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Abstract

While phencyclidine (PCP) and ketamine remain the most well-studied and
widely known dissociative drugs, a number of other agents have appeared since
the late 1950s and early 1960s, when the pharmacological potential of this class
was first realized. For example, hundreds of compounds have been pursued as
part of legitimate research efforts to explore these agents. Some of these found
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their way out of the research labs and onto illicit markets of the 1960s and
following decades as PCP analogs. Other “illicit analogs” apparently never
appeared in the scientific literature prior to their existence on clandestine markets,
thus originating as novel innovations in the minds of clandestine chemists and
their colleagues. Like so much else in this world, new technologies changed this
dynamic. In the 1990s individuals separated by vast geographical distances could
now communicate nearly instantaneously with ease through the Internet. Some
individuals used this newly found opportunity to discuss the chemistry and
psychoactive effects of dissociative drugs as well as to collaborate on the design
and development of novel dissociative compounds. Similar to modern pharma-
ceutical companies and academic researchers, these seekers tinkered with the
structure of their leads pursuing goals such as improved duration of action,
analgesic effects, and reduced toxicity. Whether all these goals were achieved
for any individual compound remains to be seen, but their creations have been let
out of the bag and are now materialized as defined compositions of matter.
Moreover, these creations now exist not only in and of themselves but live on
further as permutations into various novel analogs and derivatives. In some cases
these compounds have made their way to academic labs where potential clinical
applications have been identified. These compounds reached wider distribution
when other individuals picked up on these discussions and began to market them
as “research chemicals” or “legal highs”. The result is a continuously evolving
game that is being played between legislatures, law enforcement, and research
chemical market players. Two structurally distinct classes that have appeared
as dissociative-based new psychoactive substances (NPS) are the
1,2-diarylethylamines and f-keto-arylcyclohexylamines. Examples of the former
include diphenidine and various analogs such as fluorolintane and N-ethyl-
lanicemine, and examples of the latter are analogs of ketamine such as
methoxetamine, deschloroketamine, and 2-fluoro-2-deschloroketamine. The sub-
ject of this chapter is the introduction to some of the dissociative NPS from these
classes and their known pharmacology that have emerged on the market in recent
years.
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Acronyms of the Discussed New Psychoactive Substances (NPS)

2-CI-DPP (2-CI-DPH)  1-[1-(2-Chlorophenyl)-2-phenylethyl]piperidine

2-F-DPPy 1-[1-(2-Fluorophenyl)-2-phenylethyl]pyrrolidine
(fluorolintane)

2-FDCK 2-(2-Fluorophenyl)-2-(methylamino)cyclohexan-1-one

2-MK 2-(2-Methoxyphenyl)-2-(methylamino)cyclohexan-1-one

2-MXP 1-[1-(2-Methoxyphenyl)-2-phenylethyl]piperidine

2-0x0-PCA 2-Amino-2-phenylcyclohexan-1-one
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2-0x0-PCE
2-0x0-PCPr
2-TFMDCK

3-MeO-PCP
3-MXP
4-MeO-PV8
4-MeO-PV9
4-MXP
SF-ADB

SF-AMB
5/6-APB
AB-CHMINACA

AMPA
AMT
Br-MXE

DCK

DPE (NEDPA)
DPiP (NPDPA)
DPP (1,2-DEP)
DPPy (1,2-DEPy)
FXE

MK-801

MXE

MXM (MMXE)
MXP

PCA

PCE

PCP
PV9

1 Introduction

2-(Ethylamino)-2-phenylcyclohexan-1-one
2-Phenyl-2-(propylamino)cyclohexan-1-one
2-(Methylamino)-2-[2-(trifluoromethyl)phenyl]
cyclohexan-1-one
1-[1-(3-Methoxyphenyl)cyclohexyl]piperidine
1-[1-(3-Methoxyphenyl)-2-phenylethyl]piperidine
1-(4-Methoxyphenyl)-2-(pyrrolidin-1-yl)heptan-1-one
1-(4-Methoxyphenyl)-2-(pyrrolidin-1-yl)octan-1-one
1-[1-(4-Methoxyphenyl)-2-phenylethyl]piperidine
Methyl (25)-2-[[1-(5-fluoropentyl)- 1 H-indazole-3-
carbonyl]amino]-3,3-dimethylbutanoate

Methyl (28)-2-[[1-(5-fluoropentyl)- 1 H-indazole-3-
carbonyl]amino]-3-methylbutanoate
1-(1-Benzofuran-5-yl)propan-2-amine or
1-(1-benzofuran-6-yl)propan-2-amine
N-[(25)-1-Amino-3-methyl-1-oxobutan-2-yl]-1-
(cyclohexylmethyl)-1H-indazole-3-carboxamide
a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
1-(1H-Indol-3-yl)propan-2-amine (x-methyltryptamine)
2-(2-Bromo-5-methoxyphenyl)-2-(ethylamino)
cyclohexan-1-one
2-(Methylamino)-2-phenylcyclohexan-1-one
N-Ethyl-1,2-diphenylethanamine (ephenidine)
N-(1,2-Diphenylethyl)propan-2-amine
1-(1,2-Diphenylethyl)piperidine (diphenidine)
1-(1,2-Diphenylethyl)pyrrolidine
2-(Ethylamino)-2-(3-fluorophenyl)cyclohexan-1-one
(fluoroxetamine)
(+)-10,11-Dihydro-5H-5,10-epiminodibenzo[a,d][7]
annulene (dizocilpine)
2-(Ethylamino)-2-(3-methoxyphenyl)cyclohexan-1-one
(methoxetamine)
2-(3-Methoxyphenyl)-2-(methylamino)cyclohexan-1-one
(methoxmetamine)
1-[1-(2-Methoxyphenyl)-2-phenylethyl]piperidine
1-Phenylcyclohexan-1-amine
N-Ethyl-1-phenylcyclohexan-1-amine
1-(1-Phenylcyclohexyl)piperidine (phencyclidine)
1-Phenyl-2-(pyrrolidin-1-yl)octan-1-one

One of the terms used to describe the effects induced by phencyclidine (PCP, Fig. 1)
and ketamine (Fig. 2) is “dissociative anesthetic,” a term coined by Toni Domino in
an effort to choose a name that describes the unique anesthetic effects of this
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Fig. 1 Phencyclidine (PCP) and a selection of 1,2-diarylethylamines that act as NMDA
antagonists. Most of these are available as research chemicals
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Fig. 2 Ketamine and representative ketamine analogs. Most of these are available as research
chemicals

pharmacological class (Domino 2010). The term has since been abbreviated to
“dissociative” to account for the wide variety of effects induced by these substances
(Morris and Wallach 2014). Effects seen with dissociatives often include stimulation
at lower doses with higher doses often inducing sedation, amnesia, and anesthesia.
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At lower doses, the intoxication is commonly compared to ethanol and/or nitrous
oxide especially. Dose-dependent perceptual alterations in all sensory modalities
including visual and auditory allocations may occur. Somatosensory, proprioceptive,
and tactile distortions and hallucinations are particularly common. Cognitive effects
include depersonalization, derealization, and loss of ego boundaries as well as
altered thought patterns, associative thoughts, ideas of reference, unusual thoughts,
and, in some cases, delusions and paranoia (Pomarol-Clotet et al. 2006; Morris and
Wallach 2014).

Dissociative drugs induce their unique spectrum of subjective effects likely
through a shared pharmacological mechanism. While dissociative drugs interact
with a number of CNS targets, it is the antagonism of the N-methyl-p-aspartate
receptor NMDAR) that is implicated in mediating, at least in part, the subjective and
mind-altering effects of many of these compounds (Morris and Wallach 2014; Lodge
and Mercier 2015). However, additional mechanisms such as inhibition of mono-
amine neurotransmitter transporter activity and interactions with opioid and sigma
receptors may contribute to the effects of individual compounds. Users will com-
monly discuss the subtle differences between individual compounds, and more
research is needed in this area to identify potentially relevant polypharmacology
and clinically useful features.

Technology has reshaped almost every aspect of society. Drug use and recrea-
tional drug markets are no different in this respect. The Internet has played a
fundamental role in the origin of, dissemination of information about, and distribu-
tion of many new dissociative research chemicals (Morris and Wallach 2014).
Information exchange about the effects and circumstances of drug use can also
provide opportunities for exploring harm reduction advice shared between users,
at least between those who engage in online technology as recently discussed within
the context of dissociative NPS use (Hearne and Van Hout 2016). Examples also
exist where users of dissociative substances make clear references to self-medication
and treatment (Morris and Wallach 2014), adding to speculations and discussions
around the mechanisms of action associated with some of these substances and
how these might affect the users’ conditions (Coppola and Mondola 2012, 2013).
Whether these speculations and discussions will lead to real-life clinical
breakthroughs is unknown, but these reports should perhaps not be discounted.
Dissociative agents have shown efficacy and potential in a wide area of therapeutic
areas (e.g., Morris and Wallach 2014 and examples cited in this chapter).

Within the narrative of this chapter, dissociative NPS have been separated into
two structural classes: 1,2-diarylethylamines (e.g., diphenidine, Fig. 1) and B-keto-
arylcyclohexylamines (e.g., MXE, Fig. 2). Arylcyclohexylamines such as
3-MeO-PCP have been covered elsewhere (Wallach and Brandt 2018). The subject
of this chapter is the introduction to some of the dissociative NPS from these classes
that have emerged on the market in recent years.
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2 1,2-Diarylethylamines

1,2-Diarylethylamines contain two aryl groups vicinally connected to an ethylamine
side chain (Fig. 1). The 1,2-diarylethylamine template has been investigated in
various areas of scientific research for several decades (e.g., Tainter et al. 1943;
Dodds et al. 1945; Heinzelman and Aspergren 1953; Morris and Wallach 2014).
More recently, several 1,2-diarylethylamines including remacemide and lanicemine
(AZD6765) have been investigated in clinical trials where they have shown promise
for use in therapeutic indications including depression, seizure, stroke, and neurode-
generative disorders (Palmer and Hutchison 1997; Zarate et al. 2013; Sanacora et al.
2014). A related compound is lefetamine which has been used as an analgesic
drug (Wink et al. 2014). The structurally related compound 1-cyclohexyl-4-
(1,2-diphenylethyl)piperazine (MT-45) was shown to be a potent synthetic opioid
and appeared as a research chemical in its own right (WHO 2015).

The first 1,2-diarylethylamine to be sold specifically as a dissociative research
chemical beginning in 2013 appears to have been diphenidine (Fig. 1) (Morris and
Wallach 2014). The related compound ephenidine was reported prior to this in a
2008 seizure in Germany (Westphal et al. 2010). However, the use of ephenidine as a
dissociative NPS does not appear to have occurred until early 2015. Shortly follow-
ing the introduction of diphenidine, its 2-methoxy derivative methoxphenidine
(MXP, 2-MXP) appeared (Morris and Wallach 2014). From the perspective of the
UK market, the choice of offering 1,2-diarylethylamine research chemicals was a
response to the introduction of legislation that placed substances derived
from 1-phenylcyclohexanamine and 2-amino-2-phenylcyclohexanone (f-keto-
arylcyclohexylamine) structural classes under legislative control in 2013 (UK S.I.
No. 239 2013). This development was however foreseen by research chemical
vendors who waited for legislation to enter into force followed immediately by
offering diphenidine for sale. Diphenidine and other 1,2-diarylethylamines were
known in the literature as NMDAR antagonists (Gray and Cheng 1989; Berger
et al. 2009), and it is likely they were selected based on this property in an attempt to
offer non-controlled alternatives to PCP- and ketamine-derived NPS.

2.1 Diphenidine

Diphenidine (DPP) appears to have been first synthesized in 1924 by Christiaen
(1924) using a modified Bruylants reaction. Incredibly, this is the same reaction later
used by V. Harold Maddox in 1956 that led to the serendipitous discovery of PCP
(Morris and Wallach 2014). Other reports describing the preparation and also
various analytical characterizations of diphenidine have subsequently been
published (e.g., Goodson and Christopher 1950; Stewart and Hauser 1955; Le Gall
et al. 2006; Hesp and Stradiotto 2010; Wallach et al. 2015; Geyer et al. 2016; Xie and
Dixon 2017). Diphenidine appears to be the first 1,2-diarylethylamine dissociative
research chemical to see wider distribution (Morris and Wallach 2014). Its detection
was first reported to the European Monitoring Centre for Drugs and Drug Addiction



1,2-Diarylethylamine- and Ketamine-Based New Psychoactive Substances

(EMCDDA) in January 2014 (EMCDDA-Europol 2015). Diphenidine induces
dissociative effects at doses starting around 50—-100 mg and is active by oral and
parenteral routes although nasal insufflation has been described as irritating. Reports
of high-dose ingestion do occur, with some describing unpleasant experiences. The
duration of action has been given as 3—6 h and 2-5 h based on investigation of user
reports online (Morris and Wallach 2014; Beharry and Gibbons 2016). Others have
suggested common oral doses of diphenidine and the related MXP to be around
50-150 mg with duration of 3—7 h although, again, higher doses are commonly
described (Helander et al. 2015).

2.1.1 Pharmacokinetics

Similar to PCP, diphenidine is a tertiary amine and weak base. Diphenidine is
likewise highly lipophilic with an estimated cLogP of 5.05 (Chemdraw Ultra). For
comparison, the LogP of PCP is 5.1 (Kamenka and Geneste 1981). Consistent with
this, high distribution has been seen into adipose tissue of postmortem samples. For
example, diphenidine was detected in blood, urine, and several solid tissues in an
autopsy of a fatal case involving diphenidine and synthetic cannabinoid receptor
agonists 5-F-AMB and AB-CHMINACA. Eight solid tissues were analyzed in this
study including the adipose tissue, brain, heart muscle, liver, kidney, spleen, lung,
and pancreas. The highest concentration of diphenidine (11,100 ng/g) was detected
in adipose tissue (Hasegawa et al. 2015). Diphenidine has also been detected in hair
samples 49 days following single administration (123, 79, and 89 pg/mg in first three
proximal segments) (Alvarez et al. 2017), whereas the detection of 4,400 pg/mg was
reported in another study (Salomone et al. 2016).

The metabolic transformation of diphenidine has been investigated using
CYP450 isozyme preparations, pooled human liver microsomes, and cytosol and
following administration to rats (male Wistar) for urinalysis (Wink et al. 2016).
Mono- and bis-hydroxyl and oxo-piperidine metabolites were detected using the
human liver preparations. CYP1A2, CYP2B6, CYP2C9, and CYP3A4 were found
to be capable of catalyzing formation of the hydroxy-aryl, hydroxy-piperidine, and
bis-hydroxypiperidine metabolites, whereas CYP2D6 produced hydroxy-aryl and
hydroxy-piperidine metabolites. In rat urine, the major phase I metabolites detected
were those resulting from mono- and bis-hydroxylation, dehydrogenation,
oxo-piperidine, N,N-bis-dealkylation, and various combinations of these. Phase II
metabolites included glucuronide conjugates of the phase I metabolites and/or
methylation of one of the bis-hydroxy-aryl groups (Wink et al. 2016).

Diphenidine and the hydroxyl-piperidine diphenidine metabolite were detected at
trace concentrations in a fatal intoxication case associated with MXP although it was
not possible to discern whether these derived from MXP transformation or whether
this was a reflection of diphenidine co-ingestion (Elliott et al. 2015). Two major
metabolites detected in blood and urine in a fatal case involving diphenidine were
those resulting from mono-hydroxylation of the piperidine ring and mono-
hydroxylation of a phenyl ring. Dihydroxy-dehydrogenated as well as
dihydroxylated metabolites (positions not determined but dehydrogenation appeared
to occur mainly on the piperidine ring) were also detected (Minakata et al. 2015).
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Mono- and dihydroxy metabolites of diphenidine, involving the piperidine and both
phenyl rings, were detected in blood and urine from a fatal case involving
diphenidine and the synthetic cannabinoid receptor agonist SF-ADB (Kusano et al.
2017).

2.1.2 Pharmacodynamic Effects In Vitro

Diphenidine has been found to have high affinity for the PCP binding site of
NMDAR (Wallach et al. 2016; Gray and Cheng 1989; Berger et al. 2009)
(Table 1). Diphenidine contains a stereogenic carbon center and is thus chiral
containing two enantiomers. In two studies, large differences in NMDAR affinity
were reported between diphenidine enantiomers, with (+)-(S-)-diphenidine showing
substantially higher affinity than the (—)-(R-) enantiomer (Table 1) (Gray and Cheng
1989; Berger et al. 2009). Diphenidine acts as an NMDAR antagonist likely through
an uncompetitive channel-blocking effect as it was found to block NMDAR-
mediated field excitatory postsynaptic potentials (fEPSPs) in rat hippocampal slices
(1 and 10 pM) in a manner consistent with a channel blocker. In addition to
diphenidine, a number of related compounds and known NMDAR antagonists
were recently evaluated for effects on NMDAR-mediated fEPSPs. The rank order
of potency for inhibition was found to be MK-801 > PCP > 2-CI-DPP > DPP >
3-MXP > 2-MXP > ketamine > 4-MXP > memantine, which closely paralleled
NMDAR affinities (Wallach et al. 2016).

Diphenidine showed affinities for (Table 1) and exhibited reuptake inhibition
properties at human monoamine transporters NET and DAT in transfected HEK293
cells ICso = 9,250 and 1,990 nM, respectively; SERT ICsy > 10,000 nM) (Wallach
et al. 2016). Similar results (Table 1) were reported by Luethi et al. (2018) using
comparable methods (NET IC5y = 3,300 nM, DAT ICsy = 3,400 nM, SERT
1C50 = 675 pM) (Luethi et al. 2018). However, diphenidine did not cause mono-
amine ([PH]NA, [*HIDA, or [°H]5-HT) efflux in the same transporter-transfected
HEK?293 cells (Luethi et al. 2018). In addition to activity at NMDAR and mono-
amine transporters, diphenidine showed low pM affinities at human 5-HT receptor
subtypes (5-HT; 5 and 5-HT,,), alpha-adrenergic receptor subtypes (a4, 0z, 02B,
and a,c), various histamine receptor subtypes, muscarinic subtypes, and the kappa
opioid receptor (KOR) with some differences between studies (Wallach et al. 2016;
Luethi et al. 2018). Diphenidine also showed affinity for sigma-1 (K; = 290 nM) and
sigma-2 receptors (K; = 193 nM) (Wallach et al. 2016). Finally, diphenidine lacked
notable affinity (>15 pM) at rat and mouse trace amine-associated receptor one
(TAAR-1) in transfected HEK293 cells (Simmler et al. 2016). As monoamine
reuptake inhibition and the other effects discussed are reduced in potency relative
to NMDAR antagonism, their contribution to the drug effects of diphenidine is
unclear, although a contribution, particularly in cases of high doses or overdoses,
cannot be excluded.
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Table 1 Receptor binding affinities of 1,2-diarylethylamines at key CNS receptor sites

Compound NMDAR NET DAT SERT
Diphenidine K;=18.2nM K; = 2,808 nM K; =317 nM 1Cs¢ > 10,000 nM
Wallach et al. Wallach et al. Wallach et al. Wallach et al.
(2016) (2016) (2016) (2016)
K; =39 nM K; = 3,400 nM K; =230 nM K, =27puM
Gray and Luethi et al. Luethi et al. Luethi et al.
Cheng (1989) (2018) (2018) (2018)
(+)-(S)-DPH | K; = 130 nM
Berger et al.
(2009)
K;=25nM
Gray and
Cheng (1989)
(=)-(R)-DPH | K; = 5,250,
7,020 nM
Berger et al.
(2009)
K; = 2,900 nM
Gray and
Cheng (1989)
2-MXP K; =36 nM ICso > 10,000 0M | K; =2915nM | IC5o > 10,000 nM
Wallach et al. Wallach et al. Wallach et al. Wallach et al.
(2016) (2016) (2016) (2016)
K; =170 nM K; = 6,900 nM K;=4.800nM | K; =20puM
Gray and Luethi et al. Luethi et al. Luethi et al.
Cheng (1989) (2018) (2018) (2018)
Ephenidine K; = 66 nM K; =841 nM K; =379 nM IC5o > 10,000 nM
Kang et al. Kang et al. (2017) | Kang et al. Kang et al. (2017)
(2017) (2017)
K; =257 nM
Thurkauf et al.
(1989)

Radioligands and tissue preparations used for NMDAR binding: Wallach et al. (2016) and Kang
et al. (2017) [PHIMK-801 in rat forebrain. Gray and Cheng (1989) [PH]TCP in whole rat brain.
Radioligands and tissue preparations used for DAT, NET, and SERT: Luethi et al. (2018), Wallach
et al. (2016), and Kang et al. (2017). Radioligands: N-methyl-[*H]nisoxetine (NET), [*H]
WIN35,428 (DAT), [3H]citalopram (SERT) in HEK293 cells transfected with human transporters
NMDAR N-methyl-p-aspartate receptor, NET norepinephrine transporter, DAT dopamine trans-
porter, SERT, K; inhibitory constant, /Cs, half maximal inhibitory constant

2.1.3 Effects In Vivo

Diphenidine significantly disrupted pre-pulse inhibition (PPI) in male
Sprague-Dawley rats (EDsq = 9.5 mg/kg, sc) (Wallach et al. 2016). In comparison,
PCP, (§)-ketamine, and (R)-ketamine were found to have ED5, values of 0.88, 2.86,
and 6.33 mg/kg, sc for PPI disruption in the same model, respectively (Halberstadt
et al. 2016). PPI is a measure of sensorimotor gating, and inhibition of PPI is seen
with other NMDAR antagonists in rats and is believed to be predictive of dissocia-
tive effects in humans (Halberstadt et al. 2016). The reduced potency of diphenidine
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(as well as that of MXP) relative to PCP and ketamine is notable given the high
affinity for NMDAR seen (Table 1) and suggests that possible pharmacokinetic
effects might influence the potency of 1,2-diarylethylamines in vivo. The reduced
potency in PPI is consistent with reports of relatively low potency in humans with
common doses of diphenidine around 50-100 mg (see above). The reason for the
reduced potency relative to NMDAR affinity warrants further study. Other behav-
ioral effects have been reported with diphenidine. For example, stereotypy was
induced in male Sprague-Dawley rats following three different routes of administra-
tion: intracerebroventricular (icv, EDsq = 220 nmol/rat vs. PCP = 150 nmol/rat),
subcutaneous (sc, EDsy = 2.9 mg/kg vs. PCP not tested), and intraperitoneal
injection (ip, EDsy = 2.0 mg/kg vs. PCP not tested). Interestingly, the (+)-(S)-
enantiomer was more potent in eliciting stereotypic behavior using two of the
three routes of injection (icv, EDsy = 120 nmol/rat; sc, EDs, = 0.78 mg/kg; ip,
EDsy = 2.1 mg/kg) consistent with a slightly higher NMDAR affinity compared to
the racemate (Table 1). In contrast, the EDsq, for the (+)-(R)-enantiomer of
diphenidine was given as >40 mg/kg (sc) (Gray and Cheng 1989).

2.1.4 Clinical Toxicology

In the period between January and December 2014, 14 hospitalizations in Sweden
were reported to involve diphenidine and 3 involved MXP (see section below).
Diphenidine concentrations ranged from 2 to 262 ng/mL (mean 88.4 ng/mL) in
serum and between 8 and 19,000 ng/mL (mean 2,213 ng/mL) in urine. In all but two
cases, other substances were detected in urine and/or blood. Common clinical
features of intoxication with diphenidine and/or MXP included hypertension
(76%), tachycardia (47%), anxiety (65%), and altered mental status (65%) including
confusion, disorientation, dissociation, and/or hallucinations. Nystagmus (24%),
meiosis (35%), and muscle rigidity (24%) were also reported (Helander et al.
2015). A recent case involving a diphenidine intoxication in a 30-year-old male
was described in which the patient exhibited “agitation, disorientation and altered
consciousness state,” tachycardia, increased respiration, miosis, muscle rigidity, and
signs of metabolic acidosis and rhabdomyolysis. This patient was hospitalized after
being found in a “confused and agitated state” and was unable to communicate.
Diphenidine concentrations in plasma and urine were 308 and 631 ng/mL, respec-
tively (methylphenidate and diclazepam were also found in plasma) (Gerace et al.
2017). A fatal intoxication of a 53-year-old male involving the synthetic cannabinoid
receptor agonist SF-ADB and diphenidine was reported in 2017. Postmortem blood
concentrations (right heart) were found to be 12 ng/mL for diphenidine and 0.19 ng/
mL 5F-ADB (Kusano et al. 2017). In an autopsy case of a 30-year-old male, analyses
of various tissue and biofluid samples obtained revealed the detection of
AB-CHMINACA, 5F-AMB, and diphenidine. Whereas the first two drugs were
not detected in femoral and heart blood and urine (but other tissues, e.g., the brain,
adipose tissue, and others), the diphenidine concentration was determined at 715 ng/
mL in femoral blood (right heart blood, 707 ng/mL; left heart blood, 923 ng/mL;
urine, 376 ng/mL). Moreover, adipose tissue revealed a particularly high diphenidine
concentration of 11,100 ng/g, the highest of all tissues analyzed (Hasegawa et al.
2015). The same case samples were analyzed using an alternative analytical
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technique, which revealed diphenidine concentrations in blood (right atrium) and in
urine of 726 and 304 ng/mL (Minakata et al. 2015). Another fatal case was reported
involving diphenidine, three synthetic cathinones, ethanol, and therapeutic
concentrations of benzodiazepines in Japan involving a female individual in her
30s. The concentrations of 4-MeO-PVS8, PV9, 4-MeO-PV9, and diphenidine
detected in femoral blood were 2,690, 743, 261, and 1,380 ng/mL, respectively.
The only findings reported included pulmonary congestion and edema (Kudo et al.
2015). A death involving a female in her 20s associated with multiple drug intoxi-
cation was reported to involve the detection of 7-aminoflunitrazepam,
7-aminonimetazepam, chlorpheniramine, and diphenidine in femoral blood at
concentrations of 86, 27, 66, and 73 ng/mL, respectively. Congestion and edema
were reported (Kinoshita et al. 2017).

2.2 MXP

Shortly following diphenidine, MXP (2-MXP, methoxphenidine) was the second
1,2-diarylethylamine dissociative to become widely available as a research chemical
and its history has been described previously (Morris and Wallach 2014). Syntheses
and analytical characterizations related to MXP and positional isomers have been
described (e.g., Taschwer et al. 2014; McLaughlin et al. 2016; Geyer et al. 2016; Xie
and Dixon 2017; Boateng et al. 2018). MXP is psychoactive via oral and parenteral
routes although nasal insufflation, similar to diphenidine, has been reported to be
unpleasant. Based on reviews of online posts, active doses were reported to start
around 30-50 mg with doses of greater than 150 mg being described as strong. The
duration of action of MXP has been described as between 6—8 h (Beharry and
Gibbons 2016) and 3-7 h (and/or diphenidine; Helander et al. 2015). An evaluation
of Internet forum posts suggested that a number of users reported MXP as more
pleasurable than diphenidine, with one user calling it an “absolute gem of a chem.”
Many users appeared to prefer the oral route of ingestion, although other routes were
also described (im, intranasal, rectal (plugging), sublingual, and smoking). Doses
described generally ranged from 30 to 80 mg although reports of high doses in the
hundreds of mg were described. Onset was reported to occur in 30—60 min (depen-
dent on a number of factors including dose, tolerance, and route of administration).
Some users described long-lasting and cumulative psychoactive effects with
repeated dosing speculating this might have been due to a long half-life. Of note is
that a number of users reported interest in the therapeutic use of MXP as a “life
enhancer” and antidepressant (Van Hout and Hearne 2015). Desirable effects
included stimulant and dissociative effects, euphoria, introspection, out-of-body
experiences, auditory and visual hallucinations, enhanced tactile sensations, kines-
thetic effects, and spatial distortion. Negative side effects reported included “physi-
cal sensations of chest pain, palpitations, facial flushing, cold extremities, respiratory
difficulties, hyperthermia, and spasms.” Some users also reported incidences of
urinary retention, hypertension, and seizures. Cognitive impairment, muscle cramps,
and “numbness in left-side extremities” were also described by some users to last
several days following ingestion (Van Hout and Hearne 2015).



J. Wallach and S. D. Brandt

2.2.1 Pharmacokinetics

Systematic studies investigating the metabolism of MXP have not been published so
far. Investigations of biofluids derived from fatal intoxication cases associated with
MXP uncovered the detection of hydroxy-MXP (piperidine ring) as the main
metabolite in blood and urine. O-Demethyl-MXP and hydroxyl-O-demethyl-2-
MXP (piperidine ring) were also detected. Notably, diphenidine and hydroxy-
diphenidine (piperidine ring) were reported in what appeared to be trace
concentrations in these cases although it was not possible to determine whether
these resulted from metabolism of MXP or from ingestion of diphenidine as a
separate substance (Elliott et al. 2015). Hydroxy-MXP, dihydroxy-MXP, and
hydroxyl-demethyl-MXP metabolites (position of hydroxylation undetermined)
were also detected in urine of a 35-year-old man who was hospitalized resulting
from MXP intoxication (Lam et al. 2016). Three hydroxylation products,
O-demethyl-MXP, and three glucuronidated hydroxylation products (positions of
modifications not specified) were detected in a urine sample collected from an acute
intoxication case (Hofer et al. 2014). In all cases (Hofer et al. 2014; Lam et al. 2016;
Elliott et al. 2015), prescription medicines were also detected.

2.2.2 Pharmacodynamic Effects In Vitro

MXP was found to be a high-affinity NMDAR antagonist (Kang et al. 2017; Wallach
et al. 2016; Gray and Cheng 1989; Berger et al. 2009) (Table 1). Correspondingly,
MXP blocked NMDAR-mediated fEPSPs in rat hippocampal slices (1 and 10 pM)
with no effect on AMPA receptor-mediated fEPSPs at 50 and 100 pM (Wallach et al.
2016). The 3- and 4-MeO isomers of MXP have also been investigated. Interest-
ingly, the rank order of potency for NMDAR affinity followed the same pattern seen
with arylcyclohexylamines (3-MeO- > 2-MeO- > 4-MeO-) suggesting overlapping
structure activity relationships of the benzylpiperidine moieties between
arylcyclohexylamines and 1,2-diarylethylamines (Gray and Cheng 1989; Wallach
2014; Wallach et al. 2016). Remarkably, 2-CI-DPP was found to have the highest
NMDAR affinity of the five 1,2-diarylethylamines tested consistent with an earlier
study from a patent (Gray and Cheng 1989; Wallach et al. 2016). MXP showed
affinities (Table 1) and reuptake inhibition at human monoamine transporters NET
(IC50 =352 IJ,M, IC50 = 7,800 HM) and DAT (IC50 = 30 }.LM, IC50 = 65 P.M)
expressed in HEK293 cells (Wallach et al. 2016; Luethi et al. 2018). Significantly
reduced effects were reported at SERT (ICsq > 10,000 nM, ICsy = 741 pM)
(Wallach et al. 2016; Luethi et al. 2018). The low activity at SERT relative to
DAT and NET was observed with five 1,2-diarylethylamines evaluated including
diphenidine, 2-MXP, 3-MXP, 4-MXP, and 2-CI-DPP. 3-MXP had the highest
affinities (K; = 88 and 325 nM, respectively) and inhibition potencies (IC5y = 587
and 2,710 nM) at DAT and NET, of the series (Wallach et al. 2016). Interestingly,
explorations of the N-(1,2-diphenylethyl)piperazine template including substituents
at both the benzyl ring and phenyl ring gave rise to monoamine reuptake inhibitors
with selectivity for serotonin and norepinephrine over dopamine transporters (Fray
et al. 2006a, b). As with diphenidine, MXP did not cause monoamine ([3H]NA, [3H]
DA, or [H]5-HT) efflux in monoamine transporter-transfected HEK293 cells
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(Luethi et al. 2018). Although some discrepancies exist between the two studies,
MXP showed low pM affinities for 5-HT receptor subtypes (5-HT,, and 5-HT,.),
a-adrenergic receptor subtypes (), histamine receptor subtypes, muscarinic
subtypes, and KOR (Wallach et al. 2016; Luethi et al. 2018). Affinities for
sigma-1 (K; = 124 nM) and sigma-2 (K; = 508 nM) were also seen for MXP
(Wallach et al. 2016), and MXP lacked significant affinity (>15 pM) at rat and
mouse trace amine-associated receptor one (TAAR-1) (Simmler et al. 2016).

2.2.3 Effects In Vivo

Similar to diphenidine and other NMDAR antagonists, MXP (20 mg/kg, sc) signifi-
cantly disrupted PPI in male Sprague-Dawley rats albeit with lower potency than
diphenidine (EDsy = 9.5 mg/kg, sc). MXP was also less potent in these PPI
experiments compared to PCP and ketamine (Halberstadt et al. 2016), which was
unexpected based on its high NMDAR affinity, although this was consistent with
reduced potency in humans and the same can be said for diphenidine (Wallach et al.
2016).

2.2.4 Clinical Toxicology

What appeared to be the first published fatal cases associated with MXP appeared in
2015, which also included the differentiation between three positional isomers 2-, 3-,
and 4-MXP. In the first case, a 34-year-old male, the cause of death was ruled as
MXP use and hypertensive heart disease. Mirtazapine, lamotrigine, and citalopram
were also detected at therapeutic concentrations. In the second case, a 34-year-old
male, diazepam and quinine were also detected. In the absence of other pathological
findings, the cause of death was given as “probable methoxyphenidine toxicity.” In
the third case, a 38-year-old male, risperidone was also detected at a therapeutic
concentration, and the cause of death was due to fatal injuries sustained from a fall.
MXP concentrations in femoral blood were found to be 24,000, 2,000, and
1,360 ng/mL, respectively (Elliott et al. 2015, 2018).

As described in the diphenidine section, a number of cases involving MXP
intoxication were described in Sweden as part of the STRIDA project (Jan—-Dec
2014). MXP concentrations were reported to range from 187 to 409 ng/mL in serum
and 3 to 8,367 ng/mL (median 610 ng/mL) in urine. The clinical features were
consistent with those described above in the diphenidine section (Helander et al.
2015).

A case of MXP intoxication involving a 53-year-old male has been reported. He
was found in a “somnolent and confusional state.” Reported signs and symptoms
included miosis, tachycardia, hypertension, echolalia, confusion, agitation,
opisthotonus, nystagmus, and amnesia. This patient was also taking a large number
of prescription and non-prescription drugs, which might have contributed to the
observed clinical features. MXP was identified qualitatively in plasma and urine
(Hofer et al. 2014).

A 35-year-old male, with a history of hypothyroidism, Wolff-Parkinson-White
syndrome, adjustment disorder, and alcohol dependence and who had ingested
MXP, was found somnolent in the street. He exhibited retrograde amnesia, hyper-
tension (179/95 mmHg), slurred speech, mild hypokalemia, as well as elevated
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alanine amino transferase, aspartate aminotransferase, and lactate dehydrogenase
levels. In addition, severe rhabdomyolysis (considered multifactorial) and acute
kidney injury were noted. MXP (qualitative detection), a methylphenidate metabo-
lite, tramadol, and lorazepam were detected in urine (Lam et al. 2016).

A case report involving the drowning of a 21-year-old male in a bathtub
associated with multidrug exposure revealed the detection of lorazepam (5.7 ng/
mL), delorazepam (54 ng/mL), amphetamine (64 ng/mL), 4-fluoroamphetamine
(2.1 ng/mL), and MXP (190 ng/mL) in femoral blood. Blood alcohol concentration
was determined to be 0.93%o (Grumann et al. 2016).

A 2l-year-old male with a history of drug use and bipolar I disorder was
hospitalized due to agitation and aggressiveness following regular, self-reported
use of MXP. Analytical data recorded from biofluids were not available apart from
the confirmation of MXP in the patient’s drug sample. Over the course of hospitali-
zation, the authors suggested that the patient might have suffered from withdrawal
symptoms (including abdominal pain, vomiting, and low-grade fever (38°C) without
infectious diseases) (Champeau et al. 2017).

Unexpected clinical features mimicking an ischemic cerebral disease were
observed in a 25-year-old male who presented with the inability to maintain the
upright position and exhibited referred hyposthenia at lower limbs after an episode
of syncope with secondary head trauma. The patient was described as exhibiting
excitatory behavior, psychomotor agitation, confusion, dysarthria, and aphasia. Mild
hypertension (150/100 mmHg), heart rate (85 bpm), and a body temperature of
36.5°C were also described. MXP and flubromazepam (NPS benzodiazepine)
concentrations in blood were determined at 247 ng/mL and 411 ng/mL, respectively
(Valli et al. 2017).

A severe serotonin syndrome was described in a 33-year-old autistic male who
ingested one or more tablets containing MXP and tryptamine-based hallucinogen
AMT (Chretien et al. 2018). He was found in a state of severe agitation and
hospitalized at which point he presented with profuse sudation, hyperthermia,
tachycardia (140 bpm), and mydriasis. A Glasgow Coma Score of 10/15 was
determined. He also was reported to have hypercapnic acidosis, elevated lactates,
renal dysfunction, and rhabdomyolysis. Effects induced by AMT (including inhibi-
tion of monoamine oxidase) increase the risk of serotonergic toxicity (Elliott et al.
2013). This patient’s “usual treatment” included methadone, loxapine, and loraze-
pam, which were also detected as were several other substances including
mirtazapine, amantadine, and nortriptyline (Chretien et al. 2018)

A 32-year-old male with a history of psychosis and multi-substance use disorder
including self-reported use of various dissociative drugs including MXP was
hospitalized for treatment of psychotic disorder although it was not specified
whether MXP use was detected in biofluids (Caloro et al. 2018).
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2.3 Ephenidine

Ephenidine (NEDPA or DPE) was detected in a confiscated sample in Germany in
2008 (Westphal et al. 2010). As stated previously, the availability of ephenidine as a
dissociative research chemical, at least based on sale from online retailers or
discussion of use on drug forums, did not appear to occur until around 2014 (Beharry
and Gibbons 2016). The synthesis and analytical characterization of ephenidine has
been reported (Goodson et al. 1946; Campbell et al. 1948; Goodson and Christopher
1950; Novelli and Huidobro 1963; Marcsekova et al. 2005; Garcia Ruano et al.
2009; Kang et al. 2017; Xie and Dixon 2017). Ephenidine has been reported to be an
active dissociative through oral and parenteral routes with doses in the 10—-100s of
mg range, with a threshold dose given as 60 mg. Doses over 200 mg were considered
“heavy” according to users on discussion forms. The onset has been said to be slow
by some users especially with oral ingestion, and the duration of effects have been
reported to be around 5-7 h although higher doses may result in longer duration.
Users seem to like the effects and in some cases more so than some other
dissociatives (Beharry and Gibbons 2016). The related N-(1,2-diphenylethyl)
propan-2-amine (NPDPA or DPiP) was also detected along with ephenidine in
confiscated samples in Germany in 2008 (Westphal et al. 2010). Currently, DPiP
does not appear to be available as a research chemical.

2.3.1 Pharmacokinetics

The metabolism of ephenidine and DPiP was investigated in male Wistar rats using
urinalysis. The phase I metabolic transformations detected in urine included
N-dealkylation (leading to the same primary amine metabolite, 1,2-
diphenethylamine (DPA)), mono- and bis-aryl-hydroxylation on the benzyl ring,
and combinations of these. Phase II metabolites included glucuronidation, methyla-
tion, and sulfation of phase I metabolites (Wink et al. 2014). Further work carried out
by Wink et al. established the contributions from ten human CYP450 isozymes to
the N-dealkylation of ephenidine, DPiP, and lefetamine. For ephenidine net
clearances were calculated using a relative activity factor approach as follows:
27% (CYP1A2), 30% (CYP2B6), 23% (CYP2C19), 4% (CYP2D6), and 17%
(CYP3A4) (Wink et al. 2015). The net clearances calculated for the N-dealkylation
of DPiP were found to be 18% (CYP1A2), 24% (CYP2B6), 28% (CYP2C19), and
30% (CYP3A4). For lefetamine, the values were 8% (CYP1A2), 72% (CYP2B6),
2% (CYP2C19), 1% (CYP2D6), and 17% (CYP3A4) (Wink et al. 2015).
Ephenidine and DPiP have also been evaluated for substrate activity at the human
efflux transporter P-glycoprotein (Pgp). A K,,, value of 4.6 pM was determined for
DPiP, whereas ephenidine lacked substantial substrate activity at concentrations as
high as 500 pM (Meyer et al. 2013b).

2.3.2 Pharmacodynamic Effects In Vitro

Ephenidine has high-to-modest affinity at the PCP binding site of NMDAR (Table 1)
in rat brain labeled by [3H]MK-801 (Thurkauf et al. 1989 (details not reported);
Kang et al. 2017). NMDAR antagonism was observed through blockade of
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NMDAR-mediated fEPSPs in rat hippocampal slices at 1, 10, and 30 pM. No effect
on AMPA receptor-mediated fEPSPs at 50 pM was demonstrated consistent with
MXP (Kang et al. 2017, Wallach et al. 2016). Voltage-dependent NMDAR blockade
for ephenidine was found to be similar to ketamine, memantine, MK-801, and Mg2+
where outward currents were less affected than inward. Specifically, ephenidine
reduced inward current at negative holding potentials consistent with a channel
blocker effect. Ephenidine had a rectification index, between that of Mg** and
ketamine (Kang et al. 2017). Importantly, the voltage dependency of NMDAR
blockage has been related to therapeutic potential (Frankiewicz et al. 1996).
Ephenidine also had a slower onset of NMDAR fEPSP blockade compared to
ketamine at equivalent concentrations in this study (Kang et al. 2017). This slower
onset was seen with other 1,2-diarylethylamines tested as well as MK-801 and PCP
and is suggestive of altered blocking kinetics relative to ketamine (Wallach et al.
2016). Consistent with other NMDAR antagonists (Frankiewicz et al. 1996),
ephenidine blocked long-term potentiation induction induced by theta burst stimu-
lation at 10 pM in CA1 region of rat hippocampal slices (Kang et al. 2017). Similar
to several related 1,2-diarylethylamines, ephenidine was observed to have modest
affinities at human monoamine transporters DAT and NET but not SERT expressed
in HEK293 cells (Table 1) (Kang et al. 2017). Modest affinity was also seen for
sigma-1 and sigma-2 receptors (K; = 629 and 722 nM, respectively) (Kang et al.
2017). The N-dealkylation metabolite, DPA, has been reported to have modest
affinity for NMDAR (K; = 690 nM) (Thurkauf et al. 1989) and therefore could
contribute to the pharmacological effects of ephenidine.

2.3.3 Effects In Vivo

Along with a number of related 1,2-diarylethylamines, ephenidine was evaluated for
its sympathomimetic and bronchodilating properties. In dogs (5-15 mg/kg, iv),
ephenidine produced “a fall in blood pressure, which was sometimes followed by
a rise of 20-30 mmHg” (details not reported). Low-potency stimulant properties
were observed as defined by an increase in spontaneous activity in “white rats”
following subcutaneous administration. The threshold dose for ephenidine was
8 mg/kg (compared to 0.25 mg/kg for (S)-amphetamine), whereas the maximum
peak effect was observed at 128 mg/kg compared to a dose of 2 mg/kg of (S)-
amphetamine that also displayed twice the response at the maximum dose in terms of
spontaneous activity (Tainter et al. 1943). Ephenidine was also part of a series of
1,2-diarylethylamines evaluated in the mid-1940s for analgesic activity in mice
although details on the results were not included (Goodson et al. 1946). In an
in vivo model used to evaluate potential dopaminergic anti-Parkinson effects
(Sprague-Dawley rats lesioned unilaterally with 6-hydroxydopamine in the
nigrostriatal system), ephenidine was inactive at a dose of 320 pmol/kg (ip), whereas
some aminotetralin derivatives did show dopaminergic effects under these
conditions (Cheng et al. 1976). An LDs, value in white rat (iv) was determined for
ephenidine to be 55 mg/kg (Tainter et al. 1943). In a clinical study in cancer patients
with intractable pain, DPA was given orally (200 mg, 3 h intervals) and found to
display analgesic properties. However, mental confusion developed after about 1 h.
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In healthy subjects, similar doses were reported to produce elation and slight
muscular incoordination comparable to effects induced by ethanol. Most patients
refused receiving DPA again after receiving a series of doses. Interestingly, the
B-hydroxy derivative of DPA (2-amino-1,2-diphenylethanol) (200-400 mg,
4-hourly, po) provided complete pain relief in 14 patients without undesirable side
effects (Dodds et al. 1944). As part of a study to evaluate anorectic properties, DPA,
among other ring-substituted 1,2-diphenylethan-1-amine analogs, reduced food
intake in female Sprague-Dawley rats (ip) without significantly affecting motor
activity (Ghosh et al. 1978).

2.3.4 Clinical Toxicology
No reports associated with ephenidine intoxication or fatal overdoses could be
identified.

24 Other 1,2-Diarylethylamines

2.4.1 Fluorolintane

Fluorolintane appears to have first been marketed as a research chemical around
2015, and limited information available from online posts indicate that fluorolintane
might show dissociative effects, for example, at doses from 100-400 mg with a
24 h duration. Stimulating effects at 100 mg were also mentioned (Anonymous
2015b). Some analytical data are available in the public domain (National Slovenian
Forensic Laboratory 2016), and the synthesis of fluorolintane has been recently
described (Xie and Dixon 2017). While fluorolintane appears to have emerged as a
novel research chemical recently with no pharmacological data reported in the
scientific literature, the defluoro analog of fluorolintane (DPPy, Wallach et al.
(2015)), which is also the pyrrolidine analog of diphenidine (DPP), has been
prepared and investigated for a variety of potential clinical applications (e.g.,
Heinzelman and Aspergren 1953; Aspergren and Heinzelman 1963, 1964; Kasé
et al. 1963; Yuizono et al. 1970). The reported affinity of DPPy for NMDAR was
surprisingly low (K; = 16,000 nM) (Gray and Cheng 1989), which suggests that
further studies are warranted to confirm this finding.

2.4.2 N-Ethyl-Lanicemine

One of the more recent 1,2-diarylethylamines sold as a research chemical is N-ethyl-
lanicemine (Fig. 1). This compound is the N-ethyl derivative of lanicemine
(AZD6765), a low-trapping NMDAR antagonist (K; = 0.56-2.1 pM) developed
by AstraZeneca and which has been investigated clinically for depression (Zarate
et al. 2013; Sanacora et al. 2014; Machado-Vieira et al. 2017). At doses up to
150 mg, lanicemine showed antidepressant effects in treatment-resistant major
depressive disorder in randomized trials with minimal dissociative effects (Zarate
etal. 2013; Sanacora et al. 2014). By contrast, N-ethyl-lanicemine was shown to be a
high-trapping NMDAR antagonist, using whole cell recordings in cultured rat
cortical neurons, which was suggested to “produce significant amounts of
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PCP-like behaviors in rats at lower doses” (Mealing et al. 2001). It is likely that
N-ethyl-lanicemine might have dose-dependent dissociative effects in humans, but
further research is needed to confirm this. A sample of material sold as N-ethyl-
lanicemine was tentatively identified using mass spectrometry (HR-MS, GC-MS)
and NMR (Wallach, Dybek and Brandt unpublished).

3 [3-Keto-Arylcyclohexylamines

B-Keto-arylcyclohexylamines contain a ketone function in the respective 2-position
(or B-) of the cyclohexyl ring of arylcyclohexylamines. The contribution of the
B-keto group to the structure-activity relationships of these compounds relative to
their arylcyclohexylamine counterparts remains largely unpublished, and it is hoped
that this situation will change with increased interest in this area.

3.1 History

A patent application initiated by the Parke-Davis pharmaceutical company in
1957 described the synthesis of 2-oxo-PCA as an intermediate to prepare the
arylcyclohexylamine PCA (Anonymous 1960). In a 1962 communication to the
editors of the Journal of the American Chemistry Society (received April 25, 1962),
Calvin L. Stevens described a novel application of a rearrangement reaction involv-
ing a-amino ketones (Stevens et al. 1962). Though this communication did not
include the synthesis of any f-keto-arylcyclohexylamines, it laid the synthetic
foundation that would later give rise to systematic investigations involving these
compounds. What appears to be the first publication to describe a number of -keto-
arylcyclohexylamines and to recognize their clinical potential was a US patent
3,254,124 filed on June 29, 1962 (assigned to Parke-Davis) (Stevens 1962). This
patent (granted on May 31, 1966) described the synthesis of a number of important
B-keto-arylcyclohexylamines including ketamine, MXM (methoxmetamine),
2-methoxy-2-deschloroketamine (2-MK), DCK, and 2-oxo-PCE. Many of these
compounds were also described in more detail in a number of subsequent
publications by the Stevens Group focusing on aminoketone rearrangement
reactions from the early to mid-1960s (Stevens et al. 1963, 1965a, b, 1966a, b, c;
Stevens 1968). Stevens served as a consultant to Parke-Davis during this time and
provided these compounds for pharmacological testing.

3.2 Ketamine

In April, 1962, 2-(2-chlorophenyl)-2-(methylamino)cyclohexanone (ketamine) was
submitted by Stevens for testing under the test code name CI-369 (McCarthy 1981).
During the early 1960s, Parke-Davis and their collaborators conducted a number of
pharmacological investigations into ketamine, which would soon be designated
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using the clinical code of CI-581 (Chen 1969; McCarthy et al. 1965; Morris and
Wallach 2014). The first human subject received ketamine on August 3, 1964
(McCarthy 1981; Domino 2010).

The data from the first human subjects were soon published (Domino et al. 1965).
Additional human studies quickly followed, confirming animal studies and
establishing CI-581 to be an effective and safe anesthetic and analgesic with an
improved tolerability profile over PCP (Corssen and Domino 1966; Chodoff and
Stella 1966; McCarthy et al. 1965). This research led to the marketing of ketamine as
Ketalar™ in 1969 and and its official FDA approval in the USA for use as a general
anesthetic in 1970 (Morris and Wallach 2014). Since this time, ketamine has found
widespread use internationally as a general anesthetic and is on the World Health
Organization’s list of essential medicines. In addition to its anesthetic action,
ketamine has potent analgesic actions and is successfully used for this purpose
(Clements and Nimmo 1981; Kohrs and Durieux 1998). Ketamine also plays an
important role in veterinary medicine (Morris and Wallach 2014).

Apart from uses related to traditional medical procedures and recreational or
spiritual drug use (Lilly 1996; Jansen 2004), ketamine has also been evaluated for
the treatment of drug dependence and neurotic disorders (Krupitsky et al. 2001,
2007). Most recently, ketamine has been increasingly studied for its potential role as
an agent in treatment-resistant depression based on initially promising outcomes
(e.g., Katalinic et al. 2013; Vutskits 2018; Zanos et al. 2018). In addition to
therapeutic uses, ketamine has shown potential in other clinical research
applications. For example, administrations of subanesthetic doses of ketamine
have been described to mimic certain aspects of psychosis and schizophrenia
including positive psychosis symptoms such as hallucinations and altered thoughts,
as well as negative symptoms including impairment of cognition, derealization,
depersonalization, and withdrawal (e.g., Krystal et al. 1994; Lahti et al. 1995;
Malhotra et al. 1996; Vollenweider et al. 1997; Chambers et al. 1999; Newcomer
et al. 1999; Pomarol-Clotet et al. 2006; Gouzoulis-Mayfrank et al. 2005; Lodge and
Mercier 2015) though important differences exist between drug-induced effects and
this spectrum of disorders (Frohlich and Van Horn 2014). For more information, the
history of ketamine including its medical and nonmedical use has been described
previously (Morris and Wallach 2014; Domino 2010; Lodge and Mercier 2015).

3.2.1 Pharmacokinetics

Ketamine is a weak base with a pK, of 7.5 (Dayton et al. 1983). The bioavailability
of ketamine through different routes of administration has been investigated and was
reviewed by Fourcade and Lapidus (2016). Intramuscular injection results in about
93% of bioavailability relative to iv administration. Oral bioavailability of ketamine
was reported around 20% due to a substantial first-pass effect, whereas intranasal
and sublingual administration have slightly higher bioavailabilities (50% and 30%,
respectively) (Fourcade and Lapidus 2016). Ketamine exhibited low but significant
affinity for the efflux transporter Pgp as well as a number of other clinically relevant
transport proteins including organic cation transporters (Keiser et al. 2018;
Amphoux et al. 2006; Massmann et al. 2014).
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Modest plasma protein binding has been seen with ketamine including binding to
human plasma proteins (up to 47% bound), however differences between studies
exist (Dayton et al. 1983). Ketamine is modestly lipophilic (LogP = 2.18) (Hansch
et al. 1987) and has been shown to accumulate in rat brain tissue at concentrations
2.3 times higher than the incubation medium in vitro (Cohen and Trevor 1974). The
elimination kinetics of ketamine are biphasic. For example, after intravenous appli-
cation in human subjects, the initial serum half-life (a-elimination phase) was found
to be around 11 min resulting from rapid distribution of the drug from plasma to
tissue. The p-elimination phase resulting largely from metabolic clearance has been
given as 150 min (iv) (Wieber et al. 1975), 186 min (iv) (Clements and Nimmo
1981), and 155 min (im) (Grant et al. 1981).

The metabolism of ketamine has been explored extensively (Mion and
Villevieille 2013; Yanagihara et al. 2001; Hijazi and Boulieu 2002; Li et al.
2013b; Clements and Nimmo 1981). Briefly, the major phase I metabolite in humans
and rats is norketamine resulting from N-demethylation (Mion and Villevieille 2013;
Yanagihara et al. 2001; Hijazi and Boulieu 2002; Li et al. 2013b; Clements and
Nimmo 1981; Cohen and Trevor 1974). CYP3A4, CYP2C9, and CYP2B6 have
been implicated as key enzymes in transformation of ketamine to norketamine
(Yanagihara et al. 2001; Hijazi and Boulieu 2002; Li et al. 2013b). The potential
for genetic differences in metabolism of ketamine has been considered with a
CYP2B6*6 genotype using human liver microsomes, as well as recombinant
enzyme systems and human chronic pain patients (Li et al. 2013b, 2015) although
a more recent in vivo study in humans failed to confirm this (Rao et al. 2016).
Additional phase I metabolites include those from hydroxylation of the cyclohexa-
none ring of ketamine and norketamine (NK) to form hydroxylated ketamine and
norketamine (HNK) metabolites, respectively, that give rise to pairs of diastereomers
(Adams et al. 1981; Rao et al. 2016). The formation of 5,6-dehydro-NK (DHNK) has
also been reported (Rao et al. 2016). In one study, DHNK formation has been
attributed to nonenzymatic (artificial) degradation of the corresponding HNK species
due to analysis by gas chromatography mass spectrometry (GC-MS) (Adams et al.
1981). In a study evaluating a 40 min ketamine infusion (0.5 mg/kg, iv), higher
plasma concentrations of DHNK, (2S5,65;2R,6R)-HNK, (2S,6R;2R,65)-HNK, and
(2S5,58;2R,5R)-HNK were detected patients with bipolar depression (BD) compared
to patients with major depressive disorder (MDD) who had higher concentrations of
(25,6S;2R,6R)-HNK. Notably, MDD patients were required to be medication free
for at least 2 weeks (5 weeks for fluoxetine) prior to ketamine infusion, whereas BD
patients took either lithium or valproate within a specified range (Zarate et al. 2012).
Phase II metabolism of ketamine in humans has been observed, most notably in the
form of HNK-glucuronides (Turfus et al. 2009; Moaddel et al. 2010). It should also
be noted that differences in metabolism of (R)- and (§)-ketamine have been observed
(Kharasch and Labroo 1992). Finally, tolerance to repeated ketamine doses in rats
has been reported to involve increased hepatic metabolism through induction
(Livingston and Waterman 1978; Marietta et al. 1976). Efforts have been taken to
create analogs of ketamine with altered pharmacokinetics. For example, the evalua-
tion of five aliphatic norketamine esters in rabbits (venous cannulation of marginal
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ear vein) revealed that this structural modification gave rise to rapid metabolism via
hydrolysis to the corresponding carboxylic acid derivatives, which were inactive
in vivo in the models tested (Harvey et al. 2015).

3.2.2 Pharmacodynamic Effects In Vitro
Detailed reviews on the pharmacodynamics of ketamine are available (e.g., Mion
and Villevieille 2013; Lodge and Mercier 2015; Fourcade and Lapidus 2016; Laher
et al. 2015). Ketamine has moderate affinity for the PCP binding site of NMDAR
(Table 2) (Roth et al. 2013; Colestock et al. 2018; more in vitro data reviewed in
Hondebrink et al. 2018). Ketamine has been shown to block NMDARS in numerous
in vitro and ex vivo models (Anis et al. 1983; Hirota and Lambert 1996; Kang et al.
2017). This blockade has been shown to be use- (uncompetitive) and voltage-
dependent (MacDonald et al. 1987; Davies et al. 1988; Kang et al. 2017).
Differences in NMDAR affinity and NMDAR channel blocker potency are seen
between enantiomers with (S)-ketamine being about 2—-5x more potent than (R)-
ketamine (Hirota and Lambert 1996; Zeilhofer et al. 1992; Ebert et al. 1997; Oye
et al. 1991, 1992). The major metabolite, norketamine, is also a modest affinity
NMDAR antagonist (K; = 3,600 nM, [PHIMK-801 in rat brain) although with lesser
potency than ketamine (Ebert et al. 1997). The metabolite (2R,6R)-HNK did not
inhibit currents evoked by NMDA application to rat stratum radiatum interneurons
in hippocampal slices at >10 pM but has been shown to have activity as a modulator
of AMPA (increased frequency and amplitude of AMPA receptor-mediated excit-
atory postsynaptic potentials from rat CA1 stratum radiatum interneurons), at 10 pM
concentration (Zanos et al. 2016). Recently, 50 pM concentrations of HNK were
found to block NMDAR currents in cultured hippocampal neurons (C57BL/6 mice,
postnatal day 1-3) (Suzuki et al. 2017). Ketamine has been shown to impair LTP
induction in the brains of rodents, likely through NMDAR antagonism, using several
different experimental designs (e.g., Zhang and Levy 1992; Ribeiro et al. 2014).
Recently, Can et al. (2016) found no significant inhibition of reuptake at human
SERT, DAT, or NET by ketamine or several metabolites tested (ICso > 10,000 nM)
in transfected HEK293 cells. Similar results were observed when looking at receptor
binding to these human monoamine transporters in transfected HEK293 cells (Roth
etal. 2013, 2018). However, at higher concentrations ketamine has been reported to
bind to monoamine transporters (expressed in HEK293 cells) though with fairly
weak potency with K; values of 66.8 pM (human NET), 62.9 uM (rat DAT), and
161.7 pM (rat SERT) (Nishimura et al. 1998). A follow-up study found stereospe-
cific effects at DAT with (S)-ketamine showing ~eightfold greater affinity than (R)-
ketamine (Nishimura and Sato 1999). Ketamine was also found to inhibit [3H]5—HT,
[PHIDA, and [PH]NA uptake in rat synaptosomal fractions (cerebral cortex) with
highest effects observed for serotonin transport (Azzaro and Smith 1977), which was
consistent with work published later by Smith et al. (1981) using synaptosomal
preparations (Sprague-Dawley, cerebral cortex). Stereospecific effects of ketamine
have been seen on both stimulated efflux and reuptake for DA, NE, and 5-HT in rat
brain slices (Tso et al. 2004).
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It should be noted it is unlikely that monoamine reuptake inhibition contributes
much to the pharmacology of ketamine in vivo even at high doses due to the high
concentrations needed for such effects. Ketamine can however indirectly alter
monoamine turnover (Kokkinou et al. 2018; Laher et al. 2015), and this may
occur at physiologically relevant concentrations.

A receptor binding study uncovered that ketamine lacked notable affinity
(ICs50 > 10,000 nM) for a number of important CNS receptors including receptors
for 5-HT, dopamine, norepinephrine, histamine, as well as opioid (MOR, KOR, and
DOR) and sigma-1 and sigma-2 receptors (Roth et al. 2013, 2018). At concentrations
greater than 10,000 nM, ketamine has been found to interact with a number of
receptors. For example, both (R)- and (S)-ketamine were found to have low affinity
toward the p-opioid receptor (MOR) (28 pM and 11 puM, respectively) and low
affinities at DOR and KOR receptors using guinea pig brain homogenate (Hustveit
et al. 1995), and this was consistent with results reported elsewhere (Hirota et al.
1999). Likewise, low affinities (>10,000 nM) have been reported at sigma and
muscarinic receptors with both enantiomers (guinea pig brain homogenate)
(Hustveit et al. 1995; Hirota and Lambert 1996). A 500 nM affinity (K;) and agonist
activity was reported for D, receptors in rat brain (Kapur and Seeman 2002).
Interestingly, ketamine and PCP were reported in a later study by this group to
have even higher affinity (55 nM and 2.7 nM, respectively) and functional activity at
the high-affinity state of the D, receptor (Seeman et al. 2005). These results however
have been considered controversial (Svenningsson et al. 2004), and other studies
were inconsistent with these findings (Aalto et al. 2002; Jordan et al. 2006; Can et al.
2016; Roth et al. 2018). Low affinity (K; = 15 pM) and agonist activity was also
reported at 5-HT, receptors in rat brain (Kapur and Seeman 2002).

The understanding of ketamine pharmacology continues to evolve. One interest-
ing avenue to pursue involves the interaction of ketamine with various ion channels.
Although a detailed overview is outside the scope of this chapter, the interaction of
ketamine with various ion channels has been reviewed. In summary, ketamine has
been found to inhibit a range of channels including those of cations K*, Na*, and Ca
** as well as hyperpolarization-activated cyclic nucleotide-gated (HCN) channels
(reviewed by Laher et al. 2015). An ECs( of 8-16 pM for HCN1-HCN2 channel
inhibition has been seen with ketamine using electrophysiological recordings in
HEK?293 cells transfected with mouse HCN channel constructs. In addition, (S)-
ketamine was two times more potent than the racemate at inhibiting HCN1-HCN2
channels. Fascinatingly, HCN1 antagonism has been implicated in some of the
hypnotic effects of ketamine (see Sect. 3.2.3 below) (Chen et al. 2009).

3.2.3 Effects In Vivo

The effects of ketamine in vivo have been extensively described elsewhere (e.g.,
Kreuscher 1969; Domino 2018). As an illustration of its potential for positive
reinforcement, ketamine has been shown to be self-administered in rhesus monkeys
(Moreton et al. 1977) and rats (De Luca and Badiani 2011). Similar to other
dissociatives, ketamine dose-dependently disrupts PPI in rats (male Wistar and
Sprague-Dawley) (de Bruin et al. 1999; Cilia et al. 2007; Halberstadt et al. 2016).
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The effect is stereospecific with (§)-ketamine having an EDs of 2.86 mg/kg and (R)-
ketamine an EDsqy of 6.33 mg/kg for PPI disruption (Halberstadt et al. 2016).
Interestingly, ketamine increased PPI in healthy human male volunteers although
this might have been related to the relatively low doses used and higher-dose studies
in humans are warranted to explore this further (Abel et al. 2003; Heekeren et al.
2007). Ketamine increases dopamine levels in certain areas of the animal brain
in vivo, which might be relevant when considering abuse liability (Kokkinou et al.
2018). In addition the HCN1 receptor has been implicated in the hypnotic effects of
ketamine as HCN1 knockout mice show reduced sensitivity to the hypnotic effects
of ketamine (Chen et al. 2009).

Ketamine has shown activity in a number of experimental models known to be
predictive of antidepressant activities in humans including the forced swim test and
tail suspension tests in rodents, with the (R)-isomer typically showing more
sustained effects (Garcia et al. 2008; Koike and Chaki 2014; Zhang et al. 2014;
Salat et al. 2015; Niciu et al. 2014). Ketamine and (S)-ketamine have also been
shown to have potent analgesic effects in several experimental models in animals
including rats but also humans (Clements and Nimmo 1981; Koinig et al. 2000;
Holtman et al. 2008).

Ketamine has shown anticonvulsant effects as defined as prevention of the tonic
hindlimb extensor reflex in the maximal electroshock seizure test (MES) in mice (ip,
EDsy = 43.7 mg/kg, Parsons et al. (1995); sc, EDsy = 15.1 mg/kg, Leander et al.
(1988)). Ketamine also caused impairment in the rotarod (ip, EDsy = 67.4 mg/kg),
traction reflex (ED5y = 53.8 mg/kg) (Parsons et al. 1995), and horizontal screen test
(sc, EDsg = 23 mg/kg) (Leander et al. 1988). Potency of ketamine in these models is
significantly reduced relative to PCP (Wallach and Brandt 2018). Both MES test and
rotarod potency have been found to correlate with NMDAR PCP site affinities
(Wallach 2014).

Tolerance to the behavioral effects has been observed with repeated ketamine
administration in animals including humans (Cumming 1976; Marietta et al. 1976;
Livingston and Waterman 1978; MacLennan 1982). Interestingly, a pharmacoki-
netic component to tolerance, through self-induction of hepatic metabolism, may be
at least partially involved as repeated ketamine treatment led to increased metabolic
rates in rats (Marietta et al. 1976; Lin et al. 2015).

3.2.4 Clinical Toxicology

Common symptoms of ketamine intoxication include hallucinations, altered mental
status, tachycardia, hypertension, mydriasis, and nystagmus (Weiner et al. 2000;
Ng et al. 2010). A controlled study of subanesthetic doses of ketamine revealed
dose-dependent increases in blood pressure (Krystal et al. 1994). Elevation in plasma
cortisol and prolactin were also reported (Krystal et al. 1994). Though ketamine has
a wide safety margin, reports of fatal overdoses have been described. These gener-
ally involved behavioral effects and included motor vehicle accidents, drowning,
and other accidents (Morgan and Curran 2012). However, fatalities from polydrug
use as well as cases involving only ketamine including a ketamine-related homicide
have been described (Licata et al. 1994; Moore et al. 1997; Lalonde and Wallage
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2004; Morgan and Curran 2012). Postmortem toxicology including blood levels
(1.8-27.4 mg/L and 0.6-1.8 mg/L in femoral blood) in six reported fatalities has been
reviewed by Watterson (2015).

Ketamine dependence and discontinuation symptoms have been described in a
number of cases (e.g., Lim 2003; Critchlow 2006; Pal et al. 2002; Hurt and Ritchie
1994). Discontinuation effects described in a 25-year-old male user of ketamine
(6-year history) included anxiety, shaking, sweating, palpitations, low mood, drows-
iness, and loss of appetite. The time course was described and it was reported that
ethanol and diazepam consumption decreased some of the symptoms experienced
(Critchlow 2006).

Ketamine has shown toxicity in a number of different experimental models;
however the relevance to humans remains poorly understood in most cases (e.g.,
Li et al. 2013a; Ho and Dargan 2017). On the other hand, urotoxicity and cystitis
have been extensively documented among heavy recreational ketamine users (Chu
et al. 2007; Shahani et al. 2007; Shahani and Stewart 2008; Tsai et al. 2009; Morgan
and Curran 2012). While most cases reported involve nonmedical use and appear to
be positively associated with dose and frequency of use, ketamine-induced cystitis
has also been documented with medical use for example in patients using ketamine
for pain (Storr and Quibell 2009). Ketamine-induced cystitis has been investigated in
animal and in vitro models although the pathogenesis remains incompletely under-
stood (Tan et al. 2011; Tang et al. 2015). The toxicology of ketamine including
clinical as well as in vitro and in vivo studies in nonhuman animals has been
reviewed (e.g., Li et al. 2013a; Ho and Dargan 2017).

3.3 Methoxetamine

Methoxetamine (MXE) (Fig. 2) is the p-keto-derivative of the arylcyclohexylamine
research chemical 3-MeO-PCE (Wallach and Brandt 2018). The fascinating history
of MXE and how it was developed has been described elsewhere (Morris 2011;
Morris and Wallach 2014). Briefly, MXE was designed and explored by a UK
chemist attempting to develop an improved version of ketamine to treat his phantom
limb pain. The main intentions were to increase potency and duration of action of the
treatment and in the process to reduce the risk of bladder toxicity seen with ketamine
(Morris 2011; Morris and Wallach 2014). This perceived reduction in bladder
toxicity has been reported as a motivation for use among some users (Winstock
et al. 2016) although the validity of this theory remains to be established. MXE
became available for purchase as a research chemical in 2010 and was notified to the
EMCDDA shortly afterward in November of the same year (EMCDDA-Europol
2011). At the present time MXE remains a popular research chemical even though it
has been placed under international control.

MXE induces mild dissociative effects starting around 5-10 mg and is active via
oral and parenteral routes although potency differs with parenteral routes being
generally more potent. Reports on ingestion of higher doses are common with strong
dissociative effects and hallucinations generally requiring 30-60 mg. MXE appears
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to be around two to threefold more potent than ketamine in human subjects, which is
consistent with NMDAR receptor binding affinities and results from animal studies
(Horsley et al. 2016; Roth et al. 2013; Halberstadt et al. 2016). Durations of effects
depend on the route of administration but are consistently of longer duration than
ketamine: insufflation (2.4—4 h), oral (3-5 h), and im (2-3 h). Subjective effects that
have been described include euphoria, a sense of calm and serenity, distortion or loss
of sensory perception, severe dissociation, depersonalization, and loss of conscious-
ness similar to effects of classical hallucinogens, like LSD and psilocybin, and
ketamine (Kjellgren and Jonsson 2013). Since the emergence of MXE, extensive
research data have been accumulated within the last few years, and a complete
review is out of scope of this chapter although representative information and key
studies have been included. Review articles on MXE have been published (e.g.,
Corazza et al. 2013; WHO 2014; Zawilska 2014; Zanda et al. 2016). It is worth
noting that bromo-MXE (Fig. 2) was detected in August 2013 in a sample containing
MXE in Europe (EMCDDA-Europol 2014), which indicated that it might have been
produced by overbromination during MXE synthesis. No reports on its use or
availability could be identified online.

3.3.1 Pharmacokinetics

Following subcutaneous administration of MXE (male Wistar rats, 10 mg/kg), the
analysis of brain, liver, and lung tissue at different time points revealed that that
highest MXE concentrations in all three tissues were observed within the first hour.
Within the first hour, highest concentrations of the N-demethyl metabolite nor-MXE
were detected in lung tissue, whereas O-demethyl-MXE was highest in the liver
(Hajkova et al. 2016). An extension of this work confirmed the MXE brain-to-serum
ratio to be between 2.06 and 2.93 during the time course of the study. In addition, a
longer duration of action, relative to ketamine, was reported, and this was consistent
with the time course of detected serum and brain concentrations (Horsley et al.
2016).

A number of studies have investigated metabolism of MXE using in vitro and
in vivo methods in rat and humans. Results have been for the most part consistent
with ketamine biotransformation and which included N- and O-dealkylation,
hydroxylation of the aryl and aliphatic rings, and detections of dihydro-MXE,
dihydronor-MXE, and dihydro-O-demethyl-MXE as major phase I metabolites
(Meyer et al. 2013a; Menzies et al. 2014; Hajkova et al. 2016; Horsley et al.
2016). In vitro enzyme studies also revealed that CYP2B6 and CYP3A4 isoforms
were involved in N-deethylation of MXE, whereas CYP2B6 and CYP2C19 were
implicated in O-demethylation. A comparatively minor formation of the hydroxy-
aryl-MXE metabolite was formed during incubation with CYP2B6. Another inter-
esting observation made during the derivatization of metabolite samples for analysis
by gas chromatography mass spectrometry was the formation of a cyclized artifact
(Meyer et al. 2013a). It should be noted that CYP3A4 and CYP2B6 also play an
important role in the metabolism (via N-demethylation) of ketamine to its major
phase I metabolite norketamine (Yanagihara et al. 2001; Hijazi and Boulieu 2002;
Li et al. 2013b). Detected phase II metabolites of MXE include sulfate and
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glucuronide metabolites of phase I metabolites (Menzies et al. 2014; Meyer et al.
2013a; Horsley et al. 2016). Nor-MXE (and in one case dihydro-MXE) were found
to be the most abundant metabolites in human urine samples (Meyer et al. 2013a;
Menzies et al. 2014). In rat urine (male Wistar, sc), the most abundant metabolite
(~15%) was O-demethyl-MXE followed by nor-MXE (~4%) and dihydro-O-
demethyl-MXE (~3%) following a subcutaneous injection of 40 mg/kg. The major-
ity of MXE (~75%) was excreted unchanged in urine (Horsley et al. 2016).

3.3.2 Pharmacodynamic Effects In Vitro

MXE showed moderate affinity at the PCP binding site of NMDAR (K; = 259 nM),
which was about twofold greater than ketamine (K; = 659 nM) (Roth et al. 2013).
This increased affinity is consistent with anecdotal reports of two to threefold greater
potency of MXE relative to ketamine in humans and animal studies (Halberstadt
et al. 2016). 3-MeO-PCE (K; = 61 nM) had ~4.2-fold higher NMDAR affinity than
MXE (Roth et al. 2013) suggesting that the p-keto function decreases NMDAR
affinity and potency. Consistent with this, 3-MeO-PCE is about 2-3 fold more potent
than MXE via nasal insufflation (personal communication). More structure-activity
research is needed to better define the effect of the P-keto substitution on these
compounds.

MXE also showed affinity for human SERT (481 nM) but lacked significant
affinities (ICso > 10,000 nM) at human NET and DAT as well as sigma-1 and
sigma-2 receptors (Roth et al. 2013). Consistent with the receptor binding studies,
MXE was found to block uptake of monoamines at human DAT (ICso = 33 pM),
NET (IC59 = 20 pM) and most strongly for SERT (ICsy = 2,400 nM and 2,000 nM)
in transfected HEK293 cells (Zwartsen et al. 2017; Hondebrink et al. 2017). MXE
inhibited neuronal (electrical) activity (ICso = 500 nM) (predominantly
characterized as displaying excitatory glutamatergic neurons, inhibitory GABAergic
neurons, and astrocytes) using a multi-well microelectrode array. Under these
conditions, neuronal activity and modulation represents a measurable integrated
output, thus, detailed information about mechanistic features is unavailable. The
inhibition of neuronal activity has also been observed with other test substances such
as GABA and diazepam (Hondebrink et al. 2016). In a follow-up study, MXE as
well as ketamine were evaluated in rat primary cortical cells (ICsy = 500 and 1,200
nM, respectively), human SH-SY5Y cells, human induced pluripotent stem cell
(hiPSC)-derived iCell®™ neurons, DopaNeurons and astrocyte co-cultures. A number
of conditions were investigated, but, in summary, MXE inhibited neuronal activity
in rat cortical cultures and iPSC-derived neurons, inhibited voltage-gated Ca*
channels in SH-SYSS5 cells, and increased glutamate-evoked increase in intracellular
Ca* in rat cortical cultures (Hondebrink et al. 2017).

3.3.3 Effects In Vivo

The available data currently suggest that MXE displays rewarding and reinforcing
effects and thus potential abuse liability especially in predisposed individuals. In
adult male Sprague-Dawley rats, electrophysiological investigations uncovered that
MXE dose dependently stimulated firing and burst rate of ventral tegmental area
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dopamine neurons projecting to the nucleus accumbens (NAc) shell after injection of
cumulative doses of MXE (0.031-0.5 mg/kg, iv). Correspondingly, and consistent
with observations reported with ketamine and PCP, MXE increased extracellular
dopamine levels in the NAc shell (0.125, 0.25 and 0.5 mg/kg, iv) using microdialysis
studies in freely moving male Sprague-Dawley rats. MXE was also found to
substitute for ketamine in a self-administration paradigm in male Sprague-Dawley
rats (Mutti et al. 2016). Furthermore, MXE was reported to produce conditioned
place preference (2.5 and 5 mg/kg) and to be self-administered in male Sprague-
Dawley rats (0.25, 0.5, 1.0 mg/kg, iv infusion). The self-administration was reported
to be modest relative to that seen with ketamine (0.5 mg/kg) (Botanas et al. 2015).
MXE generalized to ketamine in discriminative stimulus model in male Sprague-
Dawley rats (Chiamulera et al. 2016). Interestingly, the highest dose of LSD (0.3 mg/
kg) tested also showed (77%) generalization to ketamine (all lower doses tested also
showed some generalization). In male Sprague-Dawley rats, MXE
(EDsg = 0.25 mg/kg) substituted for 3 mg/kg PCP (EDsq = 1.25 mg/kg) in a
discriminative stimulus test. However substitution was not seen in all animals tested
and there was also a reduction in response rates. In addition, MXE dose-dependently
reduced PCP withdrawal symptoms and was self-administered (albeit to a lesser
extent than PCP) in these rats. MXE also elicited dose-dependent (10-56 mg/kg)
hypothermic effects on male NIH Swiss mice (Berquist et al. 2017).

Interestingly, increased locomotor activity in rodents has been observed under
some experimental conditions (Halberstadt et al. 2016 (10 mg/kg, sc); Horsley et al.
2016 (5 and 10 mg/kg, sc)) but not in others (Berquist et al. 2017, 1-30 mg/kg, ip;
Botanas et al. 2015 (1.25-5 mg/kg, ip)), which, in part, might have been related to
dose, species, and strain differences. Higher doses (40 mg/kg) reportedly caused
sedation and hypolocomotion in male Wistar rats (Horsley et al. 2016). Another
recent study in male Sprague-Dawley rats evaluated a number of behavioral effects
of MXE following ip administration. MXE affected spontaneous motor activity dose
and time dependently where lower doses (0.5 mg/kg) were associated with
hypermotility, whereas higher doses (2.5-5 mg/kg) were generally associated with
hypomotility at various time points after administration. In addition to these effects,
5 mg/kg MXE induced transient analgesia in the tail-flick and hot-plate test and
increased swimming activity in the forced swim test (Zanda et al. 2017). As stated
previously, the forced swim test is a model used for assessing drugs for potential
antidepressant activity in humans. MXE (2.5, 5, or 10 mg/kg, ip) was claimed to
have “rapid and sustained antidepressant effects” in several models predictive of
antidepressant activity in humans including the forced swim test, tail suspension test,
and sucrose preference test in male ICR mice. These effects were suggested to be
mediated through glutamatergic and serotoninergic mechanisms based on RT-PCR
and pharmacological antagonism experiments (Botanas et al. 2017).

Consistent with PCP, ketamine, and other NMDAR antagonists, MXE
(sc) caused dose-dependent disruption of PPI (EDsy = 1.89 mg/kg) in male
Sprague-Dawley and Wistar rats (Halberstadt et al. 2016; Horsley et al. 2016). The
effect on PPI was more potent than those recorded for (S)-ketamine
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(EDsg = 2.86 mg/kg) and (R)-ketamine (EDsy = 6.33 mg/kg) but less than PCP
(EDso = 0.88 mg/kg) consistent with NMDAR affinities (Halberstadt et al. 2016).

Histological investigations following daily MXE administration (30 mg/kg, ip)
for a period of 3 months were shown to induce statistically significant bladder and
kidney toxicity in male ICR mice (Dargan et al. 2014). Comparable effects have
been described with ketamine at (30 mg/kg, ip) (Yeung et al. 2009; Tan et al. 2011).
Furthermore, chronic treatment (30 mg/kg daily for 4 or 12 weeks) caused inflam-
mation and dysfunction in female Sprague-Dawley rat bladder and cytotoxic and
pro-inflammatory effects in human urothelial cells (SV-HUC-1) similar to what has
been shown with ketamine (Wang et al. 2017).

3.3.4 Clinical Toxicology

Case reports describing a range of clinical features associated with MXE intoxication
and adverse effects have been abundantly published, and a complete overview is
outside the scope of this chapter. From this perspective, a number of representative
examples from the literature will be presented, and further information may be
obtained from more extensive reviews (e.g., EMCDDA 2014; WHO 2014; Zawilska
2014; Zanda et al. 2016). Many factors influence drug use, but it should be noted that
examples exist in the case report literature where MXE use was motivated by
attempts to self-medicate for various reasons, such as reduction of high-dose codeine
intoxication (Sein Anand et al. 2012), chronic foot pain (Maskell et al. 2016), and
post-traumatic stress disorder (Striebel et al. 2017).

What appeared to be among the first reports on the acute toxicity of MXE
involved a 32-year-old male who was described as initially agitated and in a
dissociative state following self-reported intramuscular administration. Clinical
signs included tachycardia (105 bpm), hypertension (140/95), mydriasis with pupils
reactive, and bilateral rotatory nystagmus. Respiration rate (16), blood glucose
(122 mg/dL), and oxygen saturation (98%) were normal. The patient returned to
“baseline mental status” within 8 h. Although a powdered sample was shown to
consist of MXE, analytical confirmation from biofluids was unavailable (Ward et al.
2011).

Ketamine-like effects were reported in a 19-year-old male with a history of drug
use and psychiatric disorders who was receiving treatment with bupropion,
aripiprazole, and chlorprothixene. Following an iv injection of an unknown amount
of MXE, the patient was admitted to the hospital with extreme agitation, ataxia, and a
semistuporous state. Consistent with other reports, the clinical features described
included tachycardia, hypertension, confusion, agitation, stupor, ataxia, mydriasis,
and nystagmus (Hofer et al. 2012).

Three cases (males aged 42, 29, and 28 years) involving MXE intoxication were
associated with ketamine-type dissociative/catatonic effects but also acute sympa-
thomimetic toxicity. Case 1 involved a 42-year-old male found “collapsed” in the
street. He was noted to be drowsy (Glasgow Coma Score 6/15), tachycardic
(135 bpm), hypertensive (187/83 mmHg), and pyrexial (38.2°C). The serum con-
centration of MXE detected was 120 ng/mL. The NPS stimulant and sympathomi-
metic drug 5/6-APB (isomer not determined) was also detected but not quantified
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and the patient reported ingesting 3 pints of beer. Case 2 involved a 29-year-old male
found “catatonic” by his mother. He had tremor, visual hallucinations, confusion,
and mydriasis. At the ER he was found to be confused, tachycardic (121 bpm), and
hypertensive (201/104 mmHg). The MXE serum concentration was 90 ng/mL.
Diphenhydramine and venlafaxine were also detected. The third case involved a
28-year-old male who had collapsed in the bathroom of a nightclub. He developed
worsening agitation and aggression en route to the emergency department. He was
tachycardic (113 bpm) and hypertensive (198/78 mmHg) and had mydriasis. The
serum concentration of MXE detected was 200 ng/mL (Wood et al. 2012). Subse-
quently, three further cases (males aged 19, 18, and 18 years) have been described
that included clinical features of severe truncal ataxia, nystagmus, incoordination,
and reduced conscious level several hours after nasal insufflation. Features of
cerebellar toxicity persisted 3—4 days in one case (19-year-old male). Slurred speech,
incoordination, and cerebellar ataxia were also noted in addition to sympathomi-
metic features (Shields et al. 2012).

What appears to be one of the earliest accidental fatal intoxications involving
MXE was reported in 2013 in which the MXE concentration found in femoral blood
was 8,600 ng/g. Therapeutic concentrations of venlafaxine (300 ng/g) and O-
demethylvenlafaxine (400 ng/g) were detected in addition to tetrahydrocannabinol
(1 ng/g). Three synthetic cannabinoid receptor agonists (AM-694, AM-2201, and
JWH-018) were also detected (<1 ng/g). These other substances may have
contributed to the fatal outcome (Wikstrom et al. 2013). An estimated blood
concentration of 5,800 ng/mL (urine: 85,000 ng/mL) MXE has been reported in
another case of fatal intoxication in a 29-year-old male (Adamowicz and Zuba
2015).

Chronic recreational ketamine use has been associated with bladder toxicity (e.g.,
ulcerative cystitis) (Morgan and Curran 2012), and further studies are needed to
assess the extent to which this might also apply to MXE. As stated previously,
nonhuman animal and in vitro studies suggest it to be a possibility especially with
higher doses and frequent use (Dargan et al. 2014; Wang et al. 2017). Furthermore, a
survey carried out in 2012 including respondents who reported having ever used
ketamine and MXE in the past 12 months revealed that 23% reported experiencing
urinary symptoms (e.g., frequent urination, or pain in lower abdomen, etc.) although
previous ketamine use could not be ruled out as a causative or contributing factor
(Lawn et al. 2016).

3.4 Deschloroketamine (DCK)

Since 2015, a drug testing service coordinated by the drug information center
Erowid disseminated information about the detection of deschloroketamine
(2-0x0-PCMe, DCK) in powdered samples originating from the USA, China, and
Europe. In addition, some of the samples were mislabeled (EcstasyData.org 2018).
The detection of DCK has also been reported in 2015 in Barcelona (Spain)
(Energycontrol 2015). Two samples recently sold as 2-oxo-PCMe were
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subsequently found to be 2-0xo-PCE based on analysis by GC-MS (Wallach and
Morris unpublished). DCK is available from online vendors (Van Hout and Hearne
2017). A patent describing the synthesis of DCK was filed in 1962 (Stevens 1962),
followed by various publications afterward (Stevens et al. 1963, 1966a, b; Preiss and
Tatar 1995; Brunner et al. 2003) including descriptions published in the public
domain (Anonymous 2007). The synthetic preparation of DCK has also been
featured on a TV program (Viceland 2017). DCK was first reported to the EMCDDA
in March 2015 (EMCDDA-Europol 2016), and analytical data have been published
(Frison et al. 2016; Maixner et al. 2017) including X-ray powder diffraction analysis
on the (S)-enantiomer (Maixner et al. 2017). Some analytical information is also
available in the public domain (Hungarian Institute for Forensic Science 2016).
DCK is currently a fairly popular research chemical with a great deal of discussion
on online forums touting its desirable activity profile. DCK was found to be a potent
dissociative agent able to induce ethanol-like dissociative effects beginning with
doses as low as 4 mg (nasal insufflation of the HCI salt) although higher doses induce
more potent dissociative effects (personal communication). Users on Internet forums
report a range of doses and routes of administration. The use of DCK for the
treatment of bacterial, fungal, viral, or protozoal infections and for
immunomodulation has been described. Claimed clinical examples included treat-
ment of cerebral toxoplasmosis, cytomegalovirus infection, conjunctivitis, herpes,
and infections associated with HIV (Preiss and Tatar 1995).

3.5 Deschloro-N-Ethyl-Norketamine (2-Oxo-PCE)

2-0x0-PCE was apparently the first p-keto-arylcyclohexylamine evaluated by
Parke-Davis from the lab of Calvin Stevens. Based on the positive results observed
with 2-0x0-PCE, Stevens and his group synthesized and submitted a number of
related compounds to Parke-Davis for further testing which led to the identification
of ketamine (McCarthy 1981). The synthesis of 2-oxo-PCE was included in the same
patent used for the disclosure of the DCK procedure (Stevens 1962), followed by
additional examples (Stevens et al. 1966a, 1972). Samples of 2-oxo-PCE have been
identified in powdered samples including examples where they were sold as DCK
(EcstasyData.org 2018). 2-oxo-PCE induced dissociative effects and strong analge-
sic effects at 4 mg (nasal insufflation of HCl salt) with an ~3 h duration. Higher doses
(17 mg via nasal insufflation) were reported to induce strong dissociatives effects
that were said to be “equal to 80 mg of ketamine” (personal communication). The
first detection of 2-0xo-PCE has been reported to the EMCDDA in August 2016
(EMCDDA-Europol 2017). Some analytical information is also available in the
public domain (Slovenian National Forensic Laboratory 2016). The related N-propyl
analog 2-0x0-PCPr is a potent dissociative compound capable of inducing ethanol-
like effects beginning around 3 mg (nasal insufflation of the HCI salt) (personal
communication); however it does not appear to have been sold as a research
chemical to date.
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3.6 Other f3-Keto-Arylcyclohexylamines

A number of additional p-keto-arylcyclohexylamines continue to be offered for sale
on the NPS market (Fig. 2). Some reports of dissociative effects with these
compounds can be found on numerous online discussion forms (e.g., reddit.com,
bluelight.ru, drugs-forum.com). As described in the previous cases, the origin of
many of these compounds can be traced back to the scientific literature although a
few appear to be novel creations (FXE). The available data on these compounds are
currently limited but some are commercially available as reference material.

3.6.1 N-Ethylnorketamine (NEK)

The structure of NEK was captured in a patent published by Stevens (e.g., 1962).
Some information on the effects of NEK emerged in 2010 followed by increasing
discussions on user forums when it emerged into the public space in 2012 (Morris
and Wallach 2014). The first detection of NEK was reported to the EMCDDA in
September 2012 (EMCDDA-Europol 2013). A published report exists about its
detection from samples obtained from uncompleted postal deliveries to Northern
Ireland (Jones et al. 2016).

3.6.2 2-Methoxy-2-Deschloroketamine (2-MK)

The synthesis of 2-MK (dinoket) was described in a patent published by Stevens
(e.g., 1962) as well as in research article format (Stevens et al. 1966¢). Similar to
NEK, the interest in 2-MK as a research chemical originated in 2010 when first
claims about its psychoactive properties became openly available. However, reports
indicated that its effects in users might have been considered disappointing when it
became available as a research chemical in 2012 in part due to low potency (Morris
and Wallach 2014). 2-MK was first reported to the EMCDDA in August 2012
(EMCDDA-Europol 2013). Its detection has since been reported in Sweden
(Backberg et al. 2018), and a conversion of racemic 2-MK into the corresponding
diastereomers with trifluoroacetyl-L-prolyl chloride followed by GC-MS analysis
for analytical purposes has been published (WeiB et al. 2015).

3.6.3 Methoxmetamine (MXM)

MXM has been described as an active dissociative with reduced potency and shorter
duration than MXE with 50-100 mg doses described as active (oral and parenteral)
by users on online discussion forms although reports of higher doses exist. This is
consistent with the difference in potency and NMDAR binding affinity between
3-MeO-PCMe and 3-MeO-PCE (Wallach and Brandt 2018). Reports of MXM as a
research chemical started to appear online in 2014 (Anonymous 2014). A test
purchase from an online research chemical vendor was tentatively confirmed by
GC-MS and nuclear magnetic resonance spectroscopy (NMR) (Wallach unpub-
lished). The identification of a MXM sample seized in Japan (termed MMXE) and
its analytical characterization have been described (Kaizaki-Mitsumoto et al. 2016).


http://reddit.com
http://bluelight.ru
http://drugs-forum.com
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3.6.4 2-Fluoro-2-Deschloroketamine (2-FDCK)

The synthesis of 2-FDCK has been reported (Wang and Li 1987; Moghimi et al.
2014), and discussions about 2-FDCK on online drug discussion forms started to
surface in 2015 (e.g., Anonymous 2015a, 2017). 2-FDCK was offered for sale by
online research chemical vendors around this time. Information about the analysis of
powdered samples has been disseminated including one sample that has apparently
been sold as ketamine (EcstasyData.org 2018). Internet discussions suggest that
2-FDCK might be an active dissociative drug with potency comparable (or slightly
more so) than ketamine. The analysis of a sample obtained from a test purchase
(GC-MS and NMR) appeared consistent with the described structure (Wallach
unpublished). Insufflation of 50 mg of analytically confirmed FDCK (salt unknown
but suspected HCI, consumed over about an hour) induced dissociative effects with
fluctuating tinnitus (personal communication). Although detailed pharmacological
data on 2-FDCK could not be identified, Moghimi et al. (2014) stated that “prelimi-
nary animal tests on mice have shown that the resulting fluoroketamine has some
advantages over ketamine in terms of the effective dose and the recovery time.”
However, further details were not included. A few other fluorinated B-keto-
arylcyclohexylamines can be found discussed on online drug discussion forms
including fluorexetamine (FXE) and 2-trifluoromethyl-2-deschloroketamine
(2TFMDCK) (Fig. 2). More research is needed on these compounds.

4 Conclusions

The currently available data suggest that the 1,2-diarylethylamine- and f-keto-
arylcyclohexylamine-based NPS show high to moderate affinities for the NMDAR
where they also act as uncompetitive antagonists. In some cases, NMDAR affinity
appears to correlate well with the dissociative properties in humans, whereas the
1,2-diarylethylamines evaluated show reduced potency in humans and animal
models relative to their NMDAR affinity. The cause for this is unknown and
warrants additional investigations although pharmacokinetic variables may be
important. Furthermore, some non-NMDAR receptor interactions have been noted
including affinities for and inhibition of monoamine reuptake transporters, as well as
affinities for sigma receptors and in few cases also opioid receptor and a-adrenergic
subtypes. The contribution of these mechanisms to the subjective effects of these
compounds remains poorly understood, but it is possible they can contribute to the
activity of individual compounds. Common clinical features reported from acute
intoxication cases have included confusion, hallucination, dissociation, catatonia,
euphoria, comatose states, and nystagmus but also hypertension and tachycardia.
Other compounds that act through NMDAR known to cause dissociative effects are
available from Internet retailers (e.g., memantine and D-cycloserine) but detailed
information about their use and popularity is currently limited. Evolution of legisla-
tive control measures, market demand, and technology is likely to continue to
change the research chemical market. Compared to other NPS classes, such as the
synthetic cathinones or cannabinoid receptor agonists, the number of dissociative



J. Wallach and S. D. Brandt

drugs available on the open NPS market is comparatively small, but the potential for
expanding the product catalogs is significant, which includes potential for research
on drugs with potential clinical utility.
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