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The recent widespread abuse of high potency synthetic opioids, such as fentanyl, presents a serious threat

to individuals affected by substance use disorder. Synthetic opioids generally exhibit prolonged in vivo cir-

culatory half-lives that can outlast the reversal effects of conventional naloxone-based overdose antidotes

leading to a life-threatening relapse of opioid toxicity known as renarcotization. In this manuscript, we

present our efforts to combat the threat of renarcotization by attempting to extend the half-life of tradi-

tional MOR antagonists through the design of novel, fluorinated 4,5-epoxymorphinans possessing in-

creased lipophilicity. Analogues were prepared via a concise synthetic strategy highlighted by decarboxy-

lative Wittig olefination of the C6 ketone to install a bioisosteric 1,1-difluoromethylene unit. C6-

difluoromethylenated compounds successfully maintained in vitro potency against an EC90 challenge of

fentanyl and were predicted to have enhanced circulatory half-life compared to the current standard of

care, naloxone. Subsequent in vivo studies demonstrated the effective blockade of fentanyl-induced anti-

nociception in mice.

Introduction

Synthetic mu opioid receptor (MOR) agonists constitute an
important class of biologically relevant small molecules that
exhibit both interesting chemical diversity and clinical utility.
Among the most notable of the various MOR agonist structure
classes is the highly potent 4-anilidopiperidine series of syn-
thetic opioids comprised of the schedule II prescription pain
reliever fentanyl (1) and its related analogues. Developed by
Janssen and coworkers from the requisite 4-phenylpiperidine
pharmacophore present in morphine and other 4,5-
epoxymorphinan congeners (Fig. 1),1 the 4-anilidopiperidines
display high intrinsic lipophilicity relative to morphine that is
manifested in their ability to more rapidly permeate the blood
brain barrier (BBB) and strongly activate the MOR at low
nanomolar concentrations resulting in powerful anesthetic
and analgesic properties. Despite being effective therapies for

the management of both acute and chronic severe pain with
in vivo potencies over 100-fold greater than morphine,2,3 fen-
tanyl and its derivatives remain notorious for their serious
and potentially fatal addictive and respiratory depressive ef-
fects that have ultimately given rise to the current epidemic
of opioid-induced overdoses and deaths that has plagued the
United States (US) for nearly a decade. While this crisis ini-
tially impacted the US, the effects of the opioid epidemic now
extend internationally as rising opioid-related mortalities
from the pervasive abuse of fentanyl and other synthetic opi-
oids have been reported throughout Canada, Europe, and
Australia.4–7

To combat the effects of synthetic opioid-induced over-
dose, medical professionals and first responders have relied
extensively on the clinically approved MOR antagonist nalox-
one (Narcan®, 2); however, the efficacy of this opioid reversal
agent has been seriously challenged by fentanyl and other
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Fig. 1 Evolution of fentanyl and the 4-anilidopiperidine chemotype
from the 4-phenylpiperidine pharmacophore of morphine.
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highly potent 4-anilidopiperidines. This limited capacity of
naloxone to effectively reverse severe respiratory depression
associated with synthetic opioid toxicity has been attributed
in large part to the high lipid solubility exhibited by fentanyl-
based MOR agonists. The characteristic lipophilicity of
4-anilidopiperidine opioids leads to their rapid crossing of bi-
ological membranes such as the blood brain barrier (BBB)
and facilitates their absorption into adipose tissue effectively
shielding these compounds from metabolism and artificially
extending their in vivo circulatory half-lives. Evidence of the
prolonged circulatory half-life of fentanyl (8–10 h) has been
documented in clinical studies.8–10 In contrast, naloxone pos-
sesses a significantly lower degree of lipophilicity relative to
fentanyl and its analogues and is not taken up into adipose
tissue. As a result, it undergoes rapid phase II metabolism
and deactivation by the liver isozyme UDP glucuronosyltrans-
ferase 2B7 (UGT2B7) to form the corresponding hydrophilic
conjugate, naloxone-3-glucuronide which is promptly cleared
leading to the distinctive short half-life of naloxone (∼1 h).
This pharmacokinetic disparity between naloxone and syn-
thetic opioids poses a serious threat to individuals affected
by substance use disorder as it can lead to a potentially life-
threatening phenomenon known as renarcotization where
overdose victims re-succumb to the toxic effects of residual
opioids following the rapid metabolism and clearance of a
therapeutic dose of naloxone. Prevention of this condition of-
ten times requires the administration of larger or repeated
doses of naloxone;11–13 however, this treatment strategy can
precipitate undesirable opioid withdrawal symptoms.14,15 As
a result, new medications or longer-lasting formulations of
existing opioid reversal agents are needed to more effectively
treat overdose in opioid dependent individuals and others at
risk of accidental exposures to synthetic opioids.

In an attempt to address this critical need, we sought to
increase the in vivo circulatory half-lives of currently em-
ployed MOR antagonists by preparing novel derivatives that
incorporate fluorine atoms into the parent scaffolds (Fig. 2).
Fluorine substitution has the potential to afford increases in
lipophilicity that can give rise to enhancements in metabolic
stability and other physicochemical properties including per-
meability across biological membranes, leading to better ab-
sorption and bioavailability.16,17 In some cases, enhance-
ments in the binding affinity of a compound to its target
protein have also been observed.16,17 As a result, we have de-
signed and synthesized analogues of the classical opioid re-
versal agents naloxone, naltrexone, and nalmefene that bear
a 1,1-difluorinated olefin moiety, a known carbonyl
bioisostere,18–20 at the C6 position of the antagonist core
structure (Fig. 2). It was envisioned that the requisite
difluoroolefin could be readily accessed in a single chemical
step from commercially available starting materials to arrive
at the desired MOR antagonist analogues 6-CF2-NLX (5) and
6-CF2-NTX (6). This modification was anticipated to result in
a corresponding increase in hydrophobicity of the
epoxymorphinan scaffold and arrive at compounds similar to
fentanyl with regard to its ability to permeate and remain in

tissues thus attenuating antagonist metabolism and improv-
ing circulatory half-life. Moreover, the minor structural
change imparted to the molecular framework of these com-
pounds as a result of the introduction of sterically small fluo-
rine atoms was also believed to have little effect on their over-
all antagonist profile and in vivo potency thus allowing for
the maintenance or possible enhancement of the pharmaco-
logical activity exhibited by naloxone, the current standard of
care for the reversal of opioid intoxication. Herein we report
our results toward the synthesis and biological evaluation of
novel, C6-difluoromethylenated epoxymorphinan MOR antag-
onists that demonstrate increased lipophilicity while main-
taining in vitro potency against an EC90 challenge of fentanyl
and in vivo potency against the anti-nociceptive effects of
high dose fentanyl in mice.

Experimental section
Materials and methods

Synthetic chemistry materials. Naloxone hydrochloride
dihydrate and naltrexone hydrochloride were purchased from
Sigma-Aldrich (St. Louis, MO) and Alfa Aesar (Ward Hill, MA),
respectively, and subsequently converted to the correspond-
ing free bases via acid–base extraction with saturated aque-
ous sodium bicarbonate (NaHCO3). Anhydrous dichlorometh-
ane (CH2Cl2), dimethylformamide (DMF), and methanol
(CH3OH) were purchased from Sigma-Aldrich (St. Louis, MO).
Water was purified via a Millipore Synergy water purification
system. [TrisĲdimethylamino)phosphonio]difluoroacetate 9
was prepared from ethyl bromodifluoroacetate and
trisĲdimethylamino)phosphine, sourced from Sigma-Aldrich
(St. Louis, MO), according to the literature procedure.21 All
other reagents and solvents were used as received unless oth-
erwise noted.

Fig. 2 Clinically approved opioid reversal agents naloxone (2),
naltrexone (3), and nalmefene (4) and their corresponding C6-
difluoroolefin analogs.
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Pharmacological assaying materials. Hank's Balanced Salt
Solution (1X), cell growth media (Ham's F-12, MEM Non-
Essential Amino Acids Solution, FBS, and G418 selective anti-
biotic), non-enzymatic dissociation solution (Versene™ Solu-
tion), and HEPES were purchased from Invitrogen
(Gathersburg, MD). Naloxone, forskolin and IBMX were pur-
chased from Sigma-Aldrich (St. Louis, MO). Fentanyl citrate
was purchased through Mallinckrodt Pharmaceuticals (St.
Louis, MO). Optiplate 384 white opaque 384-well microplates,
TopSeal™-A adhesive film, and the Lance Ultra cAMP kit
were purchased from Perkin Elmer (Waltham, MA). Chinese
Hamster Ovary (CHO) K1 cells, CHO-K1 cells (Charles River
Laboratories Wilmington Massachusetts) stably expressing
the human mu opioid receptor gene (OP3; MOR) were pur-
chased/licensed from ChanTest Corporation, now Charles
River Laboratories (Wilmington, MA). 1H, 13C, and 19F NMR
spectra were measured in DMSO-d6 on a Bruker Avance 500
MHz spectrometer. 1H NMR chemical shifts are reported in
ppm employing the residual solvent resonance as the internal
standard (DMSO: δ 2.50 ppm). LC-MS analysis was performed
on a Dionex Ultimate 3000 uHPLC system coupled to a
Thermo Scientific TSQ Quantum Access MAX triple quadru-
pole mass spectrometer. Reverse-phase chromatographic sep-
aration was accomplished on an Agilent ZORBAX Eclipse Plus
C18 column (3.5 μm, 100 × 4.6 mm) with acetonitrile (CH3-
CN) and water (H2O), modified with 0.1% formic acid, as the
mobile phase solvents. Standard HPLC method consisted of
a linear gradient from 20–95% CH3CN over 5 min followed
by a hold at 95% CH3CN for 1 min and then a re-
equilibration at 20% CH3CN for 2.5 min. (Total run time: 10
min, flow rate: 0.400 mL min−1, injection volume: 10 μL).

Cell culture and transfections. CHO-K1 cells expressing
the human MOR were cultivated in Ham's F12 medium, sup-
plemented with 10% FBS, 1× NEAA for 24 h post-thaw, and
media replaced at 24 h by similar media with 0.4 mg mL−1

Geneticin (G418) selection antibiotic until ready to assay.
Subconfluent cells (∼70%) were used for the assay.

Lance ultra cAMP assay. The competitive binding assay pro-
cedure was followed exactly as described in the manufacturer's
Assay Development Guidelines for assessing antagonism. In
brief, on the day of the assay, ligand solutions (10 mM stocks
in DMSO) were diluted into assay buffer and added to the wells
of a 384-well Optiplate in triplicate. Cell suspensions (1000
cells per well) were added and subsequently treated with EC90

doses of fentanyl (data not shown) and log-doses of the various
MOR antagonists (naloxone, 6-CF2-NLX, and 6-CF2-NTX) span-
ning 10−4 – 10−14 M. The test compounds were then incubated
for 30 minutes at ambient temperature along with a null con-
trol group of untreated cells (no antagonist). Following incuba-
tion, freshly prepared lysis buffer containing assay tracer (Eu-
cAMP) and antibody (Ulight™- anti-cAMP) was added and the
microplate was covered by adhesive film prior to a second incu-
bation in the dark for 1 h at ambient temperature. The plate
was then read on a Molecular Devices FlexStation III by exciting
the wells with light of 340 nm and measuring the emission at
615 and 665 nm.

Animals. Male and Female C57Bl/6 J mice (32 total), rang-
ing from 10–12 weeks of age, were housed in 12 h light/dark
cycle and food and water were made available ad libitum. All
testing was performed during the light-on cycle of the ani-
mals in a room separate from their original housing location,
food and water were available ad libitum between tests. The
testing room was maintained at 21.5 ± 0.5 °C. White noise
(∼55 dB) was used to drown out any sounds from adjacent
rooms. All animals were acclimated to the room for at least 1
h prior to testing, and to the experimenter for at least 30 mi-
nutes prior to testing.

Animal use ethical statement

All mouse procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of The
University of Texas at Dallas (protocol 20-04) and approved by
the Institutional Animal Care and Use Committee at the Uni-
versity of Texas at Dallas.

In vivo drugs. Fentanyl citrate (Spectrum Chemicals, New
Brunswick, NJ) was dissolved in 0.9% saline (at a concentra-
tion of 0.04 mg mL−1) and the volume of injection was deter-
mined by the weight of the animal to achieve a dose of 0.4
mg kg−1 per animal (e.g. a 20 g mouse received 200 μL of fen-
tanyl citrate solution). Naloxone hydrochloride (Sigma) and
hydrochloride formulations of 6-CF2-NLX (5) and 6-CF2-NTX
(6) were dissolved into phosphate buffered saline containing
10% DMSO at a concentration of 1 mg mL−1 and the volume
of injection was determined by the weight of the animal to
achieve a dose of 10 mg kg−1 per animal (e.g. a 20 g mouse re-
ceived 200 μL of treatment).

Hotplate thermal assay. Thermal algesia was tested on a
hotplate apparatus consisting of a 10 × 16 cm thermoelectric
plate (TE technology CP-061HT) connected to a temperature
controller (TE technology TC-48-20). A mobile, transparent,
and colorless plexiglass rectangular box (10 × 16 × 25 cm)
was placed on the hotplate to form the observation area.
Adult male and female mice first received acclimations to the
hotplate apparatus while it was set to a non-noxious tempera-
ture (one trial 10–30 minutes prior to the baseline test, and
two acclimation trials 24 h before test day). Acclimation trials
were performed with the hotplate maintained at 31 ± 0.5 °C
for approximately 60 s per trial. Following acclimation, base-
line tests (48 h before drug or vehicle administration) and
post treatment hotplate tests (1, 8, and 24 h post vehicle, nal-
oxone or compound treatment) were performed. For the base-
line and post treatment tests, the metal hot plate was main-
tained at 49 ± 0.5 °C. 48 h after the baseline hotplate
measurement, and 24 h after receiving two additional accli-
mation trials, mice received subcutaneous injections (180–
290 μL, depending on the weight of the animal) on their dor-
sal side of either vehicle (10% DMSO, 90% phosphate buff-
ered saline), 10 mg kg−1 naloxone, 6-CF2-NLX (5) and 6-CF2-
NTX (6). One, eight, and twenty-four hours post treatment,
each mouse received an intraperitoneal injection (180–290 μl,
depending on the weight of the animal) of 0.4 mg kg−1
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fentanyl. Latency on the hotplate was measured 15 minutes
post fentanyl injection. Measurements were made by placing
one mouse on the hotplate at a time and recording the re-
sponse latency with a stopwatch to the nearest 0.01 s. A cut-
off latency of 30 s was used. Pain-associated behaviors were
typified as either licking of the hind-paw or jumping. After
each measurement, the plate was wiped clean of all urine
and feces. The maximum possible effect (% MPE) of fentanyl
treatment was calculated using the following formula: %
MPE = “test day (s) – baseline (s)”/“30 s – baseline” × 100%.
All experimenters were blinded to experimental drug treat-
ment during testing and scoring.

Data Analysis & Statistics. The measured fluorescence en-
ergy transfer ratio (665 nm/615 nm) was plotted against an-
tagonist concentration in GraphPad Prism v8.3.0 (San Diego,
CA) and normalized to the control antagonist's (naloxone) re-
sponse. Concentration-response curves were fitted by non-
linear regression [antagonist] vs. response – three parameter.
For the hotplate assays, groups were compared to one an-
other at the one hour, eight hour, and twenty-four hour time
points using One-way ANOVA with Tukey post-hoc analysis.
The potential for sex differences in the hot plate assay was
not statistically analyzed as the study was not powered to de-
tect sex differences. P values <0.05 were considered statisti-
cally significant.

Results and discussion
In silico modeling of Log P and pharmacokinetics

To explore the feasibility of our proposed fluorinated deriva-
tives to mimic the heightened tendency of fentanyl and re-
lated analogues to permeate the BBB and partition into the
highly nonpolar environment of adipose tissue, we initially
conducted in silico modeling studies to quantitatively assess
the lipophilicity of C6-difluoromethylenated compounds
6-CF2-NLX (5) and 6-CF2-NTX (6). Lipophilicity, commonly
expressed as Log P, has long been recognized as a valuable
parameter for predicting many other physicochemical and
ADME/Tox properties of bioactive molecules ranging from
solubility and permeability to distribution and
metabolism.22–26 Given the well documented correlation that
exists between lipophilicity and BBB permeation,26–28 it was
envisioned that a significant increase in Log P for the
difluorinated compounds would translate into more rapid
brain tissue distribution leading to attenuated metabolism
and a corresponding enhancement in circulatory half-life.
Such improvements could ultimately arrive at longer lasting
MOR antagonists capable of more effectively combating their
synthetic opioid agonist counterparts.

Log P estimations for difluorinated analogues 6-CF2-NLX
(5) and 6-CF2-NTX (6) were calculated based on two separate
methods within MedChem Designer v.5.0.0.4 (Simulation
Plus, Lancaster, CA). The resulting Moriguchi (MLog P) and
Simulations Plus (S + Log P) predictions of partitioning
values are indicated in Table 1. As anticipated, the introduc-
tion of fluorine atoms at the C6 position of the parent

epoxymorphinan scaffold resulted in higher predicted Log P
values relative to currently employed MOR antagonists sug-
gesting that 6-CF2-NLX (5) and 6-CF2-NTX (6) should exhibit a
greater ability to penetrate and remain in brain and adipose
tissue as these in silico lipophilicity values more closely re-
semble the Log P of the hydrophobic MOR agonist, fentanyl
(Log Pfentanyl = 3.82).29

Further support for the prospect of longer lasting MOR an-
tagonists via fluorine atom incorporation was obtained
through the application of physiologically based pharmacoki-
netic (PBPK) modeling.30,31 Recent advances in predictive
software design have resulted in PBPK simulations becoming
more widely utilized by the pharmaceutical industry for drug
discovery and development as well as the regulatory submis-
sion process.31 In the present study, PBPK computational
models provided simulations of human pharmacokinetics
(PK) in both plasma (Fig. 3) and the brain (Fig. 4 and 5) for
naloxone, 6-CF2-NLX (5), and 6-CF2-NTX (6) employing
GastroPlus v.9.6.0001 PBPK modeling software (Simulations
Plus, Lancaster, CA). For the brain, both kinetics and area un-
der the curve (AUC) were modeled to assess drug accumula-
tion relative to the benchmark compound naloxone. The
physiology modeled in these simulations was that of a 30-
year old human male (American) weighing 86.27 kg (Fig. S1†)
employing a nominal 4 mg IV bolus dose of test compound.
PK predictions followed a 24 h post-injection time course as
illustrated in the corresponding concentration-time profiles.
All predictions were based purely on the two-dimensional
(2D) structure of the compounds with no experimental data

Table 1 Calculated molecular weights and predicted Log P for traditional
epoxymorphinan MOR antagonists and experimental hydrophobic
derivatives

Compound
Molecular
weight

Moriguchi
estimation of Log P

Simulations plus
model of Log P

Naloxone 327.383 2.038 1.199
Naltrexone 341.410 2.352 1.601
Nalmefene 339.430 3.363 2.473
6-CF2-NLX 361.391 3.277 2.631
6-CF2-NTX 375.418 3.581 3.043

Fig. 3 Modeled pharmacokinetics in the blood plasma for naloxone
and C6-difluoromethylenated compounds 5 (6-CF2-NLX) and 6 (6-CF2-
NTX). Simulation shows plasma concentrations over 24 h after an IV
bolus dose of 4 mg of each drug.
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populated into the model. All properties were derived from
ADMET Predictor v.8.1.0.0 (Simulations Plus, Lancaster, CA).

Our PBPK modeling efforts predicted that 6-CF2-NTX (6)
would demonstrate the most rapid redistribution from
plasma followed by the slowest elimination clearance of all
compounds tested (Fig. 3). Brain kinetics data presented in
Fig. 4 indicate that 6-CF2-NTX (6) should also partition more
readily into the CNS and remain there longer than naloxone
potentially allowing for the more effective MOR blockade of
fentanyl. In addition, PBPK simulations estimate that 6-CF2-
NTX (6) would exhibit the highest cumulative amount of drug
distributed into the CNS (Fig. 5). 6-CF2-NLX (5) is predicted to
have higher plasma concentrations over the 24 h simulation
with slower redistribution than both naloxone and 6-CF2-NTX
while achieving similar brain concentrations as 6-CF2-NTX,
translating into a drug compound with slower onset but that
displays similar brain penetration and is longer lasting rela-
tive to naloxone. As depicted in Fig. 5, 6-CF2-NLX (5) also
achieves slightly less accumulation in the CNS over the 24 h
model compared to naltrexone analogue (6). Naloxone, on
the other hand, displays markedly lower brain accumulation
relative to its fluorinated counterparts that ultimately levels
off as an indication that no additional naloxone is reaching
the brain. These computational models would suggest that
6-CF2-NLX (5) is characterized by a slower onset therapeutic
effect; however, once in the brain, its hydrophobic character

promotes brain tissue sequestration that may extend its cir-
culatory half-life and potentially allow for a more effective an-
tidote. Overall, the initial LogP calculations and PBPK simula-
tions of human pharmacokinetics in both plasma and the
central compartment provided support for the synthesis and
further biological evaluation of difluorinated analogues
6-CF2-NLX (5) and 6-CF2-NTX (6) in an attempt to improve
the central distribution as well as tissue-specific duration of
the clinically approved opioid reversal agent naloxone.

Chemistry

Difluoromethylenated analogues 5 and 6 were prepared accord-
ing to the three-step reaction sequence outlined in Scheme 1.
Selective protection of the phenolic hydroxyl moiety in both nal-
oxone and naltrexone with benzoyl chloride and triethylamine
afforded the corresponding benzoate esters 7 and 8 in excellent
yield.32 Installation of the requisite 1,1-difluoromethylene group
was then accomplished via decarboxylative Wittig olefination of
the C6 ketone residue present in the parent epoxymorphinan
scaffolds with a phosphonium ylide derived from
[trisĲdimethylamino)phosphonio]difluoroacetate 9 at elevated
temperature.21 The low isolated yield obtained from this reac-
tion can be attributed to a complex product mixture resulting
from unwanted side-reactivity of the nonactivated, enolizable
ketone substrate at the prescribed reaction temperature coupled
with difficult chromatographic separation. Subsequent benzoate
hydrolysis of compounds 10 and 11 with K2CO3 in methanol at
ambient temperature then furnished the desired difluoro MOR
antagonist analogs 5 and 6 in 67% and 71% yield, respectively.

In vitro MOR antagonist potency against fentanyl challenge

Our evaluation of the in vitro potency for novel, difluorinated
MOR antagonist analogues 6-CF2-NLX (5) and 6-CF2-NTX (6)

Fig. 4 Modeled pharmacokinetics in the brain tissue for naloxone and
C6-difluoromethylenated compounds 5 (6-CF2-NLX) and 6 (6-CF2-
NTX). Simulation shows plasma concentration over 24 h after an IV
bolus dose of 4 mg of each drug.

Fig. 5 Drug accumulation modeled in the brain over 24 h after an IV
bolus of 4 mg of each of three drugs.

Scheme 1 Synthesis of difluoromethylenated naloxone and
naltrexone analogues.
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was achieved by measuring their ability to attenuate a second
messenger signal (cAMP) arising from agonism of MORs stably
expressed in CHO K1 cells when challenged with an EC90 dose
of fentanyl. As shown in Fig. 6, concentration–response curves
from the cAMP competitive binding assay indicate a very com-
parable inhibitory profile for both difluorinated analogues rela-
tive to the benchmark antagonist naloxone. IC50 values depicted
in Table 2 show that 6-CF2-NLX (5) is an equipotent MOR antag-
onist compared to naloxone while the corresponding naltrexone
analogue, 6-CF2-NTX (6), exhibits a 5-fold greater potency
against fentanyl (IC50 = 5 nM vs. 27 nM), thus supporting our
initial hypothesis regarding the minimal impact of fluorine in-
corporation on overall antagonist potency.

In vivo MOR antagonist study

The hot plate assay has long been used to test the antinocicep-
tive effects of MOR agonists, including fentanyl.33 To determine
whether the C6-difluoromethylenated epoxymorphinans, 6-CF2-
NLX (5) and 6-CF2-NTX (6), antagonized opioid receptors in vivo,
we subcutaneously administered either vehicle, 10 mg kg−1 nal-
oxone, 10 mg kg−1 6-CF2-NLX (5), or 10 mg kg−1 6-CF2-NTX (6) to
C57Bl/6 J mice and monitored the ability of these compounds
to block fentanyl-induced anti-nociception in the hot plate assay
over time. Given that the serum half-life of naloxone is approxi-
mately one hour,34 this would lead to the possibility of
renarcotization within hours of initial treatment. To test the hy-
pothesis that lipophilic MOR antagonists would have longer-
lasting effects compared to naloxone hydrochloride, animals
were treated with fentanyl (0.4 mg kg−1) at one, eight, and
twenty-four hours post treatment. Latency on the hotplate was
tested 15 minutes after each individual fentanyl administration.
Our results indicate that all MOR antagonists tested blunted the
effects of high dose fentanyl at 1 h when compared to vehicle
control (Fig. 7A) while at 8 h post-treatment, there were no sig-
nificant differences in fentanyl MPE between vehicle, naloxone
hydrochloride, and 6-CF2-NLX (5) treated groups (Fig. 7B). Con-
trastingly, 6-CF2-NTX (6) was able to significantly block fentanyl-
induced anti-nociception in the hotplate assay at 8 h post-treat-
ment. After 24 h, there was no significant difference between
the test groups (Fig. 7C). Overall, these studies served as a criti-
cal tool to confirm the retention of full MOR antagonism by C6-
difluorinated epoxymorphinans against fentanyl as the modifi-
cation of neither naloxone nor naltrexone diminished the acute
in vivo effects of these established MOR antagonists. However, it
remains unclear whether the extended blockade of high dose
fentanyl observed for 6-CF2-NTX is the direct result of fluorine
incorporation at the C6 position or simply an effect of
N-cyclopropylmethyl substitution35 and ketone replacement.

Fig. 6 MOR antagonist potency when challenged with EC90 of
fentanyl in Lance Ultra cAMP assay. Expressed as mean ± SEM (n = 3).

Table 2 IC50 values for three MOR antagonists against EC90 challenge of
fentanyl

Compound IC50 (nM) 95% CI (nM)

Naloxone 27 13–41
6-CF2-NLX 24 12–35
6-CF2-NTX 5.1 2.5–7.6

Fig. 7 MOR antagonists decrease fentanyl-induced anti-nociception in the hot plate assay. C57Bl/6 J mice were treated with either 10 mg kg−1 of
naloxone hydrochloride, 6-CF2-NLX (5) and 6-CF2-NTX (6), or vehicle (10% DMSO, 90% PBS). At (A) 1 h, (B) 8 h, and (C) 24 h post treatment, mice
received 0.4 mg kg−1 of fentanyl and latency on the hot plate was tested 15 minutes post fentanyl injection. Open symbols are female mice; closed
symbols are male mice. * p < 0.05, ** p < 0.01 one-way ANOVA with Tukey post-hoc analysis.
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While the argument that 6-CF2 modification does not enhance
the duration of action can be made given the lack of statistical
significance observed between naloxone and 6-CF2-NLX after 8
h, it cannot be definitively concluded as the selection of this
later time point may be obscuring the potential efficacy of
6-CF2-NLX vs. naloxone at earlier stages in the assay. Future
studies will feature the inclusion of earlier time points (e.g., 2–4
h) as well as additional direct comparator controls (naltrexone
and/or nalmefene) to provide a more complete assessment of
the potential extended antagonistic effects of these compounds.

In summary, we have prepared novel difluoromethyl-
enated MOR antagonist analogs 6-CF2-NLX (5) and 6-CF2-NTX
(6) in an attempt to address the threat of renarcotization
posed by synthetic opioids, such as fentanyl. In silico model-
ing of Log P and pharmacokinetics predicted that these com-
pounds would possess increased lipophilicity and enhanced
circulatory half-life in humans compared to naloxone, the
current standard of treatment for opioid intoxication rescue
and reversal. C6-difluoromethylenation of the classical
epoxymorphinan-based MOR antagonist core structure, ac-
complished via a previously described decarboxylative Wittg
olefination, seemed to be well tolerated as both analogues
maintained low nanomolar in vitro potency against an EC90

fentanyl challenge and displayed comparable acute in vivo ef-
ficacy. 6-CF2-NTX (6) appeared to possess the most favorable
drug-like attributes in silico in order to render it a longer last-
ing, and more potent MOR antagonist due its predicted
higher Log P, faster redistribution and increased residence in
the central compartment, as well as higher accumulation in
the CNS compared to 6-CF2-NLX (5) and naloxone. While this
compound demonstrated significant in vivo blockade of high
dose fentanyl 8 h after administration in C57Bl/6 J mice, it is
not clear whether this effect is directly related to the incorpo-
ration of a 1,1-difluoroolefin at the C6 position. As a result of
this preliminary data, further investigation into the potential
extended antagonistic effects of these compounds is war-
ranted. Expanded SAR development to determine the effect
of fluorination at other positions in the epoxymorphinan
scaffold is also planned. Additionally, oximetry studies to
probe these compounds for both acute and longer-lasting
protection against fentanyl-induced respiratory depression as
well as a full in vivo pharmacokinetic workup are planned
and will be reported in due course.
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