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The synthesis of novel fentanyl acrylate derivatives via bromo-fentanyl using Heck coupling is described.

The synthesis is concise and represents an efficient and useful method for functionalizing fentanyl for

medicinal chemistry investigations. The agonistic and analgesic activities are evaluated by Mu opioid

receptor activation and hot plate assays in mice.
Pain has become the most common reason for patients to seek
advice from healthcare professionals. Opioids and their
synthetic analogs belong to themost potent analgesics currently
used for moderate to severe chronic pain treatment.1–3 The
primary opioid receptor involved in pain perception is the Mu
opioid receptor (MOR), making Mu opioid agonists, such as
morphine, methadone, codeine and fentanyl commonly used
opioids.4–8 A tremendous amount of synthetic work has been
reported with the aim of altering the potency, selectivity, and
bioavailability of these opioids.6,8–13

Fentanyl is a potent synthetic MOR agonist that belongs to
the class of compounds known as 4-anilidopiperidines.14–19 Its
use is generally restricted to post-surgical acute pain manage-
ment and transdermal patches due to the high risk for overdoes
and death.20–28 Due to fentanyl's hydrophobicity it has a short
therapeutic half-life of 15 minutes which creates challenges in
its use for managing post-surgical pain.29–32 Although fentanyl
analogues have been synthesized and evaluated, new fentanyl
derivatives with improved half-life and lower risk for overdose
are still needed.

An apparent gap in the literature regarding PEG-conjugates
of fentanyl encouraged us to investigate a parent derivative
with a synthetic handle to facilitate the preparation of a small
fentanyl derivative library with diverse functional groups and
properties.15,33,34 Considering recent achievements in PEG-drug
conjugates including opioids, PEG-fentanyl derivatives have
the potential for improved properties by increasing hydrophi-
licity and molecular weight.35–38 Therefore, herein we report the
synthesis of a fentanyl-aryl halide derivative: Fen-Br that allows
for the synthesis of novel PEO(PEG)-fentanyl conjugates and
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also provides a unique linking group chemistry while activating
MOR both in vitro and in vivo.

We prepared Fen-Br derivative in one step from commer-
cially available starting materials. Initial derivatives in our
campaign were prepared by direct palladium catalysed cross-
coupling of acrylates with Fen-Br using Pd(OAc)2 and dppe.
Upon renement of the reaction conditions, Fen-Br was coupled
with tert-butyl acrylate (Fen-Acry-tBu) followed by triuoroacetic
acid mediated hydrolysis to yield Fen-Acry-OH. The use Fen-
Acry-OH dramatically simplies both synthesis and purica-
tion of the desired derivatives. A small library of fentanyl
derivatives was then prepared (Scheme 1). The commonality in
the library is a shared linking group between the fentanyl and
the new moiety.

We prepared a small library of fentanyl analogs by utilizing
a novel “rigid” acrylate linking group between fentanyl and the
hydrophilic moiety. The unique acrylate linking chemistry
allowed for the retention of Mu opioid receptor agonist prop-
erties both in vitro and in vivo while dramatically increasing
molecular weight, polar surface area, and hydrophilicity.

Fen-Br was prepared from commercially available reagents by
a substitution reaction of norfentanyl and bromoethyl phenyl
bromide. Pure Fen-Br was isolated as HCl salt by precipitation
from ethyl ether, with a 95% yield in gram scale. Fen-Br was
characterized by 1H NMR and RP-HPLC, as shown in Fig. 1a.
Identical peaks at�7.38, 7.08, and 7.02 ppm are attributed to the
phenyl protons (full 1H NMR spectrum is presented in Fig. S1 in
ESI†).

The initial synthetic approach was performed by directly
reacting Fen-Br and acrylates using Pd(OAc)2/dppe. Fen-Acry-
EtOH, Fen-Acry-Bu, Fen-Acry-tBu, and Fen-Acry-PEO9 were ob-
tained with good yields and high purity.

The initial synthetic was performed by directly reacting Fen-
Br and acrylates using Pd(OAc)2 and dppe. Fen-Acry-EtOH, Fen-
Acry-Bu, Fen-Acry-tBu, and Fen-Acry-PEO9 were obtained with
good yields and high purity. However, this synthetic route
requires preparation of variable acrylates prior to the Heck
RSC Adv., 2017, 7, 20015–20019 | 20015
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Scheme 1 Synthesis of Fen-Br and its derivatives through Heck coupling reactions.
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coupling reaction, which would complicate the purication of
the products. An alternate route was designed and performed by
synthesizing Fen-Acry-tBu by Heck coupling reaction followed
by deprotection of the tert-butyl group. The deprotection by TFA
afforded Fen-Acry-OH in quantitative yield as determined by
proton NMR and RP-HPLC analysis (Fig. 1b). New proton shis
at �7.6 and �6.4 ppm were observed for the acrylate functional
group. The Fen-Acry-OH also exhibited higher polarity by
eluting earlier in RP-HPLC analysis (Fig. 1b). The resulting
compound Fen-Acry-OH was used in a variety of additional
coupling reactions to afford esters and amides. As a demon-
stration of concept we prepared Fen-Acry-PEO7 and Fen-Acmd-
PEO8.

To quantify the inuence of chemical modication of fen-
tanyl on its physiochemical and biological properties we
Fig. 1 1H NMR and RP-HPLC spectra of (a) Fen-Br and (b) Fen-Acry-
OH.

20016 | RSC Adv., 2017, 7, 20015–20019
computationally characterized the library for impacts on
molecular weight, polar surface area, and log P. The impact on
Mu opioid agonist activity was determined by measuring
changes in cAMP levels in a live cell assay with CHO cells
expressing the MOR (CHO-MORs) (Fig. 2). Our results indicate
that the incorporation of the “rigid” linking group allows for
a dramatic increase (1.2–3 times) in molecular weight and
hydrophilicity while still ensuring Mu opioid agonist activity
(Table 1).

MOR activation assays were used to determine the EC50

values of the Fen-Br derivatives. cAMP inhibition studies were
performed by incubation of the Fen-Br derivatives at a range of
concentrations (10�12 to 10�4 M), with forskolin treated CHO-
MOR cells. cAMP levels were determined using a cAMP-Glo kit
from Promega using manufactures instructions. DAMGO (EC50

2.71 � 0.07 nM), morphine (EC50 24.03 � 0.401 nM) and fen-
tanyl (EC50 1.58 � 0.04 nM) were used as references.

All compounds were tested and most of their EC50 values
were determined within the range of 6–50 nM, excluding Fen-
Acry-OH. Fen-Acry-PEO7, Fen-Acry-PEO9 and Fen-Acmd-PEO8

have EC50 of 16.4, 7.4 and 10.0 nM respectively, which are an
Fig. 2 Activation of MOR by synthesized fentanyl analogs using cAMP-
Glo™ Assay.

This journal is © The Royal Society of Chemistry 2017
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Table 1 Summary of fentanyl derivatives and properties

Name Structure
Predicted
PSA PSA/PSA-fentanyl log P

MW
(g mol�1) MW/fentanyl EC50 (nM)

Fentanyl 23.55 1.00 3.79 336.48 1.0 1.58 � 0.04

Fen-Br 23.55 1.00 4.60 415.38 1.2 6.54 � 0.15

Fen-Acry-OH 60.85 2.58 3.69 406.53 1.2 129.50 � 3.28

Fen-Acry-EtOH 70.08 2.98 3.44 450.58 1.3 22.86 � 0.85

Fen-Acry-Bu 49.85 2.12 5.82 462.63 1.4 15.01 � 0.43

Fen-Acry-tBu 49.85 2.12 5.57 462.63 1.4 53.53 � 1.61

Fen-Acry-PEO7 114.49 4.86 2.95 728.92 2.2 16.43 � 0.72

Fen-Acry-PEO9 132.96 5.65 2.55 817.03 2.4 7.40 � 0.93

Fen-Acmd-PEO8 126.49 5.37 2.41 772.40 2.3 10.02 � 1.21
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order of magnitude less effective than fentanyl and still more
active than morphine (EC50 24.03 � 0.401 nM) (Fig. 2). In
addition, their relatively low Clog P, and increased weight are
predicted to have longer circulation half-lives with the potential
for minimal blood brain barrier (BBB) permeability. Our assay
shows that the Fen-Acry-OH is two orders of magnitude less
active than fentanyl. This derivative would be deprotonated at
physiological pH thus likely to carry a negative charge which
may be a contributor for poor activation of MOR. Fen-Acry-tBu
has relatively weaker interaction with the receptor (EC50 53.53�
1.61) possibly due to steric hindrance of the tert-butyl bulky
group. With the preparation of Fen-Acry-PEO9 we have identi-
ed a strong lead compound for further evaluation. Although
Fen-Acmd-PEO8 shows good activity (EC50 10.02 � 1.21 nM) we
decided to concentrate on acrylate analogs in this communi-
cation due to their preferable synthesis and purication
conditions. We selected seven acrylate derivatives for in vivo
studies. Despite the high EC50 of Fen-Acry-OH we decided to test
it as a potential metabolite of PEG-fentanyl conjugates.
This journal is © The Royal Society of Chemistry 2017
The in vivo antinociceptive properties of selected acrylate
derivatives were evaluated using an in vivo hot plate withdrawal
assay (Fig. 3). Hot plate withdrawal assay is commonly used to
corroborate analgesia due to its sensitivity and is largely
employed to evaluate opioids. All animal care was in compli-
ance with the Guide for the Care and Use of Laboratory Animals
prepared by the Institute of Laboratory Animal Resources and
published by the National Institutes of Health (NIH publication
no. 86-23) and approved by Institutional Animal Care and Use
Committee (IACUC) at Allegheny Health Network. Male CD-1
mice (n ¼ 10) weighing 30 g were dosed subcutaneously 30
minutes prior to placement on a 55 �C hot plate and withdrawal
latencies were measured (jumping or hind-paw licking) within
a 30 second time frame. The maximum possible effects (MPE) at
a 95% condence interval were calculated according to the
following equation: MPE ¼ 100 � (timelatency � timesaline)/(30 s
� timesaline).

The MPE for Fen-Br and Fen-Acry-Bu were 73% at 2.4 mg
kg�1 and 94% at 0.54 mg kg�1 respectively compared to an MPE
RSC Adv., 2017, 7, 20015–20019 | 20017
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Fig. 3 Hot plate test: (a) each point shows the % of MPE induced by
Fen-Br and Fen-Acry-PEO9; (b) each column shows the % of MPE
induced by Fen-acrylate derivatives; (c) each column indicates latency
of withdrawal (s) mean � SEM (n ¼ 10) at 30 min post dose of Fen-
acrylate derivatives in different concentrations.
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of 65% at 0.06 mg kg�1 of fentanyl. The PEG-fentanyl hydro-
phobic conjugates Fen-Acry-PEO9 and Fen-Acry-PEO7 had anti-
nociceptive properties with MPE of 87% at 12.7 mg kg�1 and
54% at 14.0 mg kg�1. These results indicate that acrylate linking
group can be used to prepare compounds with acceptable in
vivo activity. The high dose required for the Fen-Acry-PEO9 can
be explained by the relatively low permeability of these
compounds as well as being restricted to peripheral MORs
which prevents neural MOR binding. All the tested compounds
exhibit two orders of magnitude lower activity than fentanyl,
and are still well within the range of known opioids,4,39 intro-
ducing a new family of active compounds. Notably, the rigid
linking group chemistry has activity that translates well from in
vitro to in vivo and is not dependent on the polarity of the linked
group i.e. butyl vs. PEO.

While opioids elicit their therapeutic effect by binding both
central and peripheral receptors within the human nervous
system and some so tissues, the binding of opioids across the
BBB to the brainstem neuronal receptors is the primary mech-
anism of opioid addiction.40–42 Our novel fentanyl derivatives
have been designed to have an intrinsically lower BBB perme-
ability than the parent compound due to an increased molec-
ular weight, polar surface area, and hydrophilicity. In this
manuscript we report the synthesis and characterization of
these novel hydrophilic opioid receptor agonists and in future
work we will study the BBB permeability in a rodent model.

These results will be further expounded upon in future
publications focusing on the preparation of a library of hydro-
philic opioid derivatives with full SAR tables for different Fen-Br
isomers and different length PEO oligomers. Furthermore, we
found that assuming a constant blood volume of 75 ml kg�1

(calculated in mol L�1) the fentanyl and Fen-Br derivate exhibit
anMPE50 about 3000 times their EC50 data as generated in cells.
20018 | RSC Adv., 2017, 7, 20015–20019
This data can be used to assist in predicting in vivo activity of
novel fentanyl derivatives.
Conclusions

In conclusions, a series of fentanyl derivatives containing
“rigid” linkers were synthesized from a new parent compound,
Fen-Br, through Heck Pd catalyzed cross coupling. These
compounds were evaluated in vitro by Mu opioid receptor acti-
vation in a live cell cAMP inhibition assay and most resulted in
EC50 values within the range of 6–50 nM. Optimized hydrophilic
compounds present lower EC50 values (higher activity) than
morphine. Select compounds were evaluated in vivo in a hot
plate withdrawal assay, demonstrating positive results. Future
studies will explore different rigid linking groups accessible
through Pd catalyzed cross coupling reactions (i.e. acrylamide,
alkene, alkyne) as well as the effect on different length PEO on
MOR activation.
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