

assimilation of ACPAs into the 5-HT1A agonist may exhibit an integrative biological 

functionality to address the aforementioned unmet need. It is envisioned that this 

bifunctional framework, incorporating an ACPA moiety into the Befiradol backbone may 

evoke the 5-HT1A agonist activity appreciable to the monotherapeutic agent. 

This hypothesis is supported by a validated homology model for the human 5-

HT1A receptor from Bojarski and coworkers, where researchers used automated docking 

of conformationally constrained cyclohexylarylpiperazines across a rhodopsin model. 

This study optimized the symmetry of 5-HT1A agonists at specific interaction points. The 
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anchoring points of the symmetrical pharmacophore are comprised of an H-bond donor 

(Asn7.49 or Ser 5.42) and an aromatic ring (Phe3.28 or Phe 6.52) on either side of a central 

ionic bond anchor (Asp 3.32). This docking study provides rationale to the known binding 

mode of Befiradol, but also supports the hypothesis that ACPA incorporation into this 

core structure may very well uphold 5-HT1A activity.54 This is further evidenced by 

previous structure activity relationships which confirm that 5-HT1A agonistic activity is 

maintained upon isosteric substitution of Befiradol’s benzamide and terminal aromatic 

ring moieties or upon the lengthening of the alkyl amine bridge.37-40 

The fusion of these motifs is possible by the simple substitution of Befiradol’s α-

pyridyl group for an ACPA derivative. The secondary amine serves as the bridge point 

between the known 5-HT1A agonist structure and the M4-active ACPA. As shown by the 

retrosynthetic Scheme 1, the key C-N bond-forming step A joins the befiradol backbone 

moiety 2 with the general ACPA motif 3. Furthermore, C-N bond formation A allows for 

late-stage library diversification and provides complete access to proposed library in a 

combinatorial fashion. 

Library compounds 1A through 1C utilize ACPA derivatives previously accessed 

by the McCafferty lab that evoke an anti-parkinsonian response in the DDD mouse model. 

Scheme 1. Retrosynthesis of C-N bond formation for motif convergence 
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These structures serve as the simple linkage of the known agonist motifs. Structures 1D 

through 1F incorporate pyridine as the aryl functionality in the fashion of befiradol, where 

Emax = 74.7% ± 1.5 (agonist effect in comparison to native ligand 5-HT with Emax = 100%). 

Furthermore, structures 1G through 1I utilize pyrimidine as the aryl component as 

inspired by SAR studies of F-15599 which indicate that the incorporation of the second 

nitrogen displays preferential agonism for post-synaptic 5-HT1A receptors (Emax = 70.3% ± 

1.3)40, a pharmacological distinction not previously shown in serotonergic agonists. 

Ultimately, these nitrogen-containing rings may be key in 5-HT1A agonism;41 however, its 

effects on M4 activation have yet to be evaluated. Thus, assays must evaluate the effect of 

nitrogen incorporation on both ACPA monotherapeutic functionality as well as 

functionality in the fused structure. 

 

Figure 5. Proposed library of bifunctional therapeutics. The compounds are labeled with a 2-
character alphanumeric identifier, where compounds A – C display a non-heterocyclic ACPA, 
compounds D – F incorporate a pyridyl moiety, and compounds G – I incorporate the pyrimidine 
heterocycle. 
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3.2 Library Synthesis 

Current efforts towards the synthesis of library structures has resulted in the 

formation of derivatives 1A – 1C. Primary efforts have been devoted to the investigation 

of C-N bond formation A as the fusion point of known motifs (Scheme 1). The general 

structure 1 is accessed via oxidation of the primary alcohol 2 to the aldehyde and 

subsequent reductive amination with 3.39 

Original attempts to access this fleeting aldehyde included the Swern oxidation 

(no reaction) and oxidation by the Dess-Martin Periodinane (27% yield). Fortunately, 

Oxidation of alcohol 2 by the Parikh-Doering oxidation affords the aldehyde intermediate 

in an appreciable yield. In this reaction series, formation of the aldehyde by SO3•pyridine 

is confirmed by proton NMR before the crude product is immediately pushed through 

reductive amination to access the secondary amine product. The evasive shelf life of the 

aldehyde may be explained by the highly electrophilic nature of the α-fluorinated 

carbonyl. Alternative attempts to access this fusion point centered around nucleophilic 

substitution between ACPA amine 3 and the tosylate or triflate of alcohol 2. 

Unfortunately, these attempts failed to produce the secondary amine product regardless 

of the leaving group at hand. This may be attributable to the weak nucleophilic nature of 

amine 3; furthermore, attempts to access 1 via the Mitsunobu reaction were met with equal 

disappointment. 
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The five-step synthesis of 2 begins with the commercially available 3-chloro-4-

fluoro bezoic acid 4 (Scheme 2). The halogenated benzoic acid is subjected to acyl 

substitution via oxalyl chloride and catalytic DMF to provide intermediate 5 in 

quantitative yield. Despite the unusually sluggish nature of the amidation process (see 

Appendix I for experimental details), 6 is afforded in an appreciable yield through a base-

catalyzed amidation of the acyl chloride, followed by deprotection of the ketone. 

Installation of the oxirane functionality by the Corey-Chaykovsky epoxidation affords the 

spiro complex 7. The epoxidation reaction mandates the in-situ production of the ylide via 

trimethylsulfoxonium iodide and neat sodium hydride. Attempts to access 7 with 

premade ylide were marred by a poor yield. Finally, the regio-selective acid-catalyzed 

Scheme 2. Synthetic Route towards the general 5-HT1A agonist motif 2, followed by the oxidation 
and subsequent reductive amination with general ACPA derivative 3 to form the bifunctional 1 
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opening of the epoxide is accomplished by Olah’s reagent (70:30 HF:pyridine) to afford 

the α-fluoro alcohol 2. 

 

 The McCafferty lab has previously established the production of ACPA 

derivatives represented above as the general R-substituted 3. The streamlined synthesis 

begins with a substituted benzaldehyde subjected to Horner-Wadsworth-Emmons 

olefination, yielding the E stereoisomer of 9 (Scheme 3). Corey-Chaykovsky 

cyclopropanation followed by subsequent hydrolysis affords 10 as a racemic mixture. 

Finally, formation of the boc-protected amine occurs via a four step process. Activation of 

the carboxylic acid via isobutylchloroformate affords the mixed anyhydride in situ. 

Following this, sodium azide prompts an acyl substitution to form the acyl azide. Careful 

solvent exchange and subsequent heating provides the isocyanate via Curtius 

rearrangement which is then attacked by tert-butyl alcohol, giving the boc-protected 

amine 11. This general pathway has proven effective in the development of library 

compounds 1A through 1C. Unfortunately, nucleophilic attack by the alcohol suffers from 

sluggish reaction time and leads to the formation of several side products. The low-

Scheme 3. Synthetic Route towards the general aryl- cyclopropylamine (ACPA) motif  
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yielding nature of the Curtius rearrangement and subsequent boc deprotection highlight 

the need for alternative methodologies to free-amine production. Direct transformation to 

the free amine without the boc-protected intermediate may be possible through the basic 

attack of LiOH•H2O on the isocyanate intermediate. Currently, library compounds 1A 

through 1C have been synthesized on a millimolar scale, purified for in-vitro screening, 

and verified via 1H, 13C, and 19F NMR techniques.  
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In addition to the library compounds above, two known 5-HT1A agonists were also 

synthesized as standards for subsequent in vitro analysis. The aforementioned 5-HT1A 

super agonist Befiradol was synthesized according to the literature procedures outlined  

by Vacher and coworkers.37, 38 As depicted in Scheme 4, Alcohol intermediate 2 was treated 

with p-toluenesulfonyl chloride under basic conditions to produce the activated 12. 

Following tosylation, the intermediate is poised to undergo the Gabriel Synthesis, starting 

with an SN2 reaction with potassium phthalimide to afford intermediate 13. Subsequent 

treatment with ethanolamine affords the primary amine 14. Finally, reductive amination 

in the presence of pyridinecarboxaldehyde and potassium borohydride affords the final 

compound Befiradol. 

 Scheme 4. Synthesis of the 5-HT1A superagonist, Befiradol.37 
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 Additionally, a cursory search of the patent literature reveals a second isoform 

selective 5-HT1A agonist established by Vacher and coworkers.38 Similar in structure to 

Befiradol, the 5-HT1A superagonist contains the familiar benzamide-piperidine core, 

followed by a secondary amine bridge. This compound differs, however, in the length of 

the alkyl chain between the secondary amine and the pyridine moiety. Furthermore, the 

heterocycle itself remains unsubstituted while maintaining activity at the 5-HT1A GPCR 

(pKi = 9.81), differing from the para-methyl substitution found in Befiradol. Shown in 

Scheme 5, formation of the agonist begins with the familiar alcohol 2. The Parikh-Doering 

oxidation affords the aldehyde intermediate 15 to undergo reductive amination with the 

primary amine moiety in the presence of sodium borohydride in good yield. 

Scheme 5. Synthesis of the 5-HT1A superagonist patented by Vacher and coworkers.38 
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3.3 Alternate ACPA Syntheses 

Due to the characteristically poor yields of the Curtius Rearrangement, several 

attempts were made to streamline the synthesis of the trans-2-arylcyclopropylamine 

moieties for implementation into the structure of the potential 5-HT1A agonists. In a 2017 

review, Miyamura et al. outline a variety of syntheses for the formation of biologically 

active ACPAs, categorized by reaction type and methodology.42 Of particular interest is 

the formation of ACPAs through a nitro group intermediate. 

 Shown in Scheme 6, early introduction of a nitro group allows for a streamlined 

three step synthesis that foregoes the need for C-N bond formation via the Curtius 

Rearrangement. As with the previously established synthesis, this synthetic route also 

begins with a substituted benzaldehyde.43 The starting material is subjected to a Henry-

like nitro aldol condensation in the presence of nitromethane and piperidine to afford 

the trans alkene intermediate 18 in good yield. Corey-Chaykovsky cyclopropanation of 

this b-nitrostyrene affords intermediate 19 in a yield ranging from poor to fair. This wide 

Scheme 6. Alternative route to ACPA formation via a nitro group intermediate 
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range of product yield may be attributed to the specific R-group substitution and its 

contribution to the electronics of the alkene. While the 3,4-methylenedioxy and para-

methoxy derivatives tend to suffer from this effect, the unsubstituted b-nitrostyrene 

intermediate affords the cyclopropane intermediate 19 in sufficient yield. Finally, a zinc-

mediated reduction furnished ACPA 2 under acidic conditions.44 

Furthermore, several attempts were made to produce heterocycle-containing 

ACPAs to later determine the SAR of the heterocycle moiety in the Befiradol-inspired 5-

HT1A agonists. If selective agonism of 5-HT1A is dependent upon the position of the 

heteroatom in the aromatic group, then the library of potential agonists must include 

heterocyclic ACPA derivatives.  It was envisioned that heterocyclic ACPAs would 

contain either a pyridyl moiety as inspired by the strucrture of befiradol, or a pyrimidyl 

moiety as inspired by the 5-HT1A superagonist F-15599 (Figure 4).  

 

 Initial attempts to access heterocyclic ACPAs followed the same synthesis 

established by the McCafferty lab as portrayed in Scheme 3, where the heterocycle 

would be contained in the aldehyde starting material itself. Unfortunately, 2-pyridyl and 

2-pyrimidyl carboxaldehydes are expensive and suffer from a short shelf life, 

necessitating the formation of the starting material in house. Shown in Scheme 7, the 

Scheme 7. Bouvealt aldehyde syntheses of pyridine vs. pyrimidine heterocycles 
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Bouvealt Aldehyde Synthesis proved successful in the formation of the pyridyl 

aldehyde, which is poised to undergo the Horner-Wadsworth Emmons olefination as 

established in the original synthetic route. 2-bromopyridine was treated with n-

butyllthium followed by N,N-dimethylformamide to produce the 

pyridinecarboxaldehyde. Although this method provided the pyridyl aldehyde 21 in 

good yield, similar attempts with 2-bromopyrimidine suffered from rearrangement after 

treatment with n-butyllithium. 

 

Scheme 8. Synthetic methodology for ACPA formation via sequential Hartwig 
borylation and Suzuki-Miyaura coupling as established by Miyamura et al.45 

 Recently, Miyamura and coworkers established the groundwork for the 

formation of non-heterocyclic ACPAs via Hartwig-like borylation of cyclopropane and 

sequential Suzuki-Miyaura coupling to phenyl iodide; if successful, this cross coupling 

would offer an alternative synthetic route to pyrimidyl ACPA formation.45 Before 

establishing a unique methodology for heterocyclic derivatives, the synthesis of the non-

heteroclyclic ACPA must first be executed in-house. As indicated by Scheme 8, ACPA 



 

 23 

sySIssynthesis begins with the protection of cyclopropylamine upon treatment with 

pivaloyl chloride, generating intermediate 25. As expected, in-house generation of the 

protected cyclopropylamine was successful in high yield.  As established by Miuamura 

et al., this intermediate is poised for Hartwig-like borylation, utilizing an iridium dimer 

catalyst and pinacolborane as the boron source. Unfortunately, in-house attempts at 

borane installation were nonetheless unsuccessful. Following the literature 

methodology, the reaction was run in the non-coordinating cyclohexane. Formation of 

the active catalyst was indicated in a colorimetric fashion when the yellow reaction 

mixture turned dark green. Next, a solution of the substrate in cyclohexane was to be 

added in a drop-wise manner to the active catalyst; unfortunately, the substrate material 

was not soluble in these conditions despite vigorous stirring or gentle heating. In a 

second attempt, the substrate material was added to the catalyst solution slowly over 

time as a solid. Upon heating, the reaction slowly turned dark red, yet no product 

formation was detected over the course of the reaction as indicated by TLC analysis. All 

subsequent reaction attempts also indicated no conversion of the starting material, 

despite several changed variables, including inert conditions (Ar vs. N2), solvent 

variations, and iridium dimer source. 

The complications of boron installation prompted an investigation of heterocylic 

ACPA formation via an alternative cross-coupling. Shown in Scheme 9, the palladium-

catalyzed Heck reaction forms the (E)-alkene intermediate 29 from 2-bromopyridine and 
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methyl acrylate. Subsequent installation of the cyclopropyl functionality would be 

provided by the Corey-Chaykovsky reaction and ester hydrolysis. This would then be 

followed by the activation of the acid, formation of the acyl azide, and Curtius 

rearrangement. Although the Heck cross coupling reaction proved successful for the 

pyridine-containing ACPA moiety, this method did not provide the same success for the 

pyrimidine counterpart. Future work should focus on optimizing reaction conditions 

and parameters for the Heck coupling of pyrimidine moieties. 

 

 

 

 

 

 

Scheme 9. Synthetic plans for heterocyclic ACPA formation, beginning with the 
palladium-catalyzed Heck coupling between a heterocycle and methyl acrylate to afford 
the (E)-olefin intermediate. 
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4. Library Screening & In Vitro Analysis 
Throughout the known literature, the quintessential library screen for GPCR 

activity is a competition-based assay of library compounds across a variety of receptors. 

Competition-based assays determine ligand affinity for a given receptor, which provides 

a snap-shot of receptor selectivity and tightness of binding in comparison to an isoform 

selective ligand; however, this classical assay setup does not provide information on the 

mode of binding (direct vs. allosteric modulation), or mechanism of action (induced 

downstream effect) initiated at the binding site. Since a primary aim of this research is to 

develop compounds that participate in 5-HT1A agonism, verification of ligand affinity as 

well as the mechanism of action are both essential to this investigation. 

 Figure 6. The endogenous signaling pathway of the human 5-HT1A GPCR. Activation 
of the GPCR by a ligand activates the dissociation of the a subunit from the bg subunit 
to inhibit the secondary messenger cascade. 
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When a compound of interest binds at the third extracellular loop of the 5-HT1A 

receptor, several outcomes are possible. In the first case, a test compound acts as an 

agonist, triggering the same signaling cascade as the endogenous ligand. For example, 

an agonist that binds to the receptor induces the same functionality as serotonin; here, a 

ligand binding event activates the Gi/o coupled protein, initiating GTP recruitment 

followed by separation of the a subunit from the bg subunit. The a subunit inhibits 

adenylate cyclase, and in turn, the signaling cascade of protein kinase A. Meanwhile, the 

bg subunit interacts with the GIRK ion channel to initiate potassium efflux. Overall, the 

bound agonist triggers the Gi/o protein to orchestrate several concurrent events, resulting 

in cell hyperpolarization and signal cessation.27, 28 

At a given concentration, when receptor activation occurs to the same extent as 

the native ligand, the ligand is known as a full agonist. Furthermore, a ligand that 

induces activation beyond the extent of the native ligand is known as a superagonist. 

Conversely, a bound ligand may induce a blockade of the endogenous ligand at the 

receptor site, a mechanism known as antagonism. Finally, a ligand may also act as an 

allosteric modulator where it induces the agonistic or antagonistic effect only in the 

presence of the native ligand. While competition-based assays reveal the extent of 

binding at a specific GPCR site, the specific mechanism of action (agonism vs. 

antagonism) or binding mode (direct vs. allosteric modulation) must be unveiled 

through a separate functional activity screen.  
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4.2 Competition-based Affinity Assays 

Investigation of compound-GPCR interactions began with affinity assays to 

determine compound selectivity, promiscuity, and tightness of binding for any given 

GPCR. Receptor affinity assays were performed through the Psychoactive Drug 

Screening Program (PDSP) by courtesy of the Roth Lab at UNC Chapel Hill. All library 

compounds submitted to the program were screened for receptor affinity against the 

known human GPCRome in a competition-based radioligand displacement assay. This 

screen is conducted against the non-orphan and orphan receptors, of which a decisive 

endogenous ligand is unknown. Initially, compounds are tested against the radiolabeled 

natural ligand, which is held at the Kd for the receptor. This screen is performed in 

quadruplicate at a single concentration of 10 µM in a 96-well format. Candidates that 

display a 50% minimum inhibition of the natural radioligand are selected for a 

secondary binding affinity screen. 

In the secondary assay, each compound is tested against the radioligand in 

triplicate. Once again, the radiolabeled natural ligand is held at the at the Kd 

concentration, while the test compound is titrated across 11 concentrations, ranging 

from 0.1 nM to 10 10 µM. Once plotted, these measurements comprise the necessary data 

points to fit a binding curve via non-linear regression analysis.  From here, binding 

affinity is calculated as Ki, or extent inhibition of the natural ligand. Table 1 below 

summarizes all GPCR hits for library compounds 1A – 1C. Interestingly, the 
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unsubstituted compound 1A displays the highest binding affinity for the 5-HT1A GPCR. 

Meanwhile, addition of the para methoxy group in compound 1C inhibits the tightness 

of binding by a full log unit (pKi = 6.71 for compound 1A vs. pKi = 7.6 for compound 1C). 

This pattern is continued upon inspection of compound 1B, which contains the 3,4-

methylenedioxy moiety; it may be induced from this trend that such a sterically bulky 

group is disadvantageous to 5-HT1A receptor binding affinity. Regardless, compound 1A 

showcases greater selectivity across all GPCRs examined while 1C displays minor 

promiscuity across both the serotonergic receptor class as well as non-serotonergic 

classes. 

 

Unfortunately, the original dual functionality hypothesis of library compounds 

was not supported by initial competition-based assays. Although compounds 1A and 1C 

show a high binding affinity for the 5-HT1A receptor, neither compound showed affinity 

Table 1. Data set of secondary affinity assays performed on test compounds. 
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for the M4 receptor in the primary screen and thus failed to advance to the secondary 

assay. While the M4 activation hypothesis was unsubstantiated in this study, an 

alternative dual functionality is observed in the data above. That is, all three test 

compounds display high affinity for the Sigma receptor class, comprised of the Sigma 1 

(s1) and Sigma 2 (s2) receptor subtypes. The elusive s1 receptor has a rich investigative 

history for its potential role in cellular morphology and neuronal plasticity as well as 

depression, anxiety, and neurodegenerative diseases.46 The Sigma 1 receptor marks a 

unique therapeutic target due to its membrane localization within the cell. Previous 

binding experiments found s1 binding sites within the endoplasmic reticulum, nucleus, 

and mitochondria, as well as neuronal synaptic membranes.47 Furthermore, the cloned s1 

metabotropic receptor is not comprised of the typical seven transmembrane domain 

found amongst GPCRs, but rather it consists of two transmembrane domains comprised 

by 223 amino acids.48 Previous studies report a disassociation event where the Sigma 1 

receptor translocates to other intracellular targets to execute a variety of functions on ion 

channels, glutamatergic and serotonergic neurotransmission, and second messenger 

systems through a direct protein-protein interaction.49, 50 The wide range of downstream 

targets lends credence to its involvement in a wide array of neuropsychiatric disorders 

and underlines its therapeutic potential.  

A bifunctional 5-HT1A – Sigma 1 dual agonist holds potential for a unique 

Parkinson’s therapeutic for both motor and non-motor symptoms. In previous studies, 
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Sigma 1 receptors have been shown to bind several known antidepressants and 

modulate monoaminergic systems known for their role in mood disorders. Specifically, 

the isoform selective (+)-pentazocine decreased immobility time in the tail suspension 

test as well as the forced swimming test for depression.51 Moreover, isoform selective 

agonists have been shown to potentiate serotonergic firing within the raphe nucleus 

within 48h of therapeutic administration, marking a rapid efficacy in comparison to 

other drug classes.52 This mechanism of action within the raphe nucleus could offer a 

unique serotonergic strategy for Parkinson’s therapeutics via the dual modulation of 

both 5-HT1A and the interactive Sigma 1 receptor. Figure 7 further highlights this 

therapeutic potential revealed by the secondary competition-based screen. Again, 

compound 1A displays both high affinity and selectivity for the 5-HT1A and s1 receptors 

while compound 1C also shows moderate affinity, albeit pronounced receptor 
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promiscuity. Both compounds, however, represent a potential therapeutic for non-

dopaminergic bifunctional therapeutics for Parkinson’s disease and depression. 

4.3 Functional Activity Screening 

Once compound selectivity and promiscuity were determined across the 

GPCRome, the next logical aim was to determine the mechanism of action induced by 

compounds 1A and 1C at the 5-HT1A and s1 receptors. Unfortunately, the wide scope of 

G protein couplings and the plethora of possible signal transduction cascades create a 

complex scenario for the conduction of a high-throughput screen of GPCR activity. 

Fortunately, however, a recent publication by the Roth lab at UNC Chapel Hill unveils a 

unique platform for the simultaneous interrogation of the druggable human GPCRome 

Figure 7. Ligand-receptor affinity of library compounds 1A – 1C in the secondary 
assay, given in pKi.  
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to determine the mode of ligand-receptor interaction upon binding. Known as the 

PRESTO-tango assay, this approach capitalizes on the G-protein independent capability 

of GPCRs to recruit b-arrestin.53 Due to its independence of the G-protein subunit, this 

expands the interrogation scope of the druggable human GPCRome to include orphan 

receptors whose endogenous coupling partners remain unknown. The Tango setup 

harnesses a modular design for efficient screening. The construct includes a cleavable 

HA sequence at the 5’ end for cell surface localization, followed by a Flag epitote tag to 

Figure 8. Modular structure of the Tango-ized GPCR construct (top) and the 
activation pathway in the assay setup (bottom) where a ligand binds to the 
extracellular loop of the transmembrane domain (1), which is followed by 
recruitment of the fusion protein (2) to the TEV protease cleavage site (3), releasing 
the tTA transcription factor. Upon transport into the nucleus (4), this activates 
transcription of the luciferase reporter gene (5). 
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verify cell surface expression in vitro.  This is followed by the codon-optimized GPCR 

sequence for expression in human cell lines. This is followed by the V2 tail sequence 

from the vasopressin receptor to promote b-arrestin recruitment upon receptor 

activation. The 3’ end includes a TEV-protease cleavage site (tobacco etch virus nuclear 

inclusion endopeptidase cleavage site) followed by the tTA transcription factor 

(tetracycline transactivator protein). 

 For the assay setup, the optimized tango construct is transiently transfected into 

the HTLA cell line. Derived from the HEK-293 parent cell line, HTLA cells are stably 

transfected with a b-arrestin/TEV protease fusion protein. This creates the essential 

platform for the assay design. As shown in Figure 8, an extracellular binding event of a 

given ligand activates the GPCR and promote b-arrestin recruitment independent of the 

endogenous G-protein itself. The fusion protein is thus recruited to the C terminus of the 

receptor, allowing cleavage of the tTA transcription factor at the TEV protease cleavage 

site. The release of tTA allows for transport to the nucleus to activate the transcription of 

the luciferase reporter gene. Relative activation of any given GPCR is thus measured by 

the luminescent output as relative luminescene units (RLUs).  

Functional 5-HT1A screening via the PRESTO-Tango assay were performed in-

house from the publically-available assay kit from Addgene. In this setup, the assay was 

performed in a 96-well format instead of the 384-well plate format as published in the 

original paper. HTLA cell stocks were obtained from the Roth lab and stored in a cell 
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dewar of liquid nitrogen until plated. Cells were grown in Dulbecco’s Modified Eagle 

Media in a 5cm culture dish in the presence of hygromycin and puromycin. All 

incubations were performed in a humidified 37 °C atmosphere of 5% CO2. When plated 

from cell freezer stocks, cells were passaged 3 times before assay use. Once grown to 

80% confluency, growth media was aspirated, cells were washed with phosphate 

buffered saline, trypsinized, and re-plated into the 96-well format at 40,000 cells per 

well. After a 24h incubation period in the presence of antibiotic, transfection of the 

tango-ized 5-HT1A GPCR construct was performed via the calcium phosphate 

transfection protocol outlined in the literature. At t = 24h post transfection, cell media 

was aspirated and replenished with fresh media and incubated for an additional 24h in 

the presence of hygromycin and puromycin. At t = 48h post transfection, culture plates 

were doped with test compounds or assay controls, both in DMSO. In the original plate 

design, drug addition occurred as a serial dilution, ranging from picomolar to 

micromolar concentrations (see Appendix B for assay plate design). GPCR activation 

was measured by the fold change difference in luminescence of the test compound 

versus the serotonin control. 
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5. Conclusions  
The first in-house attempt at the PRESTO-Tango was designed to test 2 library 

compounds (1A and 1C) as well as 2 known 5-HT1A agonist standards (Befiradol and 18) 

against the native activation of 5-HT.  As shown in Figure 9, preliminary assay results 

show a 1.25-fold activation of Befiradol in comparison to the serotonin control as 

measured by the fold-change difference, where 5-HT constitutes a fold change difference 

of 1 (native ligand activation of 100%) vs. DMSO negative control at a 0.3 µM 

concentration. At the same concentration, the 5-HT1A superagonist 18 shows an even 

higher activation of the receptor with a 2-fold change in activation. Since these values 

Figure 9. Relative activation of receptors by test compounds and standards, measured 
by the fold-change difference from endogenous basal activation compared to the control. 
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align with the known literature, it was concluded that the results of both compounds 1A 

and 1C were promising. At both the 0.3 µM and 30  µM concentration, both test 

compounds exhibit a greater activation than the Befiradol standard. Unfortunately, this 

data does not extend to the same comparison of compounds at both the 3.0 µM. It was 

originally decided that this incongruent data was due to pipetting errors during assay 

setup; however, a comparison of the transfected cells vs. untransfected control show no 

statistically significant difference amongst any of the compounds tested. Figure 9 

compares the fold-change difference in receptor activation of the transfected vs. 

untransfected cells for compounds 1A and 1C as well as the 5-HT and DMSO controls. 

 

Figure 10. Relative Luminescence of compounds or control in transfected vs. 
untransfected HTLA cells in the PRESTO-Tango setup. 
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Subsequent assay runs continued this disappointing trend in transfection 

regardless of the transfection protocol followed. Methods included various calcium 

phosphate transfection protocols as well as the Lipofectamine 3000 transfection kit. For 

every unique protocol followed, success was measured by western blot analysis. While 

sequencing results for the initial PRESTO-Tango run were adequate, subsequent results 

of the 5-HT1A GPCR plasmid were incongruous across sample runs and wrought with 

misfires.   

To date, this body of work has established optimized syntheses for the 

incorporation of ACPA moieties into a Befiradol backbone. Future synthetic endeavors 

should focus on troubleshooting and streamlining the syntheses of heterocyclic ACPA 

derivatives for similar motif incorporation and completion of library compounds. 

Meanwhile, library compounds 1A and 1C both show affinity for the 5-HT1A and s1 

receptors as determined by competition-based radioligand displacement assays. Future 

work must continue the optimization of functional screening through the PRESTO-Tango 

assay to elucidate the mechanism of action at these sites. Ideally, this will furnish 

conclusive evidence to the binding mechanism and determine the functionality of library 

compounds. If compounds elicit an agonistic response at these receptors, this forms the 

groundwork for a new class of bifunctional therapeutics in the realm of major depressive 

disorder and Parkinson’s disease to attenuate both motor and non-motor symptoms. 
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Appendix A – Supplemental Information, Synthesis 

General Methods 

Starting materials 3-chloro-4-fluorobenzoic acid and N-boc-4-piperidone were 

purchased from Oakwood Chemical. All other reagents were purchased from Sigma-

Aldrich, Acros, or Fischer Scientific, with solvents purchased as ACS grade or better. All 

purchased material was used as-is without further purification. Air- or moisture-

sensitive reactions were run under an inert argon atmosphere in a reaction vessel that 

was flame dried under high vacuum then flushed with argon. All chromatographic 

purifications were run using ultra-pure silica gel purchased from silicycle (230-400 

mesh, 60 Å). Reactions were monitored via thin layer chromatography (TLC), performed 

with glass backed silica gel plates (60 Å) purchased from Whatman. Plates visualized 

with 254nm UV light. All TLC stains used for further plate visualization were made in-

house. All 1H, and 19F NMR were recorded in CDCl3 or DMSO-d6, using a 400MHZ 

Varian NMR spectrometer, and coupling constants are reported in hertz (Hz). All 13C 

NMR were recorded in CDCl3 or DMSO-d6 using a 500MHz Varian NMR spectrometer. 

All 1H, 19F, & 13C-NMR data was analyzed using MestreNova LITE SE. 
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Procedures for the Synthesis of 5-HT1A Motif Compound 2  

3-chloro-4-fluorobenzoyl chloride (5): 

3-chloro-4-fluorobenzoic acid (4.32 g, 24.7 mmol) was solvated in anhydrous 

dichloromethane (25 mL, 0.98 M) to stir under argon until homogenous (about 10 

minutes). To this, oxalyl chloride (2.3 mL, 26.8 mmol) was added dropwise over five 

minutes. Reaction mixture stirred for an additional five minutes. To this, a catalytic 

amount of N,N-dimethylformadide was added drop-wise (100 µL, 1.3 mmol). The 

reaction mixture was stirred for 4.5 hours while monitored by TLC (EtOAc, Rf = 0.9). 

Following reaction completion, excess oxalyl chloride and dichloromethane were 

removed in vacuo on a rotary evaporator, followed by high vacuum without further 

purification to give 5 as a light-yellow oil that solidified upon standing (5.6g, 100%). 1H 

NMR (400 MHz, CDCl3): δ 8.18 (dd, J = 7.08, 2.12 Hz, 1H), 8.04 - 8.00 (m, 1H), 7.24 (t, J = 

8.6 Hz, 1H). 13C NMR (500 MHz, CDCl3): δ 206,1, 168.5, 158.1, 132.1, 129.9, 127.2, 117.1. 

19F NMR (500 MHz, CDCl3): δ -112.5 (1F). 
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N-(3-chloro-4-fluorobenzoyl)-piperidine-4-one (6): 

3-chloro-4-fluorobenzoyl chloride (9.9g, 51.4 mmol) was dried under high vacuum to 

prep for reaction. A separate round bottom flaskwas charged with a stir bar and flame 

dried under vacuum, then refilled with argon. To this, Piperidin-4-one ethylene ketal 

(6.7mL, 51.4 mmol) was added and solvated in 40 mL anhydrous chloroform. 

Triethylamine (21.5mL, 154.2 mmol) was added to the solution which was then lowered 

into an ice-bath. The acyl chloride was then solvated in 40mL anhydrous chloroform 

then cannulated to the reaction mixture drop-wise. Immediate gas evolution occurred. 

The reaction mixture stirred under argon, slowly warming up to room temperature. The 

reaction vessel was fixed with an argon balloon to stir overnight (16h) until reaction 

completion confirmed via TLC (1:1 EtOAc:hexanes). The crude mixture was transferred 

to a separatory funnel, washed sequentially with 1 N HCl, DI H2O, saturated NaHCO3, 

and brine. The organic layer was dried Over Na2SO4, filtered, and consended in vacuo. 

The crude brown oil was then solvated in 50mL 80% formic acid, added drop-wise. To 

this was added CuSO4 (164mg, 2 mol%) portionwise. The reaction was fixed with a 

condenser and brought to reflux, open to atmosphere. The solution refluxed overnight. 

The following morning (12h), the brown solution had turned a deep green color with a 

white solid particulate. Reaction completion confirmed with via (2:1 EtOAc:hexanes, Rf = 
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0.44) and formic acid was removed via azeotrope distillation with toluene. The 

remaining solution was neutralized with 1 M K2CO3. The solution was transferred to a 

separatory funnel, and etracted 3x with DCM. The organic layers were combined and 

dried over Na2SO4, gravity filtered, and condensed. Recrystallization in 

dichloromethane-diisopropyl ether yielded 10.6g of 6 (81%) as a light yellow solid. 1H 

NMR (400 MHz, CDCl3): δ 7.53 (dd, J = 6.8, 2.1 Hz, 1H), 7.3652 – 7.3277 (m, 1H), 9.19 (t, J 

= 8.56 Hz), 3.84 (m, 4H), 2.48 (m, 4H). 13C NMR (500 MHz, CDCl3): δ 206.1,168.5, 158.9 (d, 

JCF = 900 Hz), 132.1(d, JCF = 15 Hz), 129.8, 127.2 (d, JCF = 40 Hz), 121.6 (d, JCF = 70 Hz), 116.9 

(d, JCF = 90 Hz), 46.3 (2C), 40.94 (2C).19F NMR (400 MHz, CDCl3): −112.73 (1F). 

N-(3-chloro-4-fluorobenzoyul)-1-oxa-6-azaspiro[2,5]-octane (7): 

Trimethylsulfoxonium iodide (829 mg, 3.7 mmol) was added to a flame dried 2-neck 

roundbottom flask fixed with a reflux condenser. To this, neat sodium hydride (90.5 mg, 

3.7 mmol) was quickly added and the mixture was stirred dry under argon for ten 

minutes. Anhydrous dimethyl sulfoxide (2 mL) was added drop-wise to reaction 

mixture. After gas evolution subsided, N-(3-chloro-4-fluorobenzoyl)-piperidine-4-one 8 

(757.2 mg, 2.96 mmol) solvated in 10mL of anhydrous dimethyl sulfoxide was 

transferred to the reaction vessel drop-wise. The reaction vessel was placed in an oil 

bath at 60 °C external temperature and let reflux for 3.5 hours. Reaction progress 
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monitored by TLC. Following reaction completion, the reaction vessel was taken out of 

the oil bath to cool to room temperature at which the mixture was diluted with 120 mL 

ice-cold DI water. The aqueous mixture was extracted three times with ethyl acetate. The 

organic layers were combined, washed successively with DI water and brine, then dried 

over sodium sulfate. The crude product was filtered, and then condensed on a rotary 

evaporator. The crude product was purified via a short flash chromatography column 

(5.0 cm length, 9:1 CHCl3: EtOAc, Rf = 0.38), and like-fractions condensed giving 490 mg 

(60.8%) of 9 as a light-yellow oil. 1H NMR (400MHz, CDCl3): δ 7.51 (dd, J = 6.9, 2.1 Hz), 

7.35 – 7.32 (m, 1H), 7.21 (t, J = 8.5, 1H), 4.41 – 4.16 (m, 1H), 3.79 – 3.50 (m, 3H), 2.75 (s, 

2H), 2.05 – 1.75 (m, 2H), 1.64 – 1.35 (m, 2H); 13C NMR (500MHz, CDCl3): δ 168.3, 158.8 (d, 

JCF = 1000 Hz), 132.9 (d, JCF = 15 Hz), 129.8 (d, JCF = 70 Hz), 127.1 (d, JCF = 70 Hz), 121.6 (d, 

JCF = 70 Hz), 116.9 (d, JCF = 85 Hz), 56.7, 53.7, 46.4, 33.7, 32.8; 

19F NMR (400 MHz, CDCl3): δ −112.7 (1F). 

 

N-(3-chloro-4-fluorobenzoyl)-4-fluoro-hydroxymethylpiperidine (2): 

A solution of N-(3-chloro-4-fluorobenzoyul)-1-oxa-6-azaspiro[2,5]-octane (9, 456.7 mg, 

1.69 mmol) solvated in anhydrous dichloromethane (1.2 mL) was cooled to −10 °C in a 

bath of salt & ice while stirring under argon. To this was carefully added 0.58 mL (16.9 
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mmol) of Olah’s Reagent (70:30 HF:Pyridine). Reaction mixture stirred under argon at 

−10 °C for fifteen minutes, then carefully taken out of the cooling bath to warm up to 

room temperature at which it stirred for 14 hours. Reaction completion verified via TLC 

(EtoAc, Rf = 0.54) and the reaction was lowered into an ice bath. Once reaching 0 °C, the 

reaction mixture was diluted with 20 mL of DI water, then carefully neutralized with 

saturated aqueous K2CO3 (20 mL) drop-wise while continuing to stir under argon. The 

quenched mixture stirred for an additional hour, then poured into a separatory funnel 

where it was extracted three times with dichloromethane. The organic layers were 

combined, washed with DI water, 1 N HCl, and brine. Dried over sodium sulfate, 

gravity filtered, and condensed on a rotary evaporator. Crude material purified via flash 

chromatography utilizing a gradient mobile phase (2:1 EtOAc:hexanes to EtOAc) to give 

365.4 mg (1.26 mmol, 74.6%) of 2 as a white powdery solid. 1H NMR (400 MHz, CDCl3): 

δ 7.49 (dd, J = 6.9,1.9 Hz, 1H), 7.32 – 7.28 (m, 1H), 7.19 (t, J = 8.52 Hz), 4.69 – 4.42 (m, 1H), 

3.64 (dd, J =  20.1, 9.3 Hz, 2H), 3.42 – 2.61 (m, 3H), 2.01 – 1.42 (m, 4H); 19F NMR (400 

MHz, CDCl3): δ −112.5 (1F), −170.8 (1F); IR: 3371 cm-1. 
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Procedures for Motif Convergence, Compounds 1A – 1C  

 

(3-chloro-4-fluorophenyl)(4-fluoro-4-((((trans)-2-phenylcyclopropyl) 

amino)methyl)piperidin-1-yl)methanone (1A): 

A 151 mg (0.56 mmol) of the substrate N-(3-chloro-4-fluorobenzoyl)-4-fluoro-

hydroxymethyl piperidine (2) was solvated in 1.2 mL of anhydrous DMSO and stirred 

under argon at room temperature. To this, 0.23 mL (1.65 mmol) of triethylamine was 

added to the reacton vessel, which then stirred for 10 minutes. Sulfur trioxide – pyridine 

complex (271.7 mg, 1.7 mmol) was weighed out and quickly added to the solution. After 

3 hours of stirring under argon and little reaction progress on TLC, an additional 270 mg 

(1.7 mmol) of Sulfur trioxide – pyridine complex & 0.25 mL of triethylamine (1.65 mmol) 

was added to the reaction mixture and the solution stirred for another 2 hours. After 

reaction completion verification via TLC (2:1 EtOAc:hexanes, DNP stain), the orange 

reaction mixture was carefully transferred to a seperatory funnel, diluted with 30 mL of 

DI water, and extracted twice with ethyl acetate. The organic layers were combined, 

washed with 5% citric acid, brine, dried over sodium sulfate, filtered, and condensed on 

a rotary evaporator. Crude product placed under high vacuum, and stored under argon 

at −20 °C without further purification. After verification of the aldehyde peak via 1H 
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NMR (500 MHz, CDCl3): δ 9.7 (d, JHF = 37.1 Hz), 33.6mg (0.12 mmol) of the crude product 

was solvated in anhydrous dichloroethane (DCE) and stirred under argon until solution 

appeared homogenous. Trans-2-phenyl cyclopropylamine (3Aa) solvated in minimal 

dichloroethane was transferred to the reaction vessel. While the reaction mixture stirred 

under argon, 71.22 mg (0.34 mmol) of sodium triacetoxy borohydride was quickly 

weighed out as a solid and transferred to the reaction vessel. The reaction solution 

remained cloudy after addition. The reaction stirred under argon overnight (13 hours) 

and completion was verified with TLC (2:1 hexanes:EtOAc, Rf =0.42, ninhydrin stain). 

After reaction completion, the mixture was diluted with 4 mL of dichloromethane 

(DCM), 3 mL saturated aqueous NaHCO3 and 4 mL DI water. The organic layer was 

separated, washed with saturated aqueous NaHCO3, then brine. Crude material dried 

over sodium sulfate, gravity filtered, and condensed on a rotary evaporator. Purification 

via flash chromatography (2:1 hexanes:EtOAc) resulted in 20.6 mg (0.05 mmol, 42.4%) of 

the purified 1A as a crystalline solid. 1H NMR (500 MHz, CDCl3): δ 7.87 (d, J = 8.4 Hz), 

7.51 (dd, J = 6.9, 2.0 Hz, 1H), 7.34 – 7.23 (m, 3H), 7.19 (t, J = 8.6 Hz, 1H), 7.11 – 6.99 (m, 

3H), 6.72 (d, J = 8.4 Hz, 1H). 13C NMR (500 MHz): δ 171.1, 167.9, 159.7, 157.7142.1, 132.9, 

129.7, 128.2, 127.1, 125.6, 121.4, 116.7, 94.7, 93.4, 57.1, 56.9, 43.7, 41.7, 38.3, 33.6, 332.8. 19F 

NMR (400 MHz, CDCl3): -112.1, -167.7. HRMS: ESI+, calculated for C22H23ClF2N2O, found 

406.1 [M+H]+. 
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(3-chloro-4-fluorophenyl)(4-fluoro-4-((((trans)-2-phenylcyclopropyl) 

amino)methyl)piperidin-1-yl)methanone (1B): 

A 116 mg (0.26 mmol) of the substrate N-(3-chloro-4-fluorobenzoyl)-4-fluoro-

hydroxymethyl piperidine (2) was solvated in 1.1 mL of anhydrous DMSO and stirred 

under argon at room temperature. To this, 0.36 mL (2.6 mmol) of triethylamine was 

added to the reacton vessel, which then stirred for 10 minutes. Sulfur trioxide – pyridine 

complex (421 mg, 2.6 mmol) was weighed out and quickly added to the solution. After 4 

hours of stirring under argon, reaction completion verification via TLC (2:1 

EtOAc:hexanes, DNP stain), reaction mixture transferred to a separatory funnel, diluted 

with 350 mL of DI water, and extracted twice with ethyl acetate. The organic layers were 

combined, washed with 5% citric acid, brine, dried over sodium sulfate, filtered, and 

condensed on a rotary evaporator. Crude product placed under high vacuum. After 

verification of the aldehyde peak via 1H NMR (500 MHz, CDCl3): δ 9.7 (d, JHF = 37.1 Hz), 

33.6mg (0.12 mmol) of the crude product was solvated in anhydrous dichloroethane 

(DCE) and stirred under argon until solution appeared homogenous. Compound 3B 
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solvated in minimal dichloroethane was transferred to the reaction vessel. While the 

reaction mixture stirred under argon, 71.22 mg (0.34 mmol) of sodium triacetoxy 

borohydride was added portionwise.. The reaction stirred overnight (13 hours) and 

completion was verified via TLC (2:1 hexanes:EtOAc, Rf =0.36, ninhydrin stain). Reaction 

mixture partitioned between DCM and DI H2O. The organic layer was separated, 

washed with saturated aqueous NaHCO3, then brine. Crude material dried over sodium 

sulfate, gravity filtered, and condensed on a rotary evaporator. Purification via flash 

chromatography (2:1 hexanes:EtOAc) resulted in 72 mg (0.16 mmol, 61%) of the purified 

1B as a white crystalline solid. 1H NMR (500 MHz, CDCl3): δ 7.85 (d, J = 8.5 Hz, 1H), 7.65 

(J = 6.88 Hz, 1H), 7.31-7.30 (m, 1H), 7.19 (t, J = 8.6 Hz, 1H), 6.72 (t, J = 4.1, 2H), 6.596.52 (m, 

2H), 5.91 (s, 2H), 4.69 (bs, 1H), 3.61-3.56 (m, 2H), 3.55-3.12 (m, 4H), 2.72 (d, J = 19.8 Hz, 

2H), 1.49-1.44 9m, 1H), 1.33-1.24 (m, 1H), 1.02-0.87 (m, 2H). 13C NMR (500MHz, CDCl3): 

168.1, 159.8, 157.8, 152.4, 147.8, 145.7, 135.2, 132.8, 129.8, 127.2, 121.6, 119.2, 116.8, 108.2, 

106.6, 101.1, 94.2,60.4, 46.832.2, 32.2, 29.7, 28.1, 17.9. 19F NMR (400MHz, CDCl3): -112.5, -

162.4. HRMS: ESI+, calculated for C23H23ClF2N2O3, found 449.03 [M+H]+.  

(3-chloro-4-fluorophenyl)(4-fluoro-4-((((trans)-2-phenylcyclopropyl) 

amino)methyl)piperidin-1-yl)methanone (1C): 
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A 465 mg (1.57 mmol) of the substrate N-(3-chloro-4-fluorobenzoyl)-4-fluoro-

hydroxymethyl piperidine (2) was solvated in 15 mL of anhydrous DMSO and stirred 

under argon at room temperature. To this, 0.66 mL (4.7 mmol) of triethylamine was 

added to the reacton vesse. Sulfur trioxide – pyridine complex (750 mg, 4.7 mmol) was 

weighed out and quickly added to the solution. Stirred under argon for 4 hours and 

reaction completion verification via TLC (2:1 EtOAc:hexanes, DNP stain). Reaction 

mixture was carefully transferred to a separatory funnel, diluted with 10x DI H2O, 

extracted 3x with ethyl acetate. The organic layers were combined, washed with 5% 

citric acid, brine, dried over sodium sulfate, filtered, and condensed on a rotary 

evaporator. Crude product placed under high vacuum. After verification of the 

aldehyde peak via 1H NMR (500 MHz, CDCl3): δ 9.7 (d, JHF = 37.1 Hz), 104 mg of the 

crude (0.36 mmol) of the crude product was solvated in 2mL anhydrous THF and stirred 

under argon. 3C solvated in 2mL dichloroethane was transferred to the reaction vessel. 

While the reaction mixture stirred under argon, 191mg (0.9 mmol) of sodium triacetoxy 

borohydride was transferred to the reaction vessel. Reaction mixture stirred for 14 hours 

and completion was verified with TLC (2:1 hexanes:EtOAc, ninhydrin stain). After 

reaction completion, the mixture was portioned between ethyl acetate and DI H2O. The 

organic layer was separated, washed with saturated aqueous NaHCO3, then brine. 

Crude material dried over MgSO4, gravity filtered, and condensed on a rotary 

evaporator. Purification via flash chromatography (2:1 hexanes:EtOAc) resulted in 
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156mg (55.5%) of the purified 1B as a crystalline solid. 1H NMR (500 MHz, CDCl3): δ 7.86 

(d, J = 8.5 Hz, 1H), 7.50 (dd, J = 4.9, 2.0 Hz, 1H), 7.33-7.30 (m, 1H), 7.05-6.99 (m, 2H), 6.85-

6.78 (m, 2H), 4.51 (bs, 1H), 4.12 (t, J = 7.12 Hz, 1H), 3.78 -3.76 (m, 3H), 3.68-3.59 (m, 1H), 

3.41-3.29 (m, 4H), 2.98-2.95 (m, 1H), 2.37 – 2.34 (m, 1H), 2.16-1.91 (m, 4H), 1.67-1.59 (m, 

2H), 1.50-1.35 (m, 4H). 13C NMR (500 MHz): 168.2, 160.9, 158.0, 129.8, 127.1, 116.7, 1223.8, 

93.9, 92.5, 60.4, 55.3, 51.5, 31.0, 25.9, 21.1, 17.9, 15.2, 14.2. 19F NMR (400 MHz, CDCl3):  

δ -112.4, -164.3. HRMS: ESI+, calculated for C23H23ClF2N2O3, found 436.9 [M+H]+. 
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Procedures for the Synthesis of ACPA Motif 3 (Method A) 

 

Ethyl (E) - 3-benzylacrylate (9A): 

Triethyl phosphonoacetate (2.18 mL, 11.0 mmol) was prepped for the reaction by stirring 

under vacuum for one hour at room temperature in a round bottom flask fixed with an 

addition funnel. Then, 1.0 M lithium bis(trimethylsilyl)amide in THF (LiHMDS, 11.0mL, 

11.0 mmol) was transferred to the addition funnel via cannula after which it was added 

to the reaction mixture drop-wise at room temperature. The mixture stirred at room 

temperature for 30 minutes under argon. Meanwhile, benzaldehyde (1.02 mL, 10.0 

mmol) was solvated in anhydrous THF (25 mL), then lowered into an ice – salt bath to 

cool to −10 °C while stirring under argon. After the benzaldehyde solution was fully 

cooled, the ylide created in situ (LiHMDS & triethylphosphonoacetate solution) was 

transferred to this flask dropwise via cannula over 5 minutes. The reaction vessel was 

allowed to slowly warm up to room temperature as the cooling bath melted. After 3 

hours of stirring, the reaction was cooled to 0 °C in an ice bath and quenched with 30 mL 

of saturated aqueous ammonium chloride. After quenching, the reaction vessel was 

taken out of the bath to warm up to room temperature where it stirred for 30 minutes 

under standard atmosphere. The aqueous layer was removed in an addition funnel, and 
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the organic layer washed with saturated aqueous ammonium chloride. TLC of each 

separate layer resulted in the necessary back-extraction of the first aqueous layer with 

dichloromethane (three times). Organic layers were combined, dried over sodium 

sulfate, gravity filtered, and condensed on a rotary evaporator. Purification via flash 

chromatography (9:1 hexanes:EtOAc, Rf = 0.51) resulted in 1.75g of 9A (99.4 %). 1H NMR 

(400 MHz, CDCl3): δ 7.29 (d, J = 8.1, 2H), 6.93 (d, J = 1.7 Hz, 1H), 6.89 (dd, J = 6.3, 1.7Hz, 

2H), 6.71 (d, J = 8.1 Hz), 6.15 (d, J = 15.9) 4.17 (q, J = 7.0 Hz), 1.24 (t, J = 7.0 Hz).  

 

Ethyl (E)-3-(3,4-methylenedioxyphenyl)acrylate (9B): 

For Procedure, see 9A above. 1H NMR (400 MHz, CDCl3): δ 7.49 (d, J = 15.9 Hz, 1H), 6.93 

(d, J = 1.68 Hz, 1H), 6.89 (dd, J = 8, 1.68 Hz, 1H), 6.70 (d, J = 8 Hz, 1H), 6.17 (d, J = 15.9 Hz, 

1H), 5.89 (s, 2H), 4.17 (q, J = 7. 1Hz), 1.25 (t, J = 7.1 Hz). 

 

Ethyl (E)-(4-methoxyphenyl)acrylate (9C): 
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For Procedure, see 9A above. 1H NMR (400 MHz, CDCl3): δ 7.62 (d, J = 15.9 Hz, 1H), 7.43 

(d, J = 8.8 Hz, 2H), 6.85 (d, J = 8.6 Hz, 2H), 6.27 (d, J = 15.9 Hz, 1H), 4.22 (q, J = 7.1, 2H), 

1.30 (t, J = 7.1 Hz, 3H). 

 

Trans-2-benzylcyclopropane-1-carboxylic acid (10A): 

356.4 mg (14.85 mmol) of neat sodium hydride was quickly added to 3.27g (14.85 mmol) 

of trimethylsulfoxonium iodide. The dry mixture stirred under argon for ten minutes, 

after which was added anhydrous dimethylsulfoxide (20 mL) drop wise. After cessation 

of gas evolution from solution (about 10 minutes), a solution of of 11Aa (1.75g, 9.9 

mmol) solvated in 15mL of anhydrous THF was added drop-wise over 15 minutes. The 

reaction vessel was then lowered into an oil bath and began heating to 60 °C. After 

refluxing for 2 hours and forty minutes, the reaction vessel was cooled to room 

temperature where it was diluted with 25mL of ice-cold DI water, cooled to 0 °C at 

which 50 mL 1.0 M H2O•LiOH was added slowly to the vessel. After addition, the 

solution warmed to room temperature to stir for two hours to open atmosphere. 

Afterwards, the crude mixture was transferred to a larger reaction vessel open to 

standard atmosphere where 2.0 N HCl was added until achieving pH < 3 as verified by 

pH strip. The reaction vessel was capped with a septum and ventilation needle to stir 
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overnight. The following morning, the aqueous layer was separated, and extracted three 

times with ethyl acetate. All layers checked via TLC. Organic layers were combined, 

washed with 50% NaCl(aq), dried over sodium sulfate, gravity filtered, and condensed. 

Purification via flash chromatography (4:1 hexanes:EtOAc to EtOAC, Rf = 0.15) resulted 

in 1.05g of 10A (65.2 %). 

 

Trans-2-(3,4-methylenedioxyphenyl)cyclopropane-1-carboxylic acid (10B): 

For Procedure, see 10A above. 1H NMR (400 MHz, CDCl3): δ 6.73 (d, J = 7.9, 1H), 6.62 

(dd, J = 7.9, 1.7 Hz, 1H), 6.57 (d, J = 1.7 Hz, 1H), 5.93 (s, 2H), 2.51 (m, 1H), 1.78 (m, 1H), 

1.35-1.30 (m, 2H). 

 

Trans-2-(4-methoxyphenyl)cyclopropane-1-carboxylic acid (10C): 

For Procedure, see 10A above. 1H NMR (400 MHz, CDCl3): δ 11.89 (bs, 1H), 7.03 (dd, J = 

11.7, 2.9 Hz, 2H), 6.82 (dd, J = 11.7, 2.9 Hz, 2H), 3.77 (s, 3H), 2.59 – 2.54 (m, 1H), 1.64 – 

1.59 (m, 1H), 1.6410 – 1.5936 (m, 1H), 1.37 – 1.32 (m, 1H). 
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Trans-N-Boc-2-pehnylcyclopropylamine (11A): 

1.05g (6.57 mmol) of 12Aa was solvated in THF (60 mL) and cooled in an ice bath to 0 °C 

(internal temperature). Once cooled, isobutyl chloroformate (0.93 mL, 7.117 mmol) was 

added swiftly, followed by the drop-wise addition of triethylamine (1.1 mL, 7.7 mmol) 

and stirred for 50 minutes while maintaining the internal temperature between −5 °C 

and 0 °C. Sodium azide (1.05g, 16.17 mmol) solvated in 10 mL of DI water was added to 

the reaction vessel which was then lifted out of the cooling bath to slowly warm to room 

temperature where it stirred for 1.25 hours. The reaction mixture was diluted with 100 

mL of DI water and stirred for an additional 20 minutes, after which the aqueous layer 

was separated and carefully extracted twice with diethyl ether. The organic layers were 

combined, washed successively with 5% citric acid and 5% sodium bicarbonate. The 

combined organic layers were then dried over magnesium sulfate, and gravity filtered. 5 

mL of dry toluene was added, and the solution was carefully condensed on a rotary 

evaporator behind a blast shield (no heat, and not to dryness) to yield a concentrated 

solution of about 5 – 10 mL. This solution was added drop-wise to a flame-dried round 

bottom flask, fixed with a condenser, and filled with 40 mL of dry toluene refluxing at 

100 °C (internal temperature). The solution was refluxed for 1.25 hours at which point 

bubbling ceased. Conversion checked via TLC, and 50 mL (210 mmol) of tert-butanol 
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was added slowly so that the internal temperature never dipped below 90 °C. After 

addition of tert-butanol, the solution refluxed overnight at 100 °C (about 17 hours). The 

reaction vessel was removed from the oil bath to cool to room temperature, and then 

carefully condensed on a rotary evaporator. Purification via flash chromatography (9:1 

hexanes:EtOAc Rf = 0.26) yielded 262.7 mg of 11A as a yellow oil (17.5 %). 1H NMR (400 

MHz, CDCl3): δ 7.26 (dd, J = 7.7, 6.9 Hz, 2H), 7.11 (t, J = 6.9 Hz, 1H), 7.02 (d, J = 7.7 Hz, 

2H), 4.13-4.11 (m, 1H), 1.45 (s, 9H), 1.27-1.23 (m, 1H), 0.970-0.92 (m, 1H). 

 

Trans-N-Boc-2-(3,4-methylenedioxypehnyl)cyclopropylamine (11B): 

For Procedure, see 11A above. For 3,4-methylene-dioxy derivative, intermediate not 

isolated. Crude pushed through to deprotection (crashes out as solid). 

 

Trans-N-Boc-2-(4-methoxypehnyl)cyclopropylamine (11C): 

For Procedure, see 11A above. For para-methoxy derivative, intermediate not isolated. 

Crude pushed through deprotection (crashes out as solid). 
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Trans-2-phenylcyclopropylamine (3A): 

250mg (1.07 mmol) of 13Aa was solvated in 1.7 mL of THF and stirred at room 

temperature. To this was added 37% concentrated HCl, and the solution was placed in 

an oil bath to warm to 40 °C at which it stirred for 2 hours. After conversion verified via 

TLC (4:1 hexanes:EtOAc, ninhydrin stain), the reaction vessel was cooled to room 

temperature, and the pH adjusted to > 13 via the drop-wise addition of 20% NaOH(aq). 

After stirring for 20 minutes, the seperated aqueous layer was extracted 3 times with 

diethyl ether. The combined organic layers were dried over magnesium sulfate, pushed 

through an alumina pad (basic, brockjman activity I), and condensed on a rotary 

evaporator. The product was purified via flash chromatography (4:1 hexanes:EtOAc), 

providing 89.1 mg of 3A (62.4 %). 1H NMR (400 MHz, CDCl3): δ 7.24 (dd, J = 7.8, 6.8 Hz, 

2H), 7.13 (t, J = 6.8 Hz, 1H), 7.01 (d, J = 7.8 Hz, 2H), 2.53 – 2.52 (m, 1H), 2.03 – 2.01 (m, 

1H), 1.86 (bs, 2H), 2.55 – 2.52 (m, 1H), 1.88 – 1.85 (m, 1H). 

 

Trans-2-(3,4-methylenedioxyphenyl)cyclopropylamine (3B): 
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For Procedure, see 3A above. 1H NMR (400 MHz, CDCl3): δ 6.72 (d, J = 7.76 Hz, 1H), 6.66 

(d, J = 7.76 Hz, 1H), 5.92 (s, 2H), 5.33 (bs, 2H), 2.72 – 2.61 (m, 1H), 2.11 – 1.98 (m, 1H), 1.19 

– 1.12 (m, 2H). 

 

Trans-2-(3,4-methoxyphenyl)cyclopropylamine (3C): 

For procedure, see 3A above. 1H NMR (400 MHz, CDCl3): δ 6.99 (d, J = 7.9 Hz, 2H), 6.79 

(d, J = 8.6 Hz, 2H), 4.39 (bs, 2H), 3.76 (s, 3H), 2.61 – 2.57 (m, 1H), 2.15 – 2.09 (m, 1H), 1.27 

– 1.19 (m, 1H), 1.01 – 0.98 (m, 1H). 

Procedure for the Synthesis of Befiradol & 5-HT1A Standard 16 

 

(4-(3-chloro-4-fluorobenzoyl)-1-fluorocyclohexyl)methyl 4-methylbenzenesulfonate: 

1.45g (4.61 mmol) of compound 2 (See: procedures for the Synthesis of 5-HT1A Motif, 

Compound 2) was transferred to a flame-dried round bottom flask charged with a stir 

bar and solvated in 6.6mL of anhydrous pyridine. The solution was lowered into an ice 

bath and p-toluenesulfonyl chloride (967 mg, 5.1 mmol) was added portionwise. The 

green solution stirred for 15 minutes at 0 °C then was taken out of the ice bath to warm 
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up to room temperature. After 8 h, reaction completion verified via TLC (9:1 

CHCl3:acetone, Rf = 0.38) and the reaction mixture was again lowered into an ice bath 

and diluted with 20x DI water. Solution was transferred to a separatory funnel, 

extracted twice with DCM. The organic layers were combined, washed sequentially with 

1 N HCl, H2O, and brine, then dried over Na2SO4, gravity filtered, and condensed in 

vacuo to afford 1.1g of a crude oil. Purification via column chromatography (5% acetone 

in chloroform) afforded 884.1mg of 12 (43%). 1H NMR (400 MHz, CDCl3): δ 7.79 (d, J = 

8.3 Hz, 2H), 7.47 (dd, J = 4.8, 2.1 Hz, 1H), 7.37 (d, J = 8.1 Hz, 2H), 7.31 – 7.28 (m, 1H), 7.19 

(t, J = 8.5 Hz), 4.55 – 4.46 (m, 2H), 4.02 (d, J = 18.2, 2H), 3.65 – 3.35 (m, 4H), 3.18 – 3.13 (m, 

2H), 2.46 (s, 3H), 1.91 – 1.89 (m, 2H), 1.71 – 1.67 (m, 2H). 19F NMR (400 mHz): δ -112.4, -

170.9.

2-((4-(3-chloro-4-fluorobenzoyl)-1-fluorocyclohexyl)methyl)-1H-indene-1,3(2H)-dione 

(13): Substrate 12 (884.1mg, 1.99 mmol) solvated in 6.5 mL anhydrous DMSO was added 

to a flame-dried round bottom flask attached with a reflux condenser and charged with 

a stir bar. While the reaction stirred under argon, potassium phthalimide (4.7g, 25.8 

mmol) was added in a singular portion. The cloudy solution was heated to 150 °C. After 

stirring for 4h reaction completion was verified via TLC analysis (9:1 CHCl3:acetone Rf = 
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0.31) and the reaction mixture was diluted with 50x DI H2O then transferred to a 

separatory funnel. The mixture was extracted twice with DCM. Organic layers were 

combined, washed with brine then dried over Na2SO4, gravity filtered, and condensed to 

a light yellow crystalline solid without further purification (1.1g, 2.63 mmol). Crude 

product was pushed through to the following step. 

 

((4-(aminomethyl)-4-fluorocyclohexyl)(3-chloro-4-fluorophenyl)methanone (14): 
 
1.1g (2.63 mmol) of the crude product 13 was solvated in 8.5 mL of ethanolamine in a 

round bottom flask charged with a stir bar and attached with a reflux condenser. While 

stirring, the reaction flask was lowered into an oil bath at 60 °C. Reaction solution turned 

from light yellow in color to a deep orange. After 2 h, TLC analysis showed full 

consumption of starting material (9:1 CHCl3:acetone, Rf = 0.18, ninhydrin stain). The 

reaction mixture was transferred to a separatory funnel, diluted with 250 mL of DI H2O, 

and extracted 3x with DCM. Organic layers were combined, washed with brine, dried 

over Na2SO4, filtered, and condensed. Purification via column chromatography 

(gradient, 9:1 CHCl3:acetone to acetone) afforded 443mg of the product as a light yellow 

oil (58%). 1H NMR (400 MHz, CDCl3): δ 7.49 (dd, J = 6.9,1.9 Hz, 1H), 7.32 – 7.28 (m, 1H), 
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7.19 (t, J = 8.52 Hz), 4.51 (bs, 2H), 3.64-3.32 (m, 2H), 3.42 – 2.61 (m, 3H), 2.01 – 1.42 (m, 

4H). 

 

Befiradol: In a round bottom flask charged with a stir bar and attached Dean Stark 

apparatus, the substrate 14 (293 mg, 1.01 mmol) was solvated in 10 mL anhydrous 

toluene. To this was added 5-methylpyridine-2-carboxaldehyde (102.8mg, 0.84 mmol). 

The reaction mixture was lowered into an oil bath and the reaction was heated to 110 °C 

for 5h. After TLC analysis showed no further consumption of starting material aldehyde, 

the reaction was cooled to room temperature and concentrated in vacuo. The condensed 

mixture was taken up in 6mL anhydrous MeOH and cooled to 0 °C in an ice bath. To 

this, 93mg (1.7 mmol) of potassium borohydride was added. The reaction stirred under 

argon overnight, slowly warming up to room temperature. The mixture was 

concentrated in vacuo, resolvated in DCM, and sequentially washed with DI H2O and 

brine.  The organic layer was dried over MgSO4, gravity filtered, and re-concentrated. 

Purification via column chromatography (4:1 CHCl3:acetone, Rf = 0.32) afforded 131 mg 

(33%) of the product as an oil. 1H NMR (400 MHz, CDCl3): δ 8.38 (s, 1H), 7.49-7.39 (m, 

2H), 7.27 (t, J = 4.2 Hz, 1H), 7.23-7.15 (m, 2H), 4.51 (bs, 1H), 3,89 (s, 1H), 3.58 (s, 1H), 3.37 

– 3.17 (m, 3H), 2.79 (d, J = 19 Hz, 2H), 2.32 (s, 3H), 2.09 – 1.95 (m, 2H), 1.71-1.59 (m, 2H). 
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(3-chloro-4-fluorophenyl)((4-fluoro-4-(((2-(pyridin-2-yl)ethyl)amino)methyl) 

cyclohexyl) methanone (16): Aldehyde substrate 15 (431mg, 1.49 mmol) was solvated in 

11.5 mL of anhydrous toluene in a round bottom flask charged with a stir bar and 4 

angstrom molecular sieves. 196 µL (1.64 mmol) of 2-(2-pyridyl)ethylamine was added to 

solution. Mixture lowered into an oil bath and began heating to 105 °C. Starting material 

consumotion was confirmed via TLC analysis (3 h), the reaction was then cooled to 

room temperature, and solvent removed in vacuo. The oil was then taken up in 

ahydrous MeOH and to it was added 198 mg (7.5 mmol) of sodium borohydride. 

Reaction stirred overnight (16 h) and reaction completion was confirmed via TLC 

analysis (5% MeoH in DCM Rf = 0.18). Mixture was filtered through a fritted funnel, and 

rotovapped down to an oil. Crude mixture was taken in ethyl acetate, washed with 

brine, dried over MgSO4, and condensed in vacuo. Purification via column 

chromatography (5% MeOH in DCM) afforded 445 mg of product (76%). 8.52 (d, J = 4.7 

Hz, 1H), 7.61 (dt, J = 7.6, 1.8 Hz, 1H), 7.48 (dd, J = 7.6, 2.0 Hz, 1H), 7.31 – 7.27 (m, 1H), 

7.18 (t, J = 8.8 Hz, 1H), 7.16 – 7.11 (m, 2H), 4.49 (bs, 1H),3.57 – 3.34 (m, 3H), 3.37 (d, J = 15 

Hz, 2H), 3.07 – 3.03 (m, 3H), 2.98 – 2.96 (m, 3H), 2.82 (s, 2H), 2.77 (s, 2H), 2.05 – 1.91 (m, 

3H) 1.91-1.84 (m, 2H), 1.64 – 1.45 (m, 2H), 1.25 (s, 1H). 
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Procedures for the Synthesis of ACPA Motif 3 (Method B) 

 

 

(E)-2-nitrovinylbenzene (18A): see procedure for 18C below. 1H NMR (400 MHz, 

CDCl3): δ 7.98 (d, J = 12.3, 1H), 7.58 – 7.43 (m, 5H), 2.89 (d, J = 12.3 Hz). 

 

(E)-3,4-methylenedioxy-2-nitrovinylbenzene (18B): See procedure for 18C below. 1H 

NMR (400 MHz, CDCl3): δ 7.94 (d, J = 10.7 Hz, 1H), 7.47 (d, J = 10.7 Hz, 1H), 7.08 (d, J = 

6.2 Hz), 7.00 (s, 1H), 6.87 (d, J = 6.2 Hz, 1H), 6.07 (s, 2H). 

 

(E)-4-methoxy-2-nitrovinylbenzene (18C): 

20 mL p-anisaldehyde (164 mmol) was added to a solution of 8.8 mL nitromethane (1645 

mmol) in 150 mL anhydrous toluene in the presence of 4 angstrom molecular sieves. To 

this, piperidine (1.3 mL, 16.5 mmol) was added drop-wise. Reaction vessel was lowered 
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into an oil bath and heated to 108 °C for 3 hours. Reaction completion was verified via 

TLC analaysis (9:1 hex:EtOAc, ran twice). Crude mixture was filtered through a celite 

pad under an argon blanket and condensed in vacuo. The dark red crude was 

recrystallized in hexanes:methanol to afford 27.1g (92%) of the product as a bright 

yellow crystalline solid. 1H NMR (400 MHz, CDCl3): δ 7.91 (d, J = 13.6 Hz, 1H), 7.47 – 

7.42 (m, 3H), 7.19 (s, 1H), 6.89 (d, J = 13.6 Hz, 1H) 3.81 (s, 3H). 

 

 

trans-(2-nitrocyclopropyl)benzene (19A): See procedure for 19C below. 1H NMR (400 

MHz, CDCl3): δ 7.25 – 7.18 (m, 4H), 7.04 (d, J = 5.6 Hz, 1H), 4.41-4.34 (m, 1H), 3.81-3.69 

(m, 1H), 3.07 -3.06 (m, 1H), 2.17-2.16 (m, 1H). 

 

trans-3,4-methylenedioxy-1-(2-nitrocyclopropyl)benzene (19B): see procedure for 19C 

below. 1H NMR (400 MHz, CDCl3): δ 7.29 (s, 1H), 7.00 (d, J = 1.92 Hz, 1H), 6.893 (d, J = 1.8 

Hz, 1H), 5.95 (s, 2H), 4.35-4.32 (m, 1H), 3.09-3.04 (m, 1H), 2.23-2.17 (m 1H), 1.64-1.57 (m, 

1H). 
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trans-4-methoxy-1-(2-nitrocyclopropyl)benzene (19C): 10.94g (49.7 mmol) of 

trimethylsulfoxonium iodide and 1.2g of sodium hydride were stirred neat in a flame-

dried round bottom flask for 2 hours. 8.1g (45.2 mmol) of substrate 19C was solvated in 

45mL anhydrous DMSO and cannulated to the ylide drop-wise. The reaction vessel was 

placed in an oil bath and began heating to 60 °C. The yellow solution turned deep red 

after 1.5 h reaction time and starting material consumption was verified via TLC 

analysis (9:1 hexanes:EtOAc). Once cooled to room temperature, the mixture was diluted 

with 600mL ice-cold DI water and partitioned with ethyl acetate. The aqueous layer was 

extracted and additional 3 times with ethyl acetate. Organic layers were combined, dried 

over Na2So4, filtered, and rotovapped down. Purificaiton via column chromatography 

(9:1 hexanes:EtOAc) afforded 6.8g (47%) of the isolated product. 1H NMR (400 MHz, 

CDCl3): δ , 7.00 (d, J = 7.8 Hz, 2H), 6.94 (d, J = 7.8 Hz, 2H), 4.35-4.32 (m, 1H), 3.77 (s, 3H), 

3.09-3.04 (m, 1H), 2.23-2.17 (m 1H), 1.64-1.57 (m, 1H). 

 

trans-2-arylcyclopropylamine (3A): 
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315 mg (1.92 mmol) of the substrate was solvated in 38mL isopropanol. 20 mL 1 N HCl 

was added drop-wise while reaction mixture stirred. 2.5g (38 mmol) of zinc dust was 

added portion-wise to the solution and the mixture stirred for 3 hours at room 

temperature. After reaction completion, the crude reaction mixture was filtered through 

a pad of celite with DCM, then condensed via rotoary evaporation. The oil was then 

partiationed between DCM and a saturated solution of NaHCO3. Awueous layer 

extracted 3 times with DCM. Organic layers combined, washed with brine, dried over 

Na2SO4, gravity filtered, and condensed. Purification via column chromatography 

(gradient, 2:1 hex:EtOAc to EtOAc) afforded 88mg of the isolated product (67%) as a 

light oil. 1H NMR (400 MHz, CDCl3): δ 7.24 (dd, J = 7.8, 6.8 Hz, 2H), 7.13 (t, J = 6.8 Hz, 

1H), 7.01 (d, J = 7.8 Hz, 2H), 2.53 – 2.52 (m, 1H), 2.03 – 2.01 (m, 1H), 1.86 (bs, 2H), 2.55 – 

2.52 (m, 1H), 1.88 – 1.85 (m, 1H). 

 

trans-2-(3,4-methylenedioxyphenyl)cyclopropylamine (3B): see procedure 3A above. 

1H NMR (400 MHz, CDCl3): δ 6.72 (d, J = 7.76 Hz, 1H), 6.66 (d, J = 7.76 Hz, 1H), 5.92 (s, 

2H), 5.33 (bs, 2H), 2.72 – 2.61 (m, 1H), 2.11 – 1.98 (m, 1H), 1.19 – 1.12 (m, 2H). 
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trans-2-(4-methoxyphenyl)cyclopropylamines (3C): See procedure 3A above. 1H NMR 

(400 MHz, CDCl3): δ 6.99 (d, J = 7.9 Hz, 2H), 6.79 (d, J = 8.6 Hz, 2H), 4.39 (bs, 2H), 3.76 (s, 

3H), 2.61 – 2.57 (m, 1H), 2.15 – 2.09 (m, 1H), 1.27 – 1.19 (m, 1H), 1.01 – 0.98 (m, 1H). 
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Appendix B – Supplemental Information on Assay 
Development and In Vitro Analysis 

Literature procedures for the PRESTO-Tango assay by Kroeze and coworkers 

were optimized for a 96-well format and confirmed by original assay developers (see 

reference 3). Plates were designed to test two drugs or controls in triplicate across 8 

concentrations in both transfected and the untransfected control. For each assay run, 4 

plates were utilized (Table 2 Below). Plate 1 = assay buffer & DMSO. Plate 2 = Dopamine 

in DMSO, Serotonin in DMSO. Plate 3 = Befiradol in DMSO, CMPD 16 in DMSO. Plate 4 

= CMPD 1A in DMSO, CMPD 1C in DMSO. HTLA cell stocks were obtained from the 

Roth lab and stored in a cell dewar of liquid nitrogen until plated. Cells were grown in 

Dulbecco’s Modified Eagle Media in a 5cm culture dish in the presence of hygromycin 

and puromycin. All incubations were performed in a humidified 37 °C atmosphere of 

5% CO2. When plated from cell freezer stocks, cells were passaged 3 times before assay 

use. 

 

Table 2: Plate design & setup for PRESTO-Tango assay 
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PT Assay, Day 1: 

Cells  were grown to 80% confluency in a 5cm culture dish in the presence of antibiotic 

(2 µg/mL puromycin, 100 µg/mL hygromycin) in DMEM supplemented with 10% 

dialyzed FBS. After the third passage from initial plating of cell stocks, growth media 

was aspirated, cells were washed with phosphate buffered saline at physiological pH, 

and trypsinized for 5 minutes in the incubation chamber with 2mL 2.5% trypsin 

obtained from Thermo Scientific. Cells were diluted with 8mL fresh media then spun 

down at 1000rpm for 5 minutes. Media was aspirated and cells were re-suspended in 

10mL fresh media, then counted via hemocytometer. Cells were then diluted with media 

to afford a concentration of 40,000 cells per well in 100µL DMEM on a Poly-L-Lys (PLL) 

coated white clear-bottom cell culture plate. Cells were then incubated for 24 hours in 

the presence of antibiotic. 

PT Assay, Day 2: 

After incubation, transfection of the tango-ized 5-HT1A GPCR construct was performed 

via the calcium phosphate transfection protocol outlined in the literature. DNA 

(200ng/well) was vortexed in 0.25 M CaCl2 TE Buffer, and 50µL was added to each well. 

This was followed by the addition of 50 µL 2X HBS. Plates are incubated overnight. 

PT Assay, Day 3: 

 At t = 24h post transfection, cell media was aspirated and replenished with fresh media 

absent of FBS and incubated for an additional 8h in the presence of pencillin + 
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streptomycin. At t = 32h post transfection, sterile filtered test compounds prepared in 1X 

HBS (Tango assay buffer) were added to the plates. Plates were then incubated for 12h. 

PT Assay, Day 4: 

Medium and drug were aspirated from each well and replaced with 20 µL of Brightglo 

Reagent from Promega (diluted 20-fold with tango assay buffer). The plate is then 

incubated in the dark at ambient temperature for 20 minutes. Plates were then read on a 

SpectraMax 3M plate reader. GPCR activation was measured by the fold change 

difference in luminescence of the test compound versus the serotonin control: 

Fold Change Difference (% activation) = (Test CMPD – NEG CONTROL) / (POS 

CONTROL – NEG CONTROL) x 100% 
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