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Abstract

Fentanyl and its analogs have been mainstays for the treatment of severe to moderate pain for

many years. In this review, we outline the structural and corresponding synthetic strategies that

have been used to understand the structure–biological activity relationship in fentanyl-related

compounds and derivatives and their biological activity profiles. We discuss how changes in the

scaffold structure can change biological and pharmacological activities. Finally, recent efforts to

design and synthesize novel multivalent ligands that act as mu and delta opioid receptors and

NK-1 receptors are discussed.

Pain is a symptom accompanying most all diseases and different analgesics have been used

to relieve pain. The International Association for the Study of Pain has defined pain “as an

unpleasant sensory or emotional experience resulting from actual or potential tissue

damage”.

In this review, we focus on the synthesis of compounds in the fentanyl series, the prototype

of the 4-anilidopiperidine class of synthetic opioid analgesics. We outline the structural

changes and corresponding synthetic strategies that have been used to understand the

structure–biological activity relationship in fentanyl-related compounds and derivatives.

Fentanyl is a synthetic μ-opioid agonist with a wide margin of safety, readily reversible

minimal effects on the cardiovascular and respiratory systems, and its congeners are key

structures for a family of most promising powerful synthetic opioid analgesics used for

managing pain during and after surgery, to treat patients with severe pain, or sometimes to

treat those with chronic pain.
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Synthesis & biological activity of compounds in the fentanyl series

Pain is a protective phenomenon that accompanies many pathological conditions. However,

in accomplishing signaling function, it can itself promote new health problems. Severe pain,

which occurs as a result of trauma, surgery, myocardial infarction or other diseases is

defined as acute pain. Chronic pain may be defined as pain that lasts beyond the term of

painful stimulus and can continue indefinitely. Pain that is not curable by any known

treatment is referred to as intractable pain [1]. The problem of pain alleviation is as old as

humanity itself, and isolation of the oldest of the known analgesics, morphine from the

opium poppy in 1804 by Friedrich Sertürner can be considered as the starting point for the

development of the chemistry and pharmacology of pain.

However, despite research efforts involving the academic community and pharmaceutical

industry devoted to pain research, it is necessary to confess that: “Biomedical science has

greatly improved our understanding of pain in recent decades, but few novel molecular

entities that address fundamentally new pain mechanisms have entered the clinic, despite

dramatically increased pharmaceutical investment. Indeed, virtually all new analgesics

approved over the past 25 years are derivatives or reformulations of opioids or aspirin-like

drugs, existing drugs given for a new indication or older drugs given by a different route of

administration” [2].

“59 drugs identified as analgesics were introduced from 1960 to 2009 and remain in use.

Seven can be regarded as having novel molecular targets; however, only one, sumatriptan,

was sufficiently effective to motivate the introduction of many similar drugs acting at the

same target (triptans)” [3]. According to the same review [3], nine opioids have been

introduced into the medicinal practice during the last five decades, and they are: pentazocine

(1967), fentanyl (1968), butorphanol (1978), nalbuphine (1979), buprenorphine (1981),

sufentanil (1984), alfentanil (1986), tramadol (1995) and remifentanil (1996)

(Supplementary Figure 1S).

It is easy to notice that the two major ligand scaffolds are equally divided between morphine

and fentanyl congeners. Four of them (pentazocine, butorphanol, nalbuphine and

buprenorphine) are just more or less simplified or complicated modifications of morphine.

The second “magnificent four” are compounds of the 4-anilidopiperidine series. Fentanyl,

sufentanil, alfentanil and remifentanil represent modifications of fentanyl itself. Tramadol,

considered as an opioid analgesic, is a compound belonging to the 3-amino-1-

phenylpropan-1-ol series. It is a very weak μ-opioid receptor agonist, which at the same time

induces serotonin release, inhibits noradrenaline reuptake and remotely could be considered

as a very simplified morphine derivative (Supplementary Information 1).

Fentanyl was developed for parenteral administration. Due to a fast first-pass metabolism,

oral administration is not available. A multitude of novel delivery systems and different

approaches for fentanyl delivery have been developed in revent decades, including a

transdermal system (patch) for long-term treatment of chronic pain [4,5]; fentanyl buccal

tablets, which permit direct absorption of the drug through the oral mucosa providing rapid-

onset analgesia for breakthrough pain, has been approved mainly for persistent pain of
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cancer patients [6–8]; and oral, transmucosal fentanyl, an intranasal fentanyl spray with a

quicker onset [9,10]. Thousands of papers are published on fentanyl chemistry and reviewed

in [11–14]. Its pharmacology reviewed in [15–23] and history in [24,25]. Information of

fentanyl and its congeners is included in books and reviews on opioid analgesics [26–34],

and also in corresponding chapters of popular textbooks of medicinal chemistry [35–40].

Fentanyl, invented more than 40 years ago, remains the mainstay of anesthesiologists

throughout the world. The story of fentanyl began in the late 1950s and the beginning of the

1960s, when Paul Janssen (1926–2003) [41–44], one of the greatest contemporary scientists

and most productive medicinal chemists in the world, creator of approximately 80 drugs,

began looking for new chemical entities with significant analgesic activities in the pethidine

(meperidine) series [45–48]. He probably was influenced by papers of the series dealing

with pethidine containing anilide and phenylalkyl moieties [48] and did a series of brilliant

observations in their structure–activity relationships, which lead him and an army of his

followers all over the world to the invention of fentanyl and its numerous derivatives (Figure

1) [49–53]. As mentioned above, fentanyl (6), sufentanil (52), alfentanil (53) and

remifentanil (56) became everyday ‘tailor made’ analgesics in medicinal practice [53].

Fentanyl is an extremely powerful analgesic, 50–100-times more potent than morphine. Its

LD50 is of 3.1 mg/kg in rats and 0.03 mg/kg in monkeys. The LD50 in humans is unknown.

The safety margin (LD50/lowest ED50) is ~280 [54]. Just 0.1 mg of fentanyl is

approximately equivalent to 10 mg of morphine and 75 mg of pethidine in analgesic activity.

After the subcutaneous administration of 0.1 mg/kg of fentanyl to mice, maximum activity

occurred at 10–15 min. The analgesic effect of fentanyl lasts no longer than 30 min after

injection. For comparison, the peak activity of morphine occurred at 45 min after injection

of 20 mg/kg of the. The duration of action at this dosage level of morphine appears to be

greater than 1 h. The ED50 and 95% limits for fentanyl citrate injections is calculated to be

0.08 (0.045–0.142) mg/kg, while for morphine it is 15 (12–20) mg/kg [55]. Data on the

relative analgesic potency of fentanyl and other analgesics on humans have been discussed

[56,57]. Detailed fentanyl pharmacology is described in a few reviews [58–60].

The action of fentanyl is qualitatively similar to morphine. Cortical depression is minimal.

Respiratory alterations may last longer than the analgesic effect. No significant

cardiovascular effects were observed at usual therapeutic doses.

Fentanyl rapidly distributes with sequestration in fat and it extensively binds to human

plasma proteins. It is metabolized mainly by the liver and is excreted via the kidney.

Elimination half-life varies from 6 to 32 h. Action starts almost immediately with

intravenous administration and after 7–8 min with intramuscular dosing. The peak effect that

the drug achieves is observed in 5–15 min following intravenous injection. Duration of the

analgesic effect is 1–2 h on intramuscular administration. So it has a faster onset of action

but a shorter duration of action than morphine.

Fentanyl acts addictively with other opioids and depressants. In cases with prolonged use

tolerance may be developed and correspondingly minimal effective dose may be increased.

Physical dependence develops over a few days. Possible adverse effects include respiratory
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depression, bradycardia, nausea and vomiting, and some muscle, especially chest wall

rigidity [58–60].

Fentanyl acts preferentially on μ receptors [61–66]. The opioid activity of fentanyl was

evaluated according to comprehensive protocols which showed that it is more potent than

morphine in the guinea pig ileum (GPI) and mouse vas deferens (MVD) assays. In the GPI,

it has an IC50 of 3.45 ± 0.45 × 10−9 M compared with 3.31 ± 0.94 × 10−8 M for morphine.

The IC50 of fentanyl in the MVD test is 9.45 ± 4.05 × 10−9 M while that for morphine was

1.94 ± 0.34 × 10−7 M [62]. The literature data show that all of fentanyl profile compounds of

the 4-anilidopiperidin series are highly μ-selective, but could also produce affinity for δ- and

κ-opiate receptors. Moreover, it seems that as their μ affinity increases, their selectivity

decreases [64]. In general, all the compounds of the series tested had high affinity for the μ-

binding site, low affinity for the δ-site and were almost inactive at the κ-site [65,66].

Biotransformation of fentanyl was most pronounced in the liver [67]. The main degradation

pathway in vivo is oxidative dealkylation leading to the formation of the main metabolites,

phenylacetic acid and norfentanyl [68].

The first synthesis of fentanyl (6) was proposed by PAJ Janssen, starting with 1-

benzypiperidin-4-one (1), which was condensed with aniline to give the corresponding

Schiff base (2) (Figure 2). The double bond in the obtained imine (2) was reduced with

lithium aluminum hydride, and the resulting 1-benzyl-4-anilinopiperidine (3) was acylated

using propionic anhydride. The resulting 1-benzyl-4-N-propinoyl-anilinopiperidine (4)

underwent debenzylation, using standard H2-Pd/C conditions, to give 4-N-

propanoylanilinopiperidine or norfentanyl (5), which was then N-alkylated by 2-

phenylethylchloride (or tosylate) to give the desired fentanyl (6) [49–53].

Later, a shorter modified synthesis by the same scheme was proposed, starting directly from

1- (2-phenethyl)piperidin-4-one (7) (Figure 2) [69]. Another approach, which included a

step of hydrogenation of pyridinium salt (10) has been developed [70]. Fentanyl (6) was

prepared starting from 4-anilinopyridine (8), which on propionylation gave 4-N-

propinoylanilidopyridine (9). The last was alkylated with 2-phenylethylbromide to give

pyridinium salt (10), hydrogenation of which over PtO2 gave known 4-N-anilinopiperidine

derivative (11), which was propionlated to the desired fentanyl (6) (Figure 2) [70].

The analgesic potency of fentanyl is approximately 300-times higher than that of morphine

in the tail withdrawal test in rats. It has been enhanced up to 10,000-times (carfentanil; 45)

that of morphine by making a series of minor, but very sensitive changes to the fentanyl

structure. A huge amount of work had been carried our and published.

The main changes of practical meaning include replacement of piperidine ring for

pyrrolidine or azepine rings, as well as synthesis of open chain compounds; replacement of

phenyl group in the phenethyl- part of molecule for some aromatic heterocyles, mainly for

thiophene and tetrazole; insertion of carbomethoxy-or methoxymethyl- into the forth

position of piperidine ring; changes had been done in the 4-anilino- part of fentanyl

molecule, mainly via replacement of hydrogen atoms in aromatic ring for fluorine atoms, or
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replacement of whole benzene ring for an aromatic heterocycle; additional methyl groups

have been inserted into different positions of the piperidine ring; a lot of work had been

done on replacement of propionyl-group in the 4-anilido-fragment for several other acyl

groups, which gave a novel series of extremely potent analgesics with unusually high safety

margins and already has become and will continue to remain the milestone for a series of

analogous powerful compounds.

The possible ways for the creation of a series of novel potent analgesics with unusually high

safety margin have been demonstrated with the fentanyl core structure becoming a milestone

for a series of analogs powerful compounds (Figure 3).

Numerous fentanyl analogs have been synthesized since 1964, including acyclic open chain

compounds which have been shown to be strong analgesics [48]. One of them, diampromide

(1S) which produces effects similar to other opioid analgesics, and is around the same

potency as morphine with an ED50 of 4 mg/kg [71,72], another is 2,3-seco-fentanyl (2S)

whose central-analgesic activity was found to be 40-times lower than fentanyl, but still 5–6-

times higher than that of morphine (Supplementary Information 2)[73].

The preparation and analgesic properties of a series of fentanyl analogs with piperidine ring

contraction or expansion, replacing it for pyrrolidine (14) or perhydroazepines (21) was

described. The compound (14) was prepared by the nucleophilic replacement of the tosyl- or

bromo- groups in compounds such as 3-tosyl-1-phenethylpyrrolidine (12) with aniline to get

3-anilinopyrrolidine derivative (13). Further acylation with different acid chlorides gave

compounds with significant analgesic activity. The most active compounds were those in

which the pyrrolidine N-substituent was phenethyl, O-methoxy-phenoxyethyl, or

benzoylethyl. Compound 14 was found to be the most active with ED50 2 mg/kg (Figure 4)

[74].

The synthesis and analgesic properties of 4-(propanani1ido)perhydroazepines (21) also was

described (Figure 4) [75,76]. The desired perhydroazepine derivative (21) was prepared via

ring homologation of 1-carbethoxy-4-piperidinone (15) with ethyl diazoacetate and boron

trif luoride to provide the β-keto ester (16), which after hydrolysis and decarboxylation in

refluxing HCl, followed by carbamoylation with ethyl chloroformate, yielded

perhydroazepinone (17) (Figure 4). Condensation of the obtained (17) with aniline, followed

by NaBH4 reduction, provided 1-carbethoxy-4-anilinoperhydroazepine (18), which was

decarbamoylated in refluxing 48% HBr to give (19). The appropriate 1-phenethyl

substituent was incorporated by reductive alkylation of the first position of the

perhydroazepine using as a carbonyl component phenylacetaldehyde to give 1-substituted 4-

anilinoperhydroazepine derivative (20). The target compound (21) was obtained by

propionylation of the last.

The 1-methyl, 1-benzyl, as well as 1-allyl and 1-(cyclopropylmethyl) derivatives also were

prepared via direct alkylation of 19. Compound 21 was the most active among this series

with ED50 2 mg/kg [75,76].
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Either piperidine ring expansion (21) or ring contraction (14) of fentanyl significantly

decreases analgesic activity of obtained entities. The most active among synthesized

compounds were 14 and 21, which are N-phenethyl entities with 150- to 200-fold less

potency than the corresponding piperidine homolog fentanyl (6).

Treatment of 19 with styrene oxide and following the transformations 22• → 24 afforded the

new derivative 24, which, in the tail-flick assay had greater analgesic activity than other

reported members of this series (Figure 4) [76].

A series of conformationally restricted, semirigid analogs of fentanyl as N-substituted

propionylananilidonortropanes (3S) [77,78], nor-granatane (4S) [79],

azabicyclo[2.2.2]octanes (5S) and (6S) [80,81] were synthesized, and stereochemically

characterized. The scheme of synthesis of these compounds is practically the same as

described above and has been started with appropriate ketones.

The 3-β-(chair conformation) of 3S displayed greater analgesic activity (ED50 0.047 mg/kg)

in mice than the respective 3-a-isomer. [77]. 9-phenethyl-3-α-(N-tolylamido)norgranatane

(4S) showed an ED50 value of 100 mg/kg [79]. The most potent fentanyl analogs of the

isomeric azabicyclo[2.2.2]octane derivatives (5S, 6S) pair had a potency 600-times less than

that of fentanyl (Supplementary Information 3) [80,81].

Insertion of methyl substituent in different positions of the fentanyl

structure

The next series of changes in fentanyl structure involves insertion of different substituents

into the fentanyl structure. And these substituents could be either simple as alkyl or aryl

groups, or functional groups.

To check the effect of methyl substitution on the piperidine ring on analgesic activity of the

2-methyl-, 3-methyl-, 4-methyl-, 2,5-dimethyland 3,5-dimethyl- fentanyl derivatives were

prepared (Figure 5).

2-methyl-fentanyl (25) possessing analgesic activity in the rat with an ED50 of 0.665 mg/kg

[82] was proposed to be prepared from 2-methylpyridine N-oxide (7S) (Supplementary

Information 4). The synthesis of 3-methyl-fentanyl (26) using the same approach was

patented [83]. In the same paper [82], the preparation of 3-methyl-(26) and 2.5-dimethyl-

(29) fentanyl derivatives using the same synthetic route is described, and ED50 values of

0.04 and 0.803 mg/kg, respectively were reported. Obtained data indicate that only 3-

methylation has a major effect for enhancing analgesic potency, whereas 2-methyl or 2,5-

dimethyl substitution is detrimental to analgesic activity. However, comparison with data

obtained by other groups suggested this data may not be correct [84–88].

This article [82] was followed with another with a different approach to the synthesis of 3-

methylfentanyl derivatives [89]. This method started with 3-methyl-4-

oxopiperidinecarboxylate and afford afforded the end products cis-(+)-(26) as (3R,4S), cis-

(−)-26) as (3S,4R), trans-(+)-(26) as (3S,4S), trans-(−)-(26) as (3R,4R) – mefentanyl (26)

(Supplementary Information 5).
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The cis-(+)-N-(3-methyl-l-(2-phenylethyl)-4-piperidyl]-N-phenylpropan-amide (26) is an

extremely potent analgesic agent with an ED50 value of 0.00058 mg/kg, which is up to

6700-times higher than that of morphine. It has a fast onset of action, a shorter duration of

action, and a high safety margin. Its cis-(−) counterpart is 120-times less potent than the cis-

(+).

Isomeric α-methylfentanyl (27), obtained by the same synthetic method and containing an

additional methyl group in the side chain in the a position to the basic nitrogen, also

displayed high activity (ED50 = 0.0085 mg/kg) close to that of fentanyl (ED50 = 0.011 mg/

kg). Insertion of two methyl groups simultaneously (28) in this position led to enhancement

of activity depending on orientation of the 3-methyl substitution in the compounds with

ED50 values from 0.011 for the (+)-cis, to 0.00075 mg/kg for the (−)-cis- isomers [89].

Another method for the synthesis of cis- and trans-3-alkylfentanyl analogs via alkylation of

cyclohexylimine derivative of 1-(2-phenethyl) piperidin-4-ones was developed

(Supplementary Information 5 & Supplementary Figure 7S) [90]. Except for the known (±)-

cis-3-methylfentanyl and the novel (±)-cis-3-ethylfentanyl, the others were inactive or less

active than fentanyl itself. The synthesis of 2.5-dimethyl-fentanyl – phenaridine (29) –

started with 2-methylhex-5-en-3-yn-2-ol was described (Supplementary Information 6)

[84,85].

Phenaridine as a mixture of isomers is slightly superior to fentanyl in potency and duration

of action. Three isomers have been separated chromatographically and investigated by NMR

spectroscopy which revealed that the isomers differ in orientation of the methyl groups in

the piperidine ring. In the first one (45% content of the obtained isomeric mixture) the

methyl groups oriented as 2-equatorial-5-axial, in the second (40% content) both are

equatorial, and in the third one (15%), both methyl groups are oriented axial [86–88].

Absolute configuration of isomers by x-ray investigations was determined [91,92]. The

duration of analgesic effects of the separated isomers was 125, 105, and 165 min for the

respective isomers. The overall analgesic activity was comparable to that of fentanyl.

Phenaridine itself (mixture of isomers) has an ED50 value of 0.0048 mg/kg (rats,

subcutaneous, tail flick test; duration of action 35 min) [88].

An original method of synthesis was proposed for the synthesis of 3.5-dimethyl-fentanyl

analogs. The compounds obtained as diastereomers, were tested for analgesic activity on

mouse hot plate test and the majority of the compounds displayed good activity. The most

promising was compound (30) with an ED50 value of 0.0025 mg/kg (Supplementary

Information 7) [91–94].

To our knowledge, 2.3-dimethyl-fentanyl is not described in the literature.

Decahydroquinoline analog (31) and other derivatives of the same series were synthesized

starting from the 4-oxodecahydroquinoline showed low analgesic activities (ED50 = 25–50

mg/kg) (Supplementary Information 7 & Supplementary Figure 10S) [95].

A simple and efficient synthesis of 4-methylfentanyl (32) implementing the Ritter reaction

was to 4-methylpiperidin-4-ol was proposed recently (Supplementary Information 8) [96].

The potency of 4-methyl fentanyl (32) was found to have an ED50 value of 0.0028 mg/kg in
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rats, which is approximately four-times greater than that of fentanyl (ED50 = 0.0105 mg/kg),

while the time peak and the duration of action are the same as those of fentanyl.

The potency of compoud 32 was found to have an ED50 value of 0.0028 mg/kg in rats,

which is approximately four-times greater than that of fentanyl (ED50 0.0105 mg/kg), while

the time peak and the duration of action are the same as those of fentanyl (Supplementary

Information 8).

Insertion of substituents other than methyl into the different positions of

the fentanyl structure

Any information concerning incorporation of aromatic groups into the second or third

position of 4-anilidopiperidines has not been found in the literature.

The incorporation of a 4-phenyl group into 4-anilidopiperidines led to novel potent opioid

analgesics with a favorable pharmacological profile. Variations in the analgesic efficacy in

the series was dependent on the substituents on the piperidine nitrogen and the anilido

phenyl group.

The synthesis, analgesic activity, and anesthetic properties of a series of 4-phenyl-4-anilido-

piperidines and various heteroaryl substituents was carefully developed and described

(Figure 6) [97].

Appropriately substituted anilines were reacted with l-benzyl-4-piperidone (1), to give

imines (33). The aryl group was introduced into the fourth position of piperidine ring via

reaction of the obtained imine with aryllithium to afford 4-aryl-4-anilinopiperidines (34).

Propionylation of obtained diamines afforded amides (35). The debenzylation of (35) was

achieved by reaction with 1-chloroethyl chloroformate followed by methanolysis. The

secondary amines (36) were alkylated with arylethyl halides or tosylates to give a series of

compounds (37). Among them, compounds such as trefentanil (38), brifentanil (39) and 40.

Within this group 40 had the highest analgesic potency (ED50 = 0.047 mg/kg), shortest

duration of action, rapid recovery of motor coordination following anesthesia doses, and

greater cardiovascular and respiratory safety as compared with fentanyl and alfentanil [55].

A variety of other heterocyclic substitutions in both aromatic parts of fentanyl are proposed

in patents [98,99]. Chemical modifications at the fourth position of the piperidine ring in

fentanyl became an approach, which led to creation of the most powerful compounds of

fentanyl series such as carfentanyl, sufentanil, alfentanil and others.

The synthesis of several derivatives of 4-arylamino-4-piperdinecarboxylic acids was

reported (Figure 7). These acids are starting materials for the preparation of α-amino esters,

ethers and ketones with strong analgesic activity [100,101]. A key step in the synthesis of all

mentioned compounds became one of variations of the Strecker reaction, the interaction of

imines, obtained from piperidin-4-ones and aromatic amines with hydrogen cyanide and is

described in Figure 7. The aminonitrile 41 was synthesized via interaction piperidin-4-one

(7), aniline and hydrogen cyanide. Hydrolysis of the obtained nitrile to corresponding acid

was performed in two steps. Treatment of 41 with sulfuric acid gave amide 42, which was
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hydrolyzed further to acid 43 under basic conditions – using potassium hydroxide.

Alkylation of the salt of obtained acid with methyl iodide gave aminoester 44, which finally

was acylated with propionic anhydride to afford the desired carfentanil 45 [100,101], a

highly potent and short-acting analgesic, (lowest ED50 = 0.00032 mg/kg) (10,000-times

more potent than morphine) [100]. Carfentanil is intended only for animal use since its high

potency makes it inappropriate for use in humans.

The relative potency and selectivity of carfentanil for the μ, κ, δ opioid receptors was

determined in rat brain tissue homogenates. Carfentanil (45) was equipotent in displacing

the μ and κ radioligands with IC50 values of 0.0006 and 0.0008 nM, respectively, while

displacing the δ ligand with IC50 value of 0.75 nM. (Relative selectivity for μ/κ/δ ~1:1:1670)

[102].

Introduction of an additional methyl group in the C-3 position of the piperidine ring resulted

in another highly potent and long-acting compound lofentanil (47) (Figure 1), which is the

longest acting compound in the series (more than 8 h) with an ED50 value of 0.0006 mg/kg

[103].

Two very small changes in carfentanil structure, just reduction of carbonyl group in

carboxy-function in the fourth position of piperidine ring transforming it to a

methoxymethylene group and isosteric replacement of the phenyl ring at the phenethyl

group with an heteroaromatic thienyl- and tetrazolyl rings led to two new analgesics with

new properties, sufentanil (52) and alfentanil (53).

The synthesis of 4-(alkoxymethyl)piperidines was performed starting from (47) a benzyl

analog of ether (44) [104]. Thus, 1-benzyl-4-phenylaminopiperidine-4-carboxylic acid

methyl ester (47) was reduced with sodium bis-(2-methoxyethoxy) aluminium hydride (Red-

Al) to give corresponding alcohol (48), sodium salt of which was selectively converted into

methyl ether (49). The ether (49) was acylated with propionic anhydride to give (50). The

latter was debenzylated via hydrogenation over Pd/C catalyst and the obtained amine (51)

was alkylated with 2-(thiophen-2-yl)-ethyl mesylate to give desired (52) sufentanil.

Sufentanil has a rapid onset of action, (ED50 = 0.00071 mg/kg, LD50 = 17.9 mg/kg), 4521-

times more potent than morphine, and approximately five- to seven-times that of fentanyl at

the time of peak effect. It has a relatively short duration of action comparable to that of

fentanyl and an unusually high safety margin (LD50/lowest ED50 = 25,000).

N-alkylation of the same amine (51) with 1-(2-halogenyl)-4-ethyl-1H-tetrazol-5(4H)-one

yielded another popular analgesic alfentanil (53).

The ED50 of alfentanil is 0.044 mg/kg. The safety margin in rats is 1080 (LD50 = 47.5

mg/kg i.v.). Alfentanil reaches its peak effect within 2 min after injection, and its duration of

action is very short, 11 min in comparison with 30–35 min for pethidine and fentanyl, and

120 min for morphine [105,106].

As an analgesic in rats, alfentanil is 140-times more potent than pethidine and 72-times more

potent than morphine. Alfentanil reaches its peak effect within 1 min after injection.

Compared with fentanyl (6), alfentanil (53) reaches its peak effect is about four-times faster,
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but acts three-times shorter. While it gives less cardiovascular complications, it tends to give

stronger respiratory depression. The detailed synthesis and structure–activity relationship of

the series of compounds of the general formula (54) analogs of alfentanil (53) has been

described [105]. N-alkylation of the amine (50) with phenethyl bromide gave R30490 (55),

which has tenfold higher affinity than fentanyl for the μ receptor. R30490 is an excellent

candidate to be a laboratory tool for probing determinants of μ-recognition and activation

(Figure 7).

Analgesic activity of compounds (54) was evaluated on thermal tail withdrawal test in rats.

It was found that these compounds with R = H are inactive at doses of 2.5 or 10 mg/kg.

Maximal analgesic activity was found for compounds with R = COOCH3 (carfentanil

analogs) with maximal analgesic activity when R1 represents lower alkyl groups.

Compounds (53) with R = CH2OCH3 (sufentanil analogs) show the same activity profile as

carfentanil analogs.

The ethylene group is the optimal bridge between the aromatic moiety and the nitrogen

piperidine atom (R2 = R3 = H, n = 0). Duration of activity, in the series of carfentanil

analogs when R1 = n-C3H7 and R1 = c-C3H5 is extremely short, while at R1 = CH3 and R1 =

i-C3H7 compounds have an analgesic effect which last four-times longer. For sufentanil

analogs (R4 = CH2OCH3) the duration of analgesic activity lasts between 11 and 20 min.

In an attempt to prepare novel analgesics in the fentanyl series, studies were initiated [107]

to create new 1-(heterocyclyalkyl)-4-(propionanilido)-4-piperidinyl methyl esters and

methylene methyl ethers where aromatic β-substituent (benzene, thiophene, tetrazole) at the

first position of piperidine ring was replaced for a variety of other possible heterocyclic

substituents.

The synthesized compounds were tested in the mouse hotplate test. Most of them exhibited

an analgesia (ED50 < 1 mg/kg) superior to that of morphine. New interesting compounds

like the pyrazolylethyl derivative (ED50 = 0.0099 mg/kg), phthalimidoethyl compounds with

(ED50 = 0.056 mg/kg) and (ED50 = 0.119 mg/kg), were obtained, which exhibited

appreciable μ-opioid receptor affinity, and were more potent and short-acting analgesics and

less respiratory depressants than alfentanil. In addition, some of them showed a superior

motor coordination following from full anesthetic doses in the rat rotarod test

(Supplementary Information 9).

Summarizing above, introduction of additional substituents into the fourth position of the

piperidine ring of fentanyl (6) such as a carbomethoxy group gave carfentanil (45), whereas

introduction of a methoxymethyl group coupled with replacement of the phenyl ring of the

phenethyl with a thienyl or tetrazolyl ring led to sufentanil (52) and alfentanil (53).

The next experiments with replacement of the phenyl ring of the phenethyl group in the first

position of piperidine ring was substitution for a carbomethoxy group, which brought the

discovery of the ultra-short acting powerful analgesic remifentanil (56) on the market on the

market [108–111]. It is necessary to mention especially the great material on the synthesis of

analogs of fentanyl summarized in [108].
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A unique drug remifentanil (56) (Figure 1) with a high degree of analgesic potency (ED50

0.0044 mg/kg) and ultra-short duration of action (15 min.) became a clinically useful

addition to the fentanyl family of analgesics [112,113]. Later, other data appeared in

literature [114], according to which ED50 and 95% confidence limits of analgesic effect of

remifentanil on mice were 0.73 (0.64–0.84) mg/kg and 0.19 (0.12–0.31) mg/kg, respectively

in hot-plate and clam-tail tests. Analgesic effects of remifentanil on rat were 2.70 (1.15–

6.34) mg/kg and 5.21 (2.11–12.85) mg/kg, respectively in formaldehyde and swing-tail

methods. The analgesic action of remifentanil was the strongest at 1 min after intravenous

injection. The action was weakened after 6 min., and disappeared after 12 min. Remifentanil

(56) occupied its own place in the arsenal of opioid analgesics and described and discussed

in many pharmacological reviews [115–124], including an originally titled review

“Remifentanil: do we need another opioid?” [116]. Many modifications of the scheme of

synthesis were proposed [125–129], among which is an interesting approach that applies the

Ugi reaction for the synthesis of remifentanil (56) and carfentanil (45) (Supplementary

Information 10) [129].

A number of pathways for the synthesis of acyl- substituents in the fourth position of

piperidine ring were envisaged [100]. Acid 57 was used as starting materials for the

preparation of α-amino ketones (64) via direct reaction with methyl- or butyl lithium (Figure

8).

However, starting amino acids with other substituents on the piperidine nitrogen atom such

as benzyl, methyl or hydrogen could not be used. For this reason the acid 57 salt was reacted

with ethyl chloroformate to be transferred to 1-(ethoxycarbonyl)-4-

(phenylamino)piperidine-4-carboxylic acid (58), which on interaction with phosgene gave

oxazolidine-2,5-dione derivative (59). Then 58 was employed in a reaction with a Grignard

reagent, which led to formation of two compounds, the desired ketone 60 and piperidin-

edicarboxylate (61). Hydrolysis of the mixture gave easily separable ketone (62). Alkylation

on the piperidine nitrogen atom gave the keto-derivative 63, subsequent acylation of which

gave the target compound 64 with very good analgesic activity (ED50 = 0.00064–0.0013

mg/kg). For example, N-[4–acetyl-1-(2-phenylethyl)-4-piperidinyl]-N-phenylpropanamide

(64 series) R1 = 1-(2-phenylethyl) (ED50 = 0.00064 mg/kg) was found to be 4900-times as

potent as morphine.

The synthesis and pharmacological evaluation of another class of 4,4-disubstituted fentanyl

derivatives - 4-(acylamino)-4-[(acyloxy)-methyl] piperidines have been reported [130].

Many efforts to selectively acylate the hydroxy- group in 48 in the presence of the anilido

nitrogen failed. The synthesis of target compounds was accomplished via protecting the

hydroxyl group in 48 via formation of trimethylsilyl ether 65. After the acylation of anilido

nitrogen in 65, attempts to unmask the hydroxy- group in 66 unexpectedly afforded product

of intramolecular esterification 68. (During the hydrolysis of the O-trimethylsilyl ester acyl

group migration took place). After a second acylation of the anilido nitrogen (69) followed

by debenzylation (70) and further alkylation with arylethyl halogenides the desired products

(71) were obtained [130]. The choice of the N-arylethyl substituent (phenyl, thienyl,

tetrazol-on-il, phtalimidoil) was dictated by literature data (Figure 9).
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Another set of analog compounds [130] was prepared by the condensation of aminoalkohol

(48) with 1,l′-carbonyldiimidazole and the obtained adduct was transformed to series of

carbonates (Supplementary Information 11).

Groups of fentanyl analogs with modified 4-anilido- fragment have been synthesized. p-F, I,

and CH3 derivatives, the cyclohexyl analog, analogs with phenyl group of 4-anilido-

fragment distanced from the fourth position of the piperidine ring have been described.

Among compounds of that series all N-benzyl derivatives were inactive. All N-phenethyl

analogs retained reasonable levels of activity less than that of fentanyl but more than that of

morphine [131,132]. The traditional ortho-substituents (Cl, F, Me, MeO) [52,97,131,132] in

the anilino- fragment of fentanyl do not act dramatically on the activity of the parent

compound fentanyl. Significant changes were observed in two cases. Substitution with an -

OH group brings more than a tenfold loss of activity. Introduction of a NO2- group causes

more than a 1000-fold loss of activity, equal to removal of the N-propionyl group in fentanyl

(Supplementary Information 12). Another research approach was based on modifications of

the 4-anilido- fragment and its replacement by a variety of heterocycles [133].

Observations that have been done in this research allowed one to make important

conclusions. One of them is substitution of the phenyl ring of the propionanilido group of

fentanyl for heterocycles, resulted in a significant diminution of analgesic activity. The sole

exception was the 2-pyridino derivative, which shows agonistic activity comparable with

fentanyl. Another observation deserves much more attention. The compounds of the

described series were also screened as opioid antagonists. The majority of these compounds

(80%) were morphine antagonists, and they selectively antagonized respiratory depression.

The compounds with the 2-pyridinyl, 4-pyridinyl and 2-pyrimidinyl rings were found to be

inactive as antagonists. Variations of an acyl- chain within the amido- substructure of 4-

(heteroani1ido)-piperidines likely play a larger role. Among the compounds, bearing a

methoxymethyl chain attached to the amide carbonyl group opioid antagonists were not

found. In contrast, 2- or 3-fury1 compounds were antagonists. Moreover, most furan-

containing compounds selectively reverse respiratory depression. Two compounds that were

antagonists, displayed different antagonistic profiles. 4-ethyl-2-pyridinyl compound

resembled naloxone in inhibiting both morphine-induced analgesia and respiratory

depression, while 2-pyrazine derivative mirfentanil (72) (Figure 1) (ED50 = 0.07 mg/kg, rat

tail-flick test), inhibited morphine analgesia slightly, but completely reversed respiratory

depression. These findings are difficult to explain. Another important observation was that

antagonistic activity remains even in the absence of a 4-(heteroani1ido) substituent, but

when the furan group was removed, there was no activity (Supplementary Information 13)

[133].

Making parallel comparisons of chemical structures of opioid agonists, it is possible to

conclude that practically every chemical class of compounds with opioid-agonist activity has

a structurally similar opioid-antagonist compound. Agonist-antagonist transformation in

these cases takes place as a result of small changes in the structure of the agonist. The only

exceptions, where the corresponding change for agonist-antagonist transformations has not

been found are the compounds of the fentanyl series.
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These structurally unique fentanyl analogs provide a new gate into the area of creation of

new powerful opioid antagonists [133,134]. The possibility of creation of opioid antagonists

in the fentanyl has been patented [135].

Other fentanyl analogs in which the benzene ring of the propioanilido group was changed to

a heterocyclic substituent, particularly for phenylpyrazole group also have been described

[136–139]. Obtained compounds showed more potent analgesic properties than morphine,

but less than fentanyl with longer duration of action.

It was proposed that imidazoline receptor agonists combined with opioid agonists could

produce antinociceptive synergy. Thus fentanyl derivatives that incorporate guanidinium

and 2-aminoimidazolinium groups were designed and synthesized, which incorporate both

μ-opioid and I2-imidazoline receptor pharmacophores [140,141]. This publication was likely

the first attempt for creation of bivalent ligands based on fentanyl as the μ- component.

Binding assays indicate that guanidinium compounds are still potent μ-opioid ligands similar

to fentanyl, but display moderate analgesic properties in vivo. The results for the I2-

imidazoline receptor are less significant and the obtained compounds showed only low

affinity (Supplementary Information 14).

Coming back to the role of substituents in the piperidine ring, here we will focus on the

groups other than aliphatic or aromatic. Attempts to synthesize 3-methoxy- and 3-

carbmethoxy- analogs of fentanyl should be noted. 3-methoxy-fentanyl analog has been

prepared by traditional scheme (ketone-imine-amine-amide sequence) starting from 1-(2-

phenylethyl)-piperidine-4-one (7), which was oxidized to give 3-hydroxy-piperidine-4-one

dimethyl ketal, which was methylated to give 3-methoxy-piperidine-4-one ketal, converted

to 3-methoxy-piperidine-4-one, which was further subjected to transformation to 3-

methoxy-fentanyl. The effective dose (ED50 = 0.00064 mg/kg) was obtained for the cis-

isomer of synthesized compound [142].

Using the regular scheme for the synthesis, starting from 3-methoxy-N-benzylpiperidine-4-

one and separating on different stages cis- and trans- isomers, led to the synthesis of a

plethora of highly active analgesics (ED50 = 0.00046–0.0019 mg/kg) (Supplementary

Information 15).

The synthesis of 3-carbomethoxy fentanyl or iso-carfentanil has been accomplished starting

from 3-carbomethoxy-1-(2-phenylethyl)-piperidine-4-one. Both (±) cis- (carbmethoxy group

orientated axial – ED50 = 0.023 mg/kg) and (±) trans- (carbmethoxy group orientated

equatorial – ED50 = 0.1 mg/kg) isomers of separated 3-carbomethoxy-fentanyl revealed

significant but substantially reduced potency compared with fentanyl (ED50 = 0.011 mg/kg)

(Supplementary Information 16) [143,144].

Attempts to functionalize the second position of fentanyl have been made. For example,

(2R)-1-phenethyl-4-(N-phenylpropionamido) piperidine-2-carboxamide has been

synthesized, which was 110- and 450-times less potent than fentanyl in the GPI and MVD

assays, respectively (Supplementary Information 17) [145]. Other types of functionalization

of the second position of the piperidine ring have been examined and lactam analogs of
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fentanyl were synthesized [146,147], but pharmacological studies were not given

(Supplementary Information 14).

Conformationally restricted analogs of fentanyl

A number of ‘ring-closed’ analogs of fentanyl (72–79) were prepared (Figure 10). The first

publication is probably that which described (4-piperidinyl)-2-indolinones (n = 1) and

quinolinones (n = 2) (72). The synthetic approaches are very simple (Supplementary

Information 18) [148–155]. The affinities are much less than that of fentanyl. From 500- to

800-times, until a complete loss of analgesic activity. In attempts to synthesize bivalent

analgesics another series of ‘ring-closed’ analogs of fentanyl that combined fentanyl and

indometacine structures some (4-piperidinyl)-indoles have been synthesized [152].

For creation of this series N-(piperidin-4-yl)-N-phenyl-hydrazines (81) were synthesized

(Figure 11) starting from 4-anilinopiperidines (11), which were nitrosylated to the N-nitroso

compounds (80) and then hydrogenated to the desired 4-piperidylphenylhydrazines (81).

Then they were reacted with levulinic acid or its esters and the hydrazones 82 and 83
underwent Fishertype reactions, which led to indole derivatives, a series of indometacine

analogs 84 and 85.

Docking experiments of obtained molecules to their corresponding receptors were

performed that predicted high COX-2 inhibitor activity compounds equal to indometacine

itself and opioid activity two- to three-times higher than that of the fentanyl. However

biological assays data were not consistent with the results from the molecular modeling. The

synthesized compounds did not show any significant analgesic activity in the entire series

[155]. Another series of indolylpiperidines 87 and 89 have been synthesized from

phenylhydrazones 86 and 88 obtained from the same 4-piperidylphenylhydrazines (81).

These compounds also did not show any significant analgesic activity for the entire series

(Figure 11) [VARDANYAN RS, UNPUBLISHED DATA].

It is well known that for the most active representatives of the fentanyl series the aniline

phenyl is perpendicular to the plane of the amide function [156,157]. For the whole series of

‘ring-closed’ compounds the perpendicular conformation of the anilido- moiety is excluded

[150]. It can be suggested that these prepared compounds will bind poorly to opiate

receptors, and that is the main reason for the absence of analgesic activity.

There is another series of ‘semi-rigid’ compounds where conformational mobility of

pharmacophore groups is restricted and the first representatives are the pyridoindoles. These

compounds have been synthesized from tetrahydro-γ-carboline (90), which was synthesized

by Fischer condensation of piperidine-4-one (7) with phenylhydrazine [158,159].

Compounds 92a and 92b were inactive in the mouse phenylquinone writhing test at doses of

up to 130 mg/kg (Figure 12 & Supplementary Information 18).

Another series of conformationally restricted analogs of fentanyl, of

propionanilidobenzo[a]-quinolizidine derivatives 94a and 94b (Figure 12), were synthesized

starting from hexahydro-pyridoisoquinolin-2-ones (93) and tested for analgesic activity and

affinity for the opiate receptor of rat brain. These compounds displayed very weak analgesic
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activity (Figure 12) [158,159]. In addition, for the above discussed ‘semi-rigid’ derivatives it

might be concluded that the analgesic activity in the fentanyl series does not ‘tolerate’

rigidity of whole molecule and is highly dependent on stereochemical factors.

Substituents in the side chain in the α- & β- positions of the basic nitrogen

Insertion of a methyl group in the N-substituent in the α- position to the basic nitrogen, also

displayed high activity close to that of fentanyl, as mentioned above [89]. According to the

first fentanyl patent [52] compound with methyl group in the β- position to the basic

nitrogen has no advantages on fentanyl itself. Insertion of hydroxyl group in the β- position

to the basic nitrogen in general enhances the potency of compounds of these series. But the

most impressive results were obtained with the synthesis of ohmefentanyl (95), one of the

most potent opioids known (Figure 1 & Supplementary Figure 26S). Ohmefentanyl had an

ED50 value of 0.0002 mg/kg. For the four isolated stereoisomers of ohmefentanyl - (±)-cis-

N-[l-(2-hydroxy-2-phenylethyl)-3-methyl-4-piperidyl]-N phenylpropanamides: ED50 values

are: 0.0001 mg/kg for the 95a (2S,3R,4S) isomer; 0.0013 mg/kg for the 95b (2R,3R,4S)

isomer; 0.08 mg/kg for the 95c (2R,3S,4R) isomer and 2.1 mg/kg for the 95d (2S,3S,4R)

isomer.

The binding studies showed that the highest affinity and selectivity for the μ receptors were

isomers 95b and 95c. At the same time, obtained data on the mouse vas deferens test

showed potencies in the order 95a > 95b > 95c > 95d with concentrations in the fentomolar

range. According to the mouse data, isomer 95a was 21,000-times more potent than 95d.

Isomers 95b and 95c had similar opiate activities in vivo. The potency of 95a was from

20,000- to 50,000-times higher than that of morphine, which makes this isomer one of the

most potent opiates known (Supplementary Information 19) [160,161].

Substituents in the aryl group in the 1-(2-arylethyl) moiety of fentanyl

For variations of the character and substituents of the aryl group in the 1-(2-arylethyl)

moiety in the fentanyl family, interesting changes took place when an isothiocyanate group

was inserted into the phenyl group with the goal to synthesize irreversible ligands for opioid

receptors [162]. The synthesis of the alkylating fentanyl derivatives was performed (Figure

13) [163,164].

The analgesic activity and opioid receptor binding affinities were examined for the

isothiocyanate fentanyl (98a), 3-methylfentanyl (98b), carfentanil (98c), 4-

methoxymethylfentanyl (98d), and ohmefentanyl (98e). In vivo antinociceptive activity was

examined using the mouse hot plate test, and selectivity for opioid receptors was detected

using binding assays. Fentanyl (ED50 not found), carfentanil (ED50 = 0.00041 mg/kg), and

4-methoxymethylfentanyl (ED50 = 0.00078 mg/kg), showed ED50 lower than those of their

parent compounds. 3-methylfentanyl (ED50 = 0.33 mg/kg), and ohmefentanyl (ED50 =

0.0018 mg/kg) were stronger than the parent compounds. However the selectivity of all

these compounds for δ receptors increased [163–165].
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Replacement of anilino- moiety for benzylamino group

In continuation of studies devoted to involvement of imidazoline binding site in the

modulation of analgesia, studies on creation of hybrid (bivalent) molecules bearing potent

opioid and I2–imidazoline binding site ligands [140,141] has been continued and another

sensitive change in fentanyl structure has been done. The phenyl moiety in anilino- fragment

has been moved to one methylene group to give attractive compounds with a

propionbenzylamino group [166]. The obtained compound showed no affinity to I2-

imidazoline binding site (Ki > 10,000 nM), but displayed surprisingly high μ-opioid binding

(Ki = 0.0098 nM) (on membranes). This observation brought to another study, synthesis and

investigation of its ‘carba’ -analogs. Compound devoid nitrogen atom in piperidine ring of

fentanyl was synthesized and showed 25-fold reduced receptor binding affinities as

compared with piperidine nitrogen containing but, surprisingly it retained its opioid agonist

activity [167]. Moreover, in the same paper it was shown that the propionbenzylamino

fentanyl analog has not only high μ-opioid binding (Ki = 0.448 nM), but also had high κ

receptor binding affinity (Ki = 0.536 nM) (Supplementary Information 20).

Replacement of 2-arylethylsubstituents at piperidine ring

Replacement of 2-arylethylsubstituents at the piperidine ring nitrogen atom, resulted in

sensitive changes of activity. Thus, N-methyl analog 99 is inactive at 100 mg/kg. N-benzyl

analog 100 had greatly diminished activity (ED50 = 10–45 mg/kg) as compared with its N-

phenethyl analog Fentanyl (7) (ED50 = 0.01 mg/kg) [11,168]. It is very important to

mention, that this is not typical for the 4-phenylpiperidine series to which fentanyl is usually

identified. Moreover, N-allyl substitution on the piperidine ring does not confer antagonist

activity as in the case of morphinan derivatives. N-(1-propyl), N-(1-(2-phenoxyethyl)-, N-(1-

(3-phenoxypropyl)- and N-(1-(2-cyanoethyl)-4-piperidinyl)-propionanilides (101), displayed

activity similar to fentanyl [11,168,169]. Replacement of the nitrogen atom for oxygen,

sulfur or carbon (102–104) resulted in loss of activity [Vardanyan RS, Unpublished Data].

Addition of a nitrogen atom into the second position of piperidine ring (105–106) also

resulted in disappearance of activity (Figure 14) [170]. Replacement of amide carbonyl

oxygen for sulfur via interaction of fentanyl with phosphorus pentasulfide preserves strong

analgesic activity for N-(1-(2-phenylethyl) series of compounds [171].

Bivalent ligands based on fentanyl

It is clear that activity at a single receptor is often insufficient and recent research, including

in the pain area, is starting to be focused on ligands that have multiple activities.

Multitargets (multivalent ligand) are believed to be ‘smarter’ than traditional drugs that

primarily target a single receptor [172–178]. Attempts for creation of bivalent ligands based

on fentanyl as a carrier of μ-opioid activity have been examined recently. The general idea

of these studies is presented in Figure 15. The fundamental chemistry behind the work is

focused on the creation of a plethora of new functionalized fentanyls able to undergo

coupling reactions for the synthesis of bivalent ligands including peptide/non-peptide

compounds. This approach gives the possibility to create a wide variety of μ-opioid/adjuvant

analgesics bivalent ligands.
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Newly synthesized types of functionalized μ-opioid derivatives for creation of bivalent

ligands are presented in Figure 16. Among them are carboxy- (106) [179] and amino-

fentanyl [180] derivatives (107), able to be involved in coupling reactions with amino acids

and peptides, first of all intended for the synthesis of peptide/non-peptide compounds.

Among them are ene-derivatives (108) [153], able to undergo a whole plethora of alkene

chemistry and initially intended for thiol-ene ‘click’ reactions with cysteine derivatives.

Allyloxy- and propargyl-oxy derivatives (109,110) [153], are synthesized also for their use

in the many possibilities of double and triple bond reactions, and first of all in ‘click’

reactions. Amino acid derivatives (112) [154] were prepared for further synthesis of 1-

(piperidin-4-yl)piperazine congeners. Phenylhydrazines (112) [152] and hydrazines (115)

[181] for the synthesis of propionylhydrazide analogs of fentanyl and variety of

hetercyclizations to give indole, pyrazole and pyridazine derivatives. Finally, phenylalanine

and isocyanato- derivatives (113, 114) [153] have been synthesized for ‘parallel transfer’ of

adjuvant ligands from the propionyl- part of fentanyl to the 1-(2-phenethyl)-moiety.

The variety of newly created bivalent ligands based using the above mentioned

functionalized fentanyls are presented in Figure 17. Synthesis of possible bivalent fentanyl/

indomathacine (μ-agonist/COX inhibitor) compounds (84,85,87,89) was described above

[152].

We hypothesized that a bifunctional investigational tool could be compounds,

pharmaceutical salts composed of μ-agonists and glial inhibitors (116), which could be

prepared by an interaction of any opioid agonist as an organic base, in this case, fentanyl,

with the classical glial inhibitor, fluorocitric acid, as an acid.

A possible advantage of this approach would be that after dissociation, both counterions will

be able to act simultaneously and independently at their respective targets. However, since

fluorocitric acid is not available commercially, we developed a large-scale method for the

preparative synthesis of fluorocitric acid and its corresponding fentanyl salt [182]. The

obtained compound was too toxic to continue studies in this direction.

Attempts to synthesize μ-agonist/NK1 antagonist bivalent compounds (118) combining

fentanyl and well known NK1 antagonist (L-732138), by replacing the acetyl moiety in it for

carboxy-fentanyl moiety have been realized, starting from carboxy-fentanyl derivatives

(106) as the opiod part and tryptophan 3,5-bis(trifluoromethyl) benzyl ester as the NK1

antagonists part.

The large-scale synthesis of carboxy-fentanyls (106), started from reaction of 1-phenethyl-

N-phenylpiperidin-4-amines (11) and appropriate acid anhydride. ‘Peptide chemistry’

methods with the carbodiimide activation of carboxyl function were successfully used for

the synthesis of covalently bonded fentanyl/L-732138 pair (Figure 18) [179]. Another

‘universal method’ for creation of substituted carboxy-fentanyls was developed based on the

idea of ‘isoimidium perchlorate chemistry’. The isoimidium perchlorates (117) were readily

prepared from 106, successfully reacted with l-tryptophan 3,5-bis(trifluoromethyl)benzyl

ester and gave the desired 118. This method can be implemented for creation of any bivalent

μ-/adjuvant analgesics with any other adjuvant containing any nucleophile group. The idea
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of ionic pair μ-agonist/NK1 antagonist compounds (119) has been realized in this case. The

potassium salts (106a) were simply mixed with L-tryptophan 3,5-bis(trif luoromethyl)benzyl

ether hydrochloride followed by removal of the resulting KCl.

The biological studies indicate that the synthesized functionalized fentanyls (233)

dramatically lose analgesic activity, which probably can be explained with the appearance of

the ‘bulky’ carboxyl group with negative charge in the structure, and which is more or less

restored by distancing of the carboxyl group, as well as by replacement of charged groups

for covalently bonded derivatives. At the same time the behavior of tryptophan 3,5-

bis(trifluoromethyl) benzyl ester does not change much. The data obtained indicate that both

ionic and covalently linked bivalent ligands compete with high affinity for [3H] Substance P

binding sites in recombinant CHO cells expressing the human NK1 receptor. Bivalent

ligands with covalent linkage between the two pharmacophors exhibit reduced affinities,

relative to the parent opioid (fentanyl) at the rat MOR and for [3H]DAMGO binding sites

with very low affinities. In functional assays, all compounds, in which opioid and NK1

pharmacophores are bound covalently or by ionic bonds showed NK1 antagonism in vitro

with no NK1 agonist activity up to 1 uM [179].

Combinations of μ-opioid agonists with δ-opioid modulators are one of the most interesting

and contradictory areas of analgesic studies. Some authors affirm that d-agonists increase

antinociceptive responses to μ-agonists [183–185]. Others propose that “opioid compounds

with mixed μ-agonist/δ-antagonist properties are expected to be analgesics with low

propensity to produce tolerance and dependence” [186]. A third group write that “…μ-

agonist signaling can be enhanced by cotreatment with δ- selective ligands including δ-

selective antagonists” [187]. Another group suggests that “μ-δ receptor interactions lead to

profound modulation of μ receptor” [188]. Finally, it is stated that “there is not only a

differential localization of the δ- and μ- in dorsal root ganglion cells, but also that these

differences underlie qualitatively distinct pain relieving profiles” [189]. Interestingly,

biphalin, a dimeric encephalin analog with both potent μ- and δ- agonist activity was shown

to have highly potent analgesic activity and greatly reduced μ-opioid ligand toxicities and

reduced tolerance [190].

One of the early attempts for creation of μ-agonists/δ-agonists bivalent ligands with the

fentanyl moiety was done via coupling aminofentanyl derivative 107 with known δ-receptor

ligands from the enkephalin series [Tyr-D-Ala-Gly-Phe] to give compound 120 with good

opioid affinity (1 nM at both δ- and μ- receptors) and bioactivity (34.9 nM in MVD and 42

nM in the GPI/LMMP bioassays) (Figure 18) [180].

Another approach was carried out by implementing possibilities of carboxy-fentanyls (106)

or the corresponding isoimidium salts (117) for linking different pharmacophores. In this

case the dligand, a Tyr-D-Ala-Gly-Phe from the enkephalin series was bonded to a fentanyl

ligand via a hydrazine bond, as had been done in biphalin. For that purpose 106 or 117 were

condensed with protected phenylalanine hydrazide to give (121), followed with coupling

with [Boc-Tyr(Boc)-D-Ala-Gly-OH] and final deprotection. Compounds (122) showed

practically the same bioactivity as (120) in the range (48–69 nM in MVD and 42–44 nM in

GPI/LMMP bioassays) [153].
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A dramatic 100-fold increase in activity happened when the δ-ligand Dmt-substituted

enkephalin-like structure Dmt-D-Yyy-Gly-Phe was ‘parallel transferred’ from the

propionyl- part of fentanyl to the ‘modified’ 1-(2-phenethyl)-moiety. First attempts in this

direction have been done by replacing the phenethyl group of fentanyl with several aromatic

ring containing aminoacids [191,192]. Obtained compounds showed broad (47 nM to 76

μM) and μ-selective activities. For the synthesis of possible μ/δ compounds (Figure 19)

amine (5) was coupled with protected phenylalanine or its p-F(Cl)-substituted analogs to

give (123), which after deprotection were stepwise transferred to desired bivalent ligands

(125) [193,194]. Compounds with X = H and D-Yyy-Ala showed potent binding affinities

(0.4 nM) at μ and δreceptors with increased hydrophobicity (aLogP = 2.96), and potent

agonist activities in the MVD (1.8 nM) and GPI (8.5 nM) assays [193]. Ligands with X = F,

D-Yyy-Nle showed potent subnanomolar opioid agonist activity (IC50 values of 0.37 and

0.26 nM in the MVD and GPI assays, respectively) with excellent efficacy (EC50 = 0.07

nM, Emax = 48% at hDOR; EC50 = 0.29 nM, Emax = 98% at rMOR) at both receptors.

Binding at the μ receptor was subnanomolar (Ki = 0.02 nM), and the Emax at the rMORin the

[35S]GTP-γ-S binding assay was 98%. These results suggest that halogen substitution (X =

F, Cl) increases cell permeability and enhances potency. The effects are more pronounced

for the μ receptor, and produce very well balanced (IC50 d/IC50 μ) mixed agonist activities

for both receptors, respectively [194].

Conclusion

Some general structure–activity relationships for the fentanyl class of compounds can be

summarized as follows:

▪ All piperidine compounds carrying the 4-N-anilinopiperidine group, with the

exception of N-methyl derivatives, bind with high affinity to μ-receptors;

▪ The highest activity among 4-N-anilinopiperidines are 1–2(arylethyl)

derivatives. (These two main conclusions clearly illustrate that the 4-

anilidopiperidine and 1-[2(arylethyl)] moieties are the main players in

displaying high μ-affinity and activity;

▪ The presence and nature of the ring substituents modulate the affinity and μ-

selectivity, and at the same time modulate affinity at δ- and κ-receptors;

▪ Methyl substitution at the third position of the piperidine ring causes a sharp

increase of μ-affinity and activity;

▪ Axial 4-carboxymethyl- or 4-methoxymethyl substituents sharply increase μ-

affinity and activity in this series;

▪ Methyl substitution at the second position of the piperidine ring does not cause

serious changes in activity;

▪ Attempts to rigidize any part of the general fentanyl structure causes sharp

decrease of μ-affinity and activity;

▪ Fentanyls display great variations in enantio-specific binding;
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The fentanyl series is not related to the 4-phenylpiperidine class of opioids.

Likely binding of all classes of opioids could be explained by a general arylethyl

moiety present in all of them (Figure 20);

▪ There are still infinite unexamined possibilities to create new opioid analgesics

mentioned in Figure 17 and clearly visible in Figure 20.

A large number of fentanyl analogs have been synthesized and structure activity

relationships revealed, but the knowledge of their action is still incomplete and many

questions remain unanswered. In general, the order of activity at receptor parallels that of

binding affinity. However, the comparison of ED50 values, for μ- analgesics with their IC50

and Kd numbers at the corresponding binding site does not always correlate with

experimental data. How to explain, why fentanyl (6), methylfentanyl (42), sufentanil (88),

lofentanil (82) are more potent than it would be suggested from obtained binding values.

Another example, the Kd of ohmefentanyl for the μ- site is approximately 5–10-times less

than that of morphine, but it is nearly 7000-times more potent than morphine in analgesic

tests. There is another contradiction, absence of correlation between lipid solubility and

analgesic effect [195,196]. Another observation is that in general fentanyls are compounds

with the highest affinity for the μ-receptor and the most potency at that receptor. However

not all fentanyl derivatives are highly μ- selective. They also produce actions through δ- and

κ- receptors. Lofentanil (82) is the least and R30490 (90), are the most μ-selective

compounds, among fentanyl series. Although their structures are very close, and affinities at

the μ-receptor are similar, R30490 displays much lower δ- and κ-affinities than lofentanil.

Structurally very, close carfentanil (81) and lofentanil (82) bind with high affinity to both μ-

and d- receptors, but with varying selectivity [197]. Another interesting observation is that

although a large number of compounds with high affinity at the μ- receptor were

synthesized, no antagonist has been found that can match fentanyls in affinity.

A number of computational studies on the conformations of fentanyl and its analogs have

been reported [198–203], and detailed investigation of the receptor-ligand interactions

responsible for their selectivity and the m-receptor high affinity binding have been reported

during the last decade [202,204].

It was shown that all the compounds of the 1–2(phenylethyl)-4-N-anilidopiperidines series

occupy the same place on the receptor, which is located between the helices TM3 to TM7.

“The ligand molecule is parallel to the transmembrane helices, with the N-

phenylpropanamide group pointing to the extracellular region, and the N-phenethyl group

placed deep in the pocket. The N-phenethyl group is in the gauche conformation, positioning

the phenyl group in the region between TM6 and TM7” [205].

Future perspective

Many novel analogs and derivatives of fentanyl have been developed over the past 50 years.

Although series of ‘tailor-made’ analgesics of fentanyl series are already inculcated in

medicinal practice, there still are many possibilities for future development of fentanyl-

related compounds with novel biological activity profiles. Of particular interest would be
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ligands with mixed and/or balanced mu and delta opioid receptor activities, including

compounds that are mu receptor agonists and delta receptor antagonists. In addition,

fentanyl-related compounds that are multivalent and address the changes in the expressed

genome in pain pathways which lead to prolonged and neuropathic pain might be designed

and evaluated for their application to prolonged and neuropathic pain states.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Executive summary

▪ Excellent synthetic methods have been developed for the synthesis of

fentanyl and numerous analogs and derivatives which are highly potent mu

opioid receptor agonists.

▪ There still are many possibilities for future development of fentanyl-related

compounds with novel biological activity profiles. In particular, ligands with

mixed mu and delta opioid receptor activities, multivalent derivatives for use

in cases of prolonged and neuropathic pain states.

▪ A plethora of opioid agonists of fentanyl series exists on the market, but there

is not a structurally-corresponding antagonistic ‘pair’. For decades, it has

been an evident gap in our knowledge about specific structural change, which

could make possible the transformation of powerful opioid agonist properties

of compounds of fentanyl series into powerful antagonists.
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Figure 1.
Fentanyl and major fentanyl analogs.
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Figure 2.
Approaches to the synthesis of fentanyl.
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Figure 3.
Modifications of the structure of fentanyl.
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Figure 4.
Synthesis of perhydroazepine analogs of fentanyl.
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Figure 5.
Methyl-substituted fentanyls.
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Figure 6.
Synthesis of 4-aryl-fentanyl analogs.
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Figure 7.
Synthesis of carfentanyl, alfentanil sufentanil, R30490, and their analogs.
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Figure 8.
Alternative synthesis of 4-acyl- fentanyls from corresponding acids.
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Figure 9.
Synthesis of 4-acyloxymethyl- fentanyls.
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Figure 10.
Examples of ‘ring-closed’ analogs of fentanyl.
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Figure 11.
One more example of ‘ring-closed’ analogs of fentanyl – indolylpiperidines.
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Figure 12.
Synthesis of series of pyridoindoles a benzo[a]-quinolizidine derivatives of fentanyl.
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Figure 13.
Synthesis of isothiocyanate derivatives of fentanyl.
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Figure 14.
Replacement of 2-arylethylsubstituents at piperidine ring.
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Figure 15.
Bivalent ligands based on fentanyl.
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Figure 16.
Functionalized fentanyls for the synthesis of bivalent ligands.
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Figure 17.
Newly created bivalent ligands based on fentanyl.
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Figure 18.
Attempts to synthesize fentanyl/adjuvant bivalent compounds.
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Figure 19.
One other attempt to synthesize fentanyl/δ-agonist bivalent compounds.
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Figure 20.
Phenylethyl moiety present in all classes of opioids.
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