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ABSTRACT

In recent years, rigid analogues of phenylalkylarhallucinogens have appeared as recreational
drugs. Examples include 2-(8-bromo-2,3,6,7-tetdablyenzo[1,2:4,5b']difuran-4-yl)ethan-1-
amine (2C-B-FLY) and 1-(8-bromobenzo[ih2,5b’]difuran-4-yl)-2-aminopropane (Bromo-
DragonFLY, DOB-DFLY). Although some rigid compounsuch as DOB-DFLY reportedly
have higher potency than their non-rigid countdgpéiris not clear whether the same is true for
2C-B-FLY and other tetrahydrobenzodifurans. Inphesent study, the head twitch response
(HTR), a 5-HTEa receptor-mediated behavior induced by serotondigiacinogens, was used to
assess the effects of 2,5-dimethoxy-4-bromoampheta(@OB) and itsi-desmethyl

homologue 2,5-dimethoxy-4-bromophenethylamine (2CaB well as their benzodifuranyl and
tetrahydrobenzodifuranyl analogs, in C57BL/6J miB©B (EDso = 0.75 pmol/kg) and 2C-B
(EDso = 2.43 umol/kg) induced the HTR. The benzodifsr&®B-DFLY (ED;, = 0.20

pmol/kg) and 2C-B-DFLY (Eky = 1.07 umol/kg) had significantly higher potenbgin DOB

and 2C-B, respectively. The tetrahydrobenzodifaf2@B-FLY (EDs = 0.67 pumol/kg) and 2C-
B-FLY (EDsp = 1.79 umol/kg), by contrast, were approximatejyipotent with their non-rigid
counterparts. Three novel tetrahydrobenzodifu(a@sl-FLY, 2C-E-FLY and 2C-EF-FLY)

were also active in the HTR assay but had relatiiel potency. In summary, the vivo

potency of 2,5-dimethoxyphenylalkylamines is enleahwhen the 2- and 5-methoxy groups are
incorporated into aromatic furan rings, whereagpoy is not altered if the methoxy groups are
incorporated into dihydrofuran rings. The potenslationships for these compounds in mice
closely parallel the human hallucinogenic datae Titgh potency of DOB-DFLY is probably
linked to the presence of two structural featueebgnzodifuran nucleus and @methyl group)
known to enhance the potency of phenylalkylamindkibimogens.



1. INTRODUCTION

Serotonergic hallucinogens induce profound ali@natof perception, mood, and
cognition (Preller and Vollenweider 2018). Oneup®f hallucinogens are based on the
phenylalkylamine structural template, including pylethylamines such as mescaline and 2,5-
dimethoxy-4-bromophenylethylamine (2C-B), and antaiménes such as 2,5-dimethoxy-4-
bromoamphetamine (DOB) and 2,5-dimethoxy-4-methplagtamine (DOM). Examples of
compounds from these classes are shown in Figufmalogs of phenylalkylamine
hallucinogens have also been synthesized whemaditigoxy groups are incorporated into rigid
dihydrofuran or furan rings (Monte et al. 1996; kearet al. 1998; Chambers et al. 2001).
Serotonergic hallucinogens containing 2,3,6,7-tstdaobenzo[1,23;4,5-b"|difuran or
benzo[1,2b;4,5bldifuran ring systems are commonly designated kyctbde-names “FLY” and
“DragonFLY”, respectively, because of their struatuesemblance to winged insects (Trachsel
et al. 2013). These compounds were originally ges to probe the active binding
conformation of phenylalkylamine hallucinogenstat 5-HT,4 receptor, which is believed to be
the primary site of action of (+)-lysergic acid tiidamide (LSD) and other serotonergic
hallucinogens (Vollenweider et al. 1998; KometealeR013; Valle et al. 2016; Kraehenmann et
al. 2017; Preller et al. 2017). In recent yeaesgesal of these rigid phenylalkylamines have
appeared as recreational drugs. According to thregean Monitoring Centre for Drugs and
Drug Addiction (EMCDDA), the European Union Earlyawiing System reported the first
detection of Bromo-DragonFLY (DOB-DFLY) and 2C-B-¥lin 2006 and 2007, respectively
(EMCDDA 2007,2008; King 2014). DOB-DFLY was alstentified in drug exhibits seized in

Oregon in 2007 and Australia in 2008 (Anonymous72P008). Recreational use of DOB-



DFLY has been linked to multiple fatalities as wadl severe adverse reactions including seizures
and limb ischemia (Personne and Hultén 2008; Thidaet al. 2008; Andreasen et al. 2009;
Wood et al. 2009; Nielsen et al. 2010; Corazzd. €4 1; Chavarin et al. 2013; lwersen-
Bergmann et al. 2018).

DOB-DFLY is a highly potent compound. DOB-DFLYshsub-nanomolar affinity for
the 5-HT,a receptor, with & value of 0.04 nM for the cloned human receptoelath with
[*#1]DOI (Parker et al. 1998). DOB-DFLY is reportedigtive orally in humans in the range of
0.2-0.8 mg (Trachsel et al. 2013) and has a sl@esetaemd long duration of action, potentially
lasting for up to three days. In comparison, LS3 h typical dosage range of 60-200 pg p.o.
(Shulgin and Shulgin 1997). DOB-DFLY also showthea potent activity in rats trained to
discriminate LSD from saline (= 22 nmol/kg) (Parker et al. 1998) and is moreepbthan
DOB (EDsp = 1.06 umol/kg) (Chambers et al. 2003). In casitta DOB-DFLY, relatively little
is known about the activity of other hallucinogeoesitaining a benzodifuran ring system.

Tethering the methoxy groups of phenylalkylamiaéutinogens into a
tetrahydrobenzodifuran nucleus has little effecbaT,a affinity. For example, DOBK; = 22
nM) and DOB-FLY K; = 18 nM) have equivalent affinities for 5-khIreceptors labeled with
[*H]ketanserin in rat cortical homogenates (Montale1996). 2C-BK; = 8.6 nM) and 2C-B-
FLY (K; = 11 nM) have similar affinities for cloned humaiiHT, receptors using
[*H]ketanserin as the radioligand (Rickli et al. 281Rickli et al. 2015b). 2C-B and 2C-B-FLY
are also essentially equipotent in humans; 2C-B-iE &ctive at doses of 10-20 mg orally
(Hanna et al. 2008; Green 2013) and 2C-B is aetivi?—24 mg (Shulgin and Shulgin 1991).
Although little is known about the human psychopmacology of DOB-FLY, it reportedly

produces hallucinogenic effects at 1 mg orally (§imuet al. 2011), which overlaps with the 1-3



mg effective dosage range for DOB (Shulgin and §hul991). Although the presence of a
tetrahydrobenzodifuran functionality does not apjaialy alter the 5-H7a receptor affinity or
human potency of phenylalkylamine hallucinogendpis increase their potency in the drug
discrimination paradigm. Both DOB and DOB-FLY puoeé full substitution in rats trained to
discriminate 0.08 mg/kg LSD from saline but thedatompound has 18-fold higher potency
(Nichols et al. 1994; Monte et al. 1996). Likewi2€-B-FLY has almost fourfold higher
potency than 2C-B in LSD-trained rats (Monte etlP6; Juncosa et al. 2013).

The conflicting data described above led us topama the potencies of 2C-B and DOB
relative to their tetrahydrobenzodifuranyl and bmhfuranyl analogs using the head twitch
response (HTR). Serotonergic hallucinogens indlieeH TR, a brief paroxysmal head rotation,
in rats and mice via activation of the 5-fATreceptor (Schreiber et al. 1995; Halberstadt.et al
2011; Canal and Morgan 2012; Halberstadt and G&y®4). The HTR is commonly used as a
behavioral proxy in rodents for human hallucinogegffects because it can reliably distinguish
hallucinogenic and non-hallucinogenic 5-44Teceptor agonists (Gonzalez-Maeso et al. 2007).
Similar to the discriminative stimulus effects @lncinogens, the HTR serves as a behavioral
readout of 5-H7 activation and can be used to compardrhavo potencies of 5-Hia
receptor agonists (Halberstadt and Geyer 2014;di8ctt al. 2015; Brandt et al. 2016; Brandt et
al. 2017; Halberstadt et al. 2018; Klein et al. 201Although DOB is known to produce head
twitches in rodents (Wieland et al. 1990; Gonzafaeso et al. 2007; Moya et al. 2007), it is not
yet clear whether 2C-B and other phenylethylam@l&ibinogens can reliably induce the
behavior (c.f., Moya et al. 2007). In the preseméstigation, mouse HTR studies were
conducted with 2C-B and DOB, their benzodifuranyd éetrahydrobenzodifuranyl analogs, as

well as three novel phenethylamines with rigidifredthoxy groups (2C-I-FLY, 2C-E-FLY, and



2C-EF-FLY). The results confirmed that 2C-B and®&re active in the HTR assay.
Furthermore, although the vivopotency of 2C-B and DOB was unaffected by incoagtiog
their 2- and 5-methoxy groups into dihydrofurarggnincorporating the methoxy groups into

fully aromatic furan rings resulted in a signifit@mhancement of potency.

2. MATERIALSAND METHODS

2.1. Animals

Male C57BL/6J mice (6-8 weeks old) obtained fraokson Laboratories (Bar Harbor,
ME, USA) were housed in a vivarium at the Universit California San Diego, an AAALAC-
approved animal facility that meets all Federal State requirements for care and treatment of
laboratory animals. Mice were housed up to fourgage in a climate-controlled room on a
reverse-light cycle (lights on at 1900 h, off ab0h) and were provided witd libitumaccess
to food and water, except during behavioral testihgsting was conducted between 1000 and
1800 h. All animal experiments were carried ouhda@eordance with NIH guidelines and were

approved by the UCSD animal care committee.

2.2. Drugs

4-Bromo-2,5-dimethoxyphenethylamine (2C-B) hydiodlde, 4-bromo-2,5-
dimethoxyamphetamine (DOB) hydrochloride, 1-(8-Bm®)3,6,7-tetrahydrobenzo[1(24,5-
b'ldifuran-4-yl)propan-2-amine (DOB-FLY) hydrochlogdand 1-(8-bromobenzo[1(24,5-

b'ldifuran-4-yl)propan-2-amine (DOB-DFLY) hydrochlde were obtained from Cayman
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Chemical (Ann Arbor, MI, USA). 2-(8-Bromobenzo[1h24,5-b"|difuran-4-yl)ethan-1-amine
(2C-B-DFLY) hydrochloride was obtained from Lipomked. (Arlesheim, Switzerland). 2-(8-
Bromo-2,3,6,7-tetrahydrobenzo[1,2-b:4 %dfuran-4-yl)ethan-1-amine (2C-B-FLY)
hydrochloride, 2-(8-iodo-2,3,6,7-tetrahydrobenzafi:4,5-b"difuran-4-yl)ethan-1-amine (2C-I-
FLY) hydrochloride, 2-(8-ethyl-2,3,6,7-tetrahydrofze[1,2b:4,5-b"]difuran-4-yl)ethan-1-amine
(2C-E-FLY) hydrochloride, and 2-[8-(2-fluoroethy2)3,6,7-tetrahydrobenzo[1/24,5-
b'ldifuran-4-yllethan-1-amine (2C-EF-FLY) hydrochlde were obtained from Synex Synthetics
BV (Maastricht, Netherlands). Test substances \we®nlved in isotonic saline and injected

intraperiotoneally (IP) at a volume of 5 mL/kg.

2.3. Head Twitch Response Studies

The head twitch response (HTR) was assessed asirgd-mounted magnet and a
magnetometer detection coil (Halberstadt and G2§&B,2014; Nichols et al. 2015; Klein et al.
2018). Briefly, mice were anesthetized, a smalision was made in the scalp, and a small
neodymium magnet was attached to the dorsal suofate cranium using dental cement.
Following a two-week recovery period, HTR experitsewere carried out in a well-lit room
with at least 7 days between sessions to avoig@aer effects. According to experiments
performed in our laboratory (data not shown) atetdiure reports (Nagayama and Lu 1996), the
level of illumination does not influence the magudi of the HTR induced by hallucinogens.
Test compounds were injected immediately prioestibg. Mice i = 5—7/group) were injected
with drug or vehicle and then HTR activity was netad in a glass cylinder surrounded by a

magnetometer coil for 30 min. Coil voltage was{pass filtered (2—10 kHz cutoff frequency),



amplified, and digitized (20 kHz sampling rate)ngsa Powerlab/8SP with LabChart v 7.3.2
(ADInstruments, Colorado Springs, CO, USA), thdiefed off-line (40—-200 Hz band-pass).
Head twitches were identified manually based orfalewing criteria: 1) sinusoidal wavelets;
2) evidence of at least three sequential head mertetfusually exhibited as bipolar peaks) with
frequency> 40 Hz; 3) amplitude exceeding the level of backgbnoise; 4) duration < 0.15 s;
and 5) stable coil voltage immediately precedingd frlowing each response.

After magnet implantation, mice were tested intipld HTR experiments, for up to 4-5
months. Repeated administration of hallucinogeéngegkly intervals does not produce
tolerance in the HTR paradigm (Gewirtz and MareR@®@Rangel-Barajas et al. 2014; Smith et
al. 2014). We have confirmed that experimentallte®btained using these procedures are
stable and replicable over time, both within singdorts of mice and across multiple
independent cohorts. Individual experiments wemégomed between-subjects, with

pseudorandomized group assignments, which furdakraes the likelihood of carryover effects.

2.4. Data Analysis

The entire 30-min recordings were examined fodhedtches, but in some cases a
shorter block of time was used for analysis to asoodate compounds with a brief duration-of-
action since potency calculations can be confoumyesktended periods of inactivity. Head
twitch counts were analyzed using one-way analgsgariance (ANOVA). Post hogpairwise
comparisons between selected groups were perfousiad Tukey's studentized range method.

Significance was demonstrated by surpassing-i@vel of 0.05.



Median effective doses (EpPvalues) and 95% confidence intervals (95% CIH®R
dose-response experiments were calculated by mamlnegression (Prism 7.00, GraphPad
Software, San Diego, CA, USA). A Gaussian distidou(Christopoulos et al. 2001) was used

to fit biphasic HTR dose-response data:

_[log[A]—midA 2
slope

E = Baseline + Range X e

midA = logEDs, + slope,/—In(0.5)

In these equationg is the drug effecBaselineis the response in the control groRangeis
the distance from Baseline to the top of the cUE s the dose of the drug, anddAis the
logarithm of the dose corresponding to the tophefdurve. To determine whether potency
differences exist between individual compoundssBalues were compared using an extra-

sum-of-squareB-test. Significance was demonstrated by surpassiagevel of 0.05.

3. RESULTS

The HTR data are presented in Table 1. 2C-B a08,as well as their
tetrahydrobenzodifuranyl analogs 2C-B-FLY and DOB¥fFinduced the HTR in mice. 2C-B
(EDsp = 2.43 umol/kg) and 2C-B-FLY (Ef= 1.79 umol/kg) were approximately equipotent
(F(1,55)=1.16 NS. The same was observed for DOB ¢B 0.75 pumol/kg) and DOB-FLY

(EDsp = 0.67 umol/kg¥(1,53)=0.17NS. Based on these results, tethering the methooyps



of 2,5-dimethoxyphenylalkylamines into a rigid sg¢tydrobenzodifuran ring system does not
appear to alter their behavioral potency in mice.

In addition to examining the tetrahydrobenzodifiyleanalogs of 2C-B and DOB, the
fully aromatic benzodifuranyl analogs were alsoleated. As shown in Table 1, DOB-DFLY
(the benzodifuranyl analog of DOB) induced the H¥fh an EDQ of 204.8 nmol/kg, making it
significantly more potent than DOB(1,29)=24.89p<0.0001). In comparison, LSD had an
EDso of 132.8 nmol/kg under equivalent conditions (Ha#ttadt and Geyer 2013), meaning that
DOB-DFLY induces the HTR with 65% of the molar puotg of LSD. 2C-B-DragonFLY (2C-
B-DFLY), the benzodifuranyl analog of 2C-B, wasaaétive in the HTR assay (= 1.07
pmol/kg) and was more potent than 2CHB1(59)=5.08p=0.0279).

HTR counts were also analyzed in 2-min bins tamra the time-course of the
responses. There was no interaction between ardigime for 2C-B F(70,350)=1.10NS.
Similar to 2C-I (Halberstadt and Geyer 2014), 2@yuced a relatively constant level of
responding during the 30-min test session (Fig. 2By contrast, time was a factor in the
responses produced by 2C-B-FLY (Drug x TifR€Z0,336)=3.48p<0.0001), 2C-B-DFLY
(Drug x Time:F(70,392)=2.78p<0.0001), DOB (Drug x Tim&=(70,378)=5.64p<0.0001),
DOB-FLY (Drug x Time:F(56,294)=6.12p<0.0001), and DOB-DFLY (Drug x Time:
F(56,322)=1.45p=0.0266). For the latter compounds, the respotypésally peaked during the
first 10 min of the assessment and then plateauviétal the interval between injection and
maximal effect being inversely proportional to thtesage (Fig. 2B—F).

Several other phenylethylamines with rigidifiedthexy groups were also tested in mice
(see Fig. 3). As shown in Table 2, 2C-I-FLY, 2G~EY, and 2C-EF-FLY were active in the

HTR paradigm. 2C-E-FLY (E£ = 2.10 umol/kg) was almost as potent as 2C-B-RkiYereas



2C-EF-FLY (EDy = 4.37 pmol/kg) and 2C-I-FLY (Edg= 5.12 pmol/kg) induced the HTR with
2- and 3-fold lower potency, respectively.

In order to investigate the influencecemethyl substitution on the response to
phenylalkylamine hallucinogens, we compared themaées of the amphetamines and their
desmethyl (i.e., phenylethylamine) homologues.né&&ed above, DOB has a threefold higher
potency than 2C-B, which is a statistically sigraint differenceR(1,58)=14.54p=0.0003).
Likewise, DOB-FLY was significantly more potent thaC-B-FLY (F(1,50)=12.32p=0.001)

and DOB-DFLY was significantly more potent than BEDFLY (F(1,30)=19.00p=0.0001).

4. DISCUSSION

The present investigation was conducted to askedsehavioral effects of the
phenylalkylamines 2C-B and DOB, as well as sevanalogs incorporating
tetrahydrobenzodifuran and benzodifuran ring syste@onsistent with their activity as
serotonergic hallucinogens, 2C-B and DOB inducedHiR in mice. DOB was previously
shown to produce head twitches (Wieland et al. 18@dneyworth et al. 2007; Gonzalez-Maeso
et al. 2007; Moya et al. 2007), but as far as weeaavare this is the first evidence that 2C-B is
active in the HTR assay. The ability of these pledkylamines to induce the HTR is consistent
with their 5-HT,5 agonist activity (Chambers et al. 2001; Chambeas. 2003; Rickli et al.
2015a). Incorporating the 2- and 5-methoxy grafi@C-B and DOB into aromatic furan rings
resulted in a significant increase in potency m TR assay. Conversely, incorporating the
methoxy groups into dihydrofuran rings did not attee potency of 2C-B or DOB to an

appreciable degree. These potency differencesde ane consistent with the limited human



data reported to date. Our findings provide addél evidence that the mouse HTR assay can be
used to investigate the SAR of serotonergic hallugens.

The absence of a potency difference between 2CBdnd DOB-FLY and their non-
rigid counterparts (2C-B and DOB, respectivelynageworthy. Based on these results, the
tetrahydrobenzodifuran nucleus present in the FaMmounds likely matches the active
conformation of the methoxy groups in 2,5-dimethahgnylalkylamines. As was previously
noted by Nichols and colleagues (Monte et al. 19@6gn 2,5-dimethoxyphenylalkylamines
bind to the 5-H}a receptor, the oxygen lone pairs of the 2-methaxyp are likely orientedyn
to the aminoalkyl side-chain, whereas the lonesgaithe 5-methoxy group are likely oriented
anti to the side-chain. These findings are consistéhtthe 5-HT,» receptor model proposed by
Westkaemper and Glennon (1994) where two serinéues on opposite sides of the binding
pocket donate hydrogen-bonds to the methoxy greees in 2,5-dimethoxyphenylalkylamines.
Subsequent mutagenesis and homology modellingestidientified Ser-159 and Ser-239 as
likely candidates to engage the 2- and 5-methoayms, respectively (Braden and Nichols
2007; Isberg et al. 2011).

In contrast to the tetrahydrobenzodifurans, tloeratic benzodifurans had significantly
higher potency than their non-rigid counterpatteleed, DOB-DFLY has about five times the
potency of DOB in humans (Trachsel et al. 2013) @&rsd possesses considerably higher affinity
for the 5-HTa receptor than DOB (Parker et al. 1998). Withakeeption of DOB-DFLY, little
is known about the human psychopharmacology otibi@bgens with a benzodifuranyl
structure; however, based on the present findibhgsreasonable to anticipate that 2C-B-DFLY
would have significantly higher potency than 2C+l&C-B-FLY in humans. The relatively

high affinity of benzodifuran hallucinogens at 5-iATeceptors is somewhat unexpected because
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aromatization of the tetrahydrobenzodifuran ringtegn should reduce the hydrogen-bonding
capacity of its oxygen atoms. There are at leestpotential explanations for the affinity
increase. First, the orthosteric 5-4Abinding pocket is a relatively hydrophobic envinoent,

so any detrimental effect of aromatization on hgérebonding may be offset by the increased
hydrophobicity of a benzodifuran ring system. Setdhe extended tricyclic aromatic ring
system in the benzodifurans could increase 5aHiffinity by enhancing the Van der Waals
interaction known to occur between the aromatig ahphenylalkylamine hallucinogens and
Phe-340 in the binding pocket (Parrish et al. 2B¥aden et al. 2006; Isberg et al. 2011).

In addition to their 5-H7, affinity, another factor potentially contributing the
relatively highin vivo potency of the benzodifurans might be their regbrhetabolic stability.
According to Noble et al. (2018), no metabolismwoed when DOB-DFLY was incubated with
pooled human liver microsomes (HLM), pooled humaerlcytosol (HLC), monoamine oxidase
(MAO), flavin-containing monooxygenase (FMO) oragtirome P450 (CYP) isoenzymes. By
contrast, DOB, DOI, DOM, and 2C-B-FLY are metabetihy CYP2D6 (Ewald and Maurer
2008; Noble et al. 2018). The benzodifuran nuclau30OB-DFLY and other DragonFLY
compounds may be resistant to hepatic metabolistengally resulting in prolonged
bioavailability and toxicity.

In contrast to our results, 2C-B failed to provolke HTR in rats when tested in a
previous study (Moya et al. 2007). The failur6fB to induce the HTR is surprising because
it acts as a 5-Hjx agonist (Parrish et al. 2005; McLean et al. 206kli et al. 2015b), fully
substitutes in rats trained to discriminate LSD Bx@M (Glennon et al. 1988; Juncosa et al.
2013), and produces hallucinogenic effects in hugr{&hulgin and Shulgin 1991; Caudevilla-

Galligo et al. 2012; Papaseit et al. 2018). Furtteee, several other phenylethylamine
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hallucinogens, including mescaline (Corne and Rinkgel967; Silva and Calil 1975; Yamamoto
et al. 1983), 2C-I (Halberstadt and Geyer 2014;deénet al. 2018), 2C-C (Elmore et al. 2018),
and 2C-T-7 (Fantegrossi et al. 2005) are knowndoce head twitches. Differences in
experimental design could have played a role isdltiscrepant findings. For example, Moya et
al. assessed head twitches during the light phiatbe @4-h light/dark cycle, whereas our
experiments were conducted during the dark phatigedfircadian cycle. The magnitude of the
HTR is known to vary over the light/dark cycle (§eton and Marsden 1981; Moser and
Redfern 1985; Nagayama and Lu 1996; Darmani 19B8ked on our findings, 2C-B and other
phenylethylamine hallucinogens clearly induce hwatthes when administered to mice and
therefore do not produce false negative resultsignbehavioral assay.

An additional goal of the present investigatiorsw@compare thi vivo potencies of
amphetamine hallucinogens and theatesmethyl homologues. Amphetamine-based
hallucinogens are typically more potent than phetiyllaminesn vivo. For example, DOB is
about ten times more potent than 2C-B in humansl¢@hand Shulgin 1991). Similarly, 3,4,5-
trimethoxyamphetamine (TMA) is twice as potent a&soaline (Shulgin et al. 1961). Only a
few preclinical studies have investigated the ieflce of ar-methyl group on the behavioral
potency of phenylalkylamine hallucinogens. In ddigcrimination studies in rats, TMA is more
potent than mescaline (Glennon and Young 1982), D@klhigher potency than iis
desmethyl homologue (Glennon et al. 1983), and ®d&eeds the potency of 2C-B (Glennon et
al. 1988). Likewise, DOB-FLY has about four timbe potency of 2C-B-FLY in rats trained
with LSD (Monte et al. 1996). Our experiments ¢onéd that DOB, DOB-FLY, and DOB-
DFLY have two- to threefold greater potency thagirtphenylethylamine homologues in mice.

The presence of anmethyl group has little effect on the 5-pATaffinity of phenylethylamines

12



(Johnson et al. 1990; Glennon et al. 1992; Paetishh. 2005), so there must be another
explanation for these potency differences. Thegmee of am-methyl group may increase
potency by reducing the metabolic lability of thmiae side-chain (Nichols et al. 1991).
Deamination by MAO is the primary route of metabwiifor phenylethylamines such as 2C-B
(Theobald and Maurer 2007; Kanamori et al. 2013)pbays only a minor role in the
metabolism of amphetamines (Ho et al. 1971; Ewald.€007; Ewald et al. 2008; Noble et al.
2018). DOB-DFLY was found to be a potent inhibitddtMAOA (ICso = 0.54uM) (Noble et al.
2018). 2C-B-FLY, on the other hand, was reportedave a significantly weaker effect on the
activity of this enzyme, with 165 values ranging from 18M (Wagmann et al., manuscript
submitted) to 27.4M (Noble et al. 2018). The enhanced lipophilictye to thex-methyl group
could also potentially enhance CNS penetrationes€hwo factors, either alone or in
combination, likely explain why amphetamines haighér potency than phenylethylamines in
our HTR studies.

In addition to the potency differences between lzgtgamines and phenylethylamines in
the HTR assay, the amphetamines also induced tegreaximal number of head twitches
compared to their phenylethylamine counterparts. eikample, as shown in Figure 2, the
response to DOB-FLY peaked at 15.6+0.9 (meantSEdjihtwitches/2 min, whereas 2C-B-
FLY produced a maximum of 8.8+2.3 head twitchesii2. nin a previous study that examined
the relationship between 5-Hactivation and head twitch for a series of 5;Hgands,
intrinsic efficacy at 5-H7a was significantly correlated with the maximum nwenbf head
twitches but did not influence potency in the HT9®8ay (Vickers et al. 2001). Importantly,
compared to phenylethylamines, amphetamines hayehintrinsic efficacy at cloned 5-H{

receptors (Nichols et al. 1994; Parrish et al. 200&ya et al. 2007). The presence ofvan
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methyl group reportedly strengthens the interaatiophenylalkylamines with Phe-340 in the 5-
HT,a binding pocket via a van der Waals interactiorriiBla et al. 2005), potentially helping to
stabilize the receptor in the active conformatiétence, differences in the magnitude of the
HTR produced by amphetamines and phenylethylantikely reflect differences in their
agonist activity at the 5-H}k receptor, although additional work is necessamotafirm this
explanation.

As noted in Section 1, DOB-DFLY is a potent halhagen, active in sub-milligram
dosages and only marginally less potent than tbtypical agent LSD. The recreational use of
DOB-DFLY has resulted in toxicity and fatalitiesefBonne and Hultén 2008; Thorlacius et al.
2008; Andreasen et al. 2009; Wood et al. 2009;9¢iekt al. 2010; Corazza et al. 2011,
Chavarin et al. 2013; Iwersen-Bergmann et al. 2028) shown by the HTR data, DOB-DFLY
is also highly potent in mice, which is not surprisgiven that it contains two structural features
(a benzodifuran ring system and@amethyl group) capable of enhancing the potency of
phenylalkylamine hallucinogens. 2C-B-FLY, by castr, represents the fully saturated
counterpart and does not contain dhenethyl group, and is therefore observed to be
considerably less potent than DOB-DFLY. SimilaD@®@B-DFLY, the recreational use of 2C-
B-FLY and other phenethylamine hallucinogens hanbmked to adverse reactions. Although
some of these cases occurred due to adulteratisangbles with a high potency compound such
as DOB-DFLY (Chavarin et al. 2013; Iwersen-Bergmanal. 2018), in other cases the
phenylethylamines themselves were the causativetg@€urtis et al. 2003; Drees et al. 2009;
Topeff et al. 2011; Sacks et al. 2012; Bosak e2@l3; Van Vrancken et al. 2013; Stoller et al.
2017). In addition to 2C-B and 2C-I, which are plap phenethylamine hallucinogens (de Boer

and Bosman 2004; Caudevilla-Galligo et al. 2012;nBet al. 2014), 4-ethyl-2,5-
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dimethoxyphenethylamine (2C-E) is also used remreally (Topeff et al. 2011; Sacks et al.
2012; Van Vrancken et al. 2013; Woo and Hanley 20¥zcording to Shulgin and Shulgin
(1991), 2C-E is active at doses of 10-25 mg. &#H(®roethyl)-2,5-dimethoxyphenethylamine
(2C-EF) also reportedly acts as a hallucinogenisuwodally active in humans at doses of 6-12
mg with a duration of 12 hours (Shulgin et al. 20&lthough information about the extent of
recreational use of this substance appears tcckinga Based on our HTR data, the
tetrahydrobenzofurans 2C-I-FLY, 2C-E-FLY and 2C-HEY tested in this study for the first
time are likely to have LSD-like psychopharmacolo@hese compounds may appear as new
recreational drugs in the future but would likekhibit relatively low potency compared to
DOB-DFLY.

To summarize our findings, 2C-B, DOB, and severaicsurally rigid analogues induced
the HTR in mice. The potency of 2C-B and DOB waseased by incorporating the 2- and 5-
methoxy groups into aromatic furan rings, whereateqcy was unaffected when the methoxy
groups were incorporated into dihydrofuran ringsdeed, the benzodifuran DOB-DFLY is
known to be a highly potent hallucinogen in humavisgreas the tetrahydrobenzodifuran 2C-B-
FLY is about as potent as its non-rigid analog 2ChBgeneral, the potencies of these
compounds in the mouse HTR assay parallel the himallucinogenic data as well as the
established structure-activity relationships fardang to the 5-H7, receptor. Although head
twitches likely have limited value as a model offineinogenesis (Canal and Morgan 2012), the
HTR assay may be useful for investigations ofitheivo potency relationships of hallucinogens.
Additional studies, however, are necessary to edalthe predictive and translational value of

EDso values generated using this behavioral paradigm.
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Table 1. Summary of the head twitch response (H¥& for the compounds shown in Figure 1.

Compound One-way ANOVA Timeg Dose N | HTR Counts EDsomg/kg EDso pmol/kg
(min) | (mg/kQg) (mean + SEM) | (95% CI) (95% CI)
2C-B F(5,25)=17.60p<0.0001| 30 0 6| 11.8+2.8 0.72 2.43
0.1 5| 23.8%£6.5 (0.48-1.09) (1.62-3.66
0.3 5| 21.6+49
1 5| 546+59*
3 51| 79.2+93*
10 5| 55.0+x7.2*
DOB F(5,27)=28.79p<0.0001 | 30 0 7| 9.1+13 0.23 0.75
0.03 5] 16.4+4.1 (0.17-0.32) (0.55-1.03
0.1 5] 29.4+35
0.3 5| 75.8+8.6*
1 6 | 118.8+154*
3 5| 854+82*
2C-B-FLY F(5,24)=21.22p<0.0001 | 30 0 5/ 4206 0.57 1.79
0.1 5| 88%£19 (0.40-0.81) (1.26-2.54)
0.3 5] 19.6+4.2
1 5| 61.0+55*
3 5| 75.2+£9.7*
10 5| 45.0+9.8*
DOB-FLY F(4,21)=15.61p<0.0001| 30 0 6| 4.3x0.7 0.22 0.67
0.1 5| 36.4+3.7 (0.14-0.35) (0.43-1.04
0.3 5| 101.8+10.3*
1 51| 160.2+17.6*
3 51| 116.2+316*
2C-B-DFLY | F(5,28)=12.88p<0.0001 | 30 0 6 | 5003 0.34 1.07
0.1 5] 13.0+7.2 (0.22-0.52) (0.70-1.66)
0.3 6 | 41.7+6.8
1 6 | 775+x115*
3 6 | 77.5+x129*
10 5] 33.6+59
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DOB-DFLY | F(4,23)=24.62p<0.0001| 30 0 6| 6.2+x1.6 0.068 0.20
0.03 5| 396138 (0.036-0.126) (0.11-0.38
0.1 5| 804+16.6*
0.3 6| 1188+7.6*
1 6 | 1245+152*
*p < 0.01, significant difference from the vehiclentrol group (Tukey's test).
Table 2. Summary of the head twitch response (H¥&R3 for the compounds shown in Figure 3.
Compound One-way ANOVA Time |Dose |N | HTR Counts EDsomg/kg EDso pmol/kg
(min) | (mg/kQ) (mean + SEM) | (95% CI) (95% CI)
2C-E-FLY F(4,20)=9.29p=0.0002 | 30 0 5/ 56+09 0.57 2.10
0.3 5| 16.2+5.0 (0.32-1.02) (1.17-3.77
1 51900+14.2*
3 51894+144*
10 5 | 55.6+20.3
2C-EF-FLY | F(5,25)=17.55p<0.0001| 30 0 6| 57+0.6 1.26 4.37
0.1 5| 9228 (0.90-1.76) (3.13-6.11)
0.3 5| 124+1.8
1 51 31.0+6.5
3 5| 75.8+10.1*
10 5| 502+11.1*
2C-I-FLY F(5,26)=26.48p<0.0001 | 30 0 6| 70+x14 1.88 5.12
0.3 5] 10.8+1.9 (1.42-2.50) (3.87-6.78
1 51 26.8+3.9
3 6 | 643+53*
10 5| 72.8+8.2*
30 5] 14.0+93

*p < 0.01, significant difference from the vehiclenttol group (Tukey's test).
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FIGURE CAPTIONS

Figure 1. Chemical structures of the phenylalkyfe@rhallucinogens 2C-B and DOB, as well as
their tetrahydrobenzodifuran and benzodifuran agglébbreviations:2C-B (2,5-dimethoxy-4-
bromophenethylamine), DOB (2,5-dimethoxy-4-bromoheatpmine), 2C-B-FLY (2-(8-bromo-
2,3,6,7-tetrahydrobenzo[1/24,5-b"|difuran-4-yl)ethan-1-amine), DOB-FLY (1-(8-bromo-
2,3,6,7-tetrahydrobenzo[1[24,5-b"|difuran-4-yl)propan-2-amine ), 2C-B-DFLY (2-(8-
bromobenzo[1,2:4,5b"|difuran-4-yl)ethan-1-amine), DOB-DFLY (1-(8-brometizo[1,2-

b:4,5b'ldifuran-4-yl)propan-2-amine ).

Figure 2. Time-course of the head twitch respandeced by 2C-BA), DOB (B), 2C-B-FLY
(C), DOB-FLY (D), 2C-B-DFLY (E), and DOB-DFLY(F). Data are presented as group means
in 2-min blocks. Groups receiving low doses wenastimes omitted from the graphs for

clarity.

Figure 3. Chemical structures of novel tetrahydratodifuran hallucinogensAbbreviations:
2C-I-FLY (2-(8-iodo-2,3,6,7-tetrahydrobenzo[1h2,5-bdifuran-4-yl)ethan-1-amine), 2C-E-
FLY (2-(8-ethyl-2,3,6,7-tetrahydrobenzo[1h24,5b"|difuran-4-yl)ethan-1-amine), and 2C-EF-

FLY (2-[8-(2-fluoroethyl)-2,3,6,7-tetrahydrobenz¢?i:4,5-b"|difuran-4-yllethan-1-amine).
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The hallucinogens 2C-B and DOB induced head twitchesin mice

Tethering the methoxy groupsinto a benzodifuran nucleus increased potency
Tethering the methoxy groupsinto a tetrahydrobenzodifuran nucleus did not alter
potency

The benzodifuran hallucinogen Bromo-DragonFLY was highly potent in mice



