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          OPIOID ANALGESICS. CHAPTER 1. Therefore, they are pharmacologically completely different from 
2the general anesthetics.  (On the molecular level, the mechanism of           1.1 General Aspects

action is also entirely different). As the drugs acting upon central The main subject of the present treatise is the structure and 

nervous system (CNS), opioids  cause a variety of physiological, synthesis of opioids, including natural, semi-synthetic and fully 
1 psychological, and neurological effects, including euphoria, synthetic componds.  Also, it briefly describes other aspects of the 

dysphoria and the life-threatening respiratory depression opioids, such as pharmacology, opioid receptors, mechanism of 

(cessation of spontaneous breathing). action, theoretical modeling and biological testing. The literature 

Opioids selectively abolish only the painful sensations (an sources of the treatise, cited at the end of each Chapter, encompass  

effect also known as antinociception). In that respect, they  differ relevant papers, patents, reviews, chapters and monographs. Both 
3from the local anesthetics,  which typically cause the loss of any the most recent and earlier references have been included, 

senses in the affected area of the body (i.e. numbness). providing a thorough coverage of the topic. In addition, in-depth 

analysis of the patent literature revealed many important synthetic Through their mechanism of action, as briefly shown in the 

and isolation procedures, not reported elsewhere. following pages, opioids are also entirely different from  other 

widely used analgesics, which have no action upon CNS. The later The term opioid refers to any compound, regardless of the 
4categories include nonsteroidal anti-inflammatory drugs, NSAIDs,  structure or origin, having the pharmacological action similar to 

5(which inhibit prostaglandin synthesis) and glucocorticoids.  These opium. In the recent literature, it usually denotes any exogenous 

drugs can substantially reduce the inflammatory painful stimuli, substance, not normally present in the organism of mammals (and 

without affecting CNS, but have significant limitations, both in other animal groups), causing opium-like effects. Endogenous 

terms of the intensity and type of pain they can manage as well as opioids (i.e. endogenous opioid peptides), also exist and are the 

the numerous side effects .normal constituents of certain tissues, as detailed later (p. 3-4). 

Opioids are the most powerful analgesics known to science, Historically, the term opiate was used specifically for the 

and are often the only drugs capable of controlling various compounds extracted from opium, e.g. morphine and codeine, or 

extremely painful conditions, including cancer pain. However, the their semi-synthetic derivatives, such as heroin. It has been largely 

acute and chronic risk of using opioids is also high, particularly in replaced by the more general term opioid.

non-terminal conditions. As already mentioned, they severely By far the best known property of opioids is to temporarily 

impair spontaneous breathing, which is the main cause of death in alleviate or abolish pain, without inducing loss of consciousness. 

addicts and can also present a risk in pain management. 
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Also, any chronic use of the opioids inevitably results in a life-threatening respiratory depression. Also, when given to the 

1a,6gradual development of tolerance and addiction. If opioid tolerance addicts, they  rapidly precipitate the abstinence syndrome.

develops, then higher doses of the drug are required to achieve the Research also revealed that some opioids are mixed agonist-

1asame analgesic effect. Addiction represents the physical and antagonists or partial agonists.  At least one such compound, 

psychological dependence on the opioids, which causes severe and buprenorphine, has found important use in the treatment of opioid 

1,6often lethal abstinence syndrome, if the drug intake is abruptly addiction.

discontinued. While the tolerance and addiction are usually 1.2. Opioid Receptors

encountered among the drug abusers, they can also arise during Parallel to the development of new semi-synthetic and synthetic 

the prolonged medical treatment. Tolerance and addiction opioid drugs, as discussed in Chapters 2 and 3, there has been an 

represent the major drawback of the opioids as analgesics, extensive ongoing research of opioid analgesia mechanisms. Thus, 

requiring strict control in dosing and duration of therapy, except in it has long been known that opioids act by binding to the specific 
6terminal cases.  receptors - protein molecules located in various parts of CNS and 

It is interesting to note that there is a very large number of also in some periferal tissues. The binding is normally non-covalent 

exogenous compounds, particularly semi-synthetic and fully and it is reversible. Outside CNS, opioid receptors are significantly 

synthetic, which are  potent  opioid analgesics. While the cause of expressed in intestines (e.g. ileum) and sperm ducts (vas 

1that phenomenon is not clear, some of the compounds (e.g. deferens).

morphine, oxymorphone, oxycodone, fentanyl etc.) have become At present, four types of opioid receptors types are 

highly useful analgesics. recognized: µ (MOR), κ (KOR), δ (DOR) and ORL-1 (or NOP). (The 

It is also known that certain compounds can “cancel” the opioid receptor types are sometimes refered to as sub-types).   

action of opioids, rapidly terminating their analgesic effect as well While many of the natural physiological roles of those receptors 

as the side effects. Typically, such compounds have little or no  remain poorly understood or unknown, a number of facts have been 

pharmacological effects on their own and are denoted as opioid established with solid certainty. Thus all opioid receptor types  are 

antagonists. Virtually all known antagonists are semi-synthetic G-protein coupled, transmembrane proteins. As such, they are 

morphine derivatives, with naloxone being especially effective tightly embedded into the cell wall, with the active site facing 

(Chapter 2). Medical application of antagonists is limited to the outward.

treatment of opioid overdose, since they immediately reverse the 
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Upon forming a complex with agonist ligands (either insight into the mechanism of opioid action on molecular level. In 

endogenous opioid peptides or exogenous compounds), the some instances, binding affinities of  novel compounds could be 

8receptors initiate an intracellular sequence of events, eventually predicted qualitatively.

Since 2012, all 4 opioid receptors, in various complexes, resulting in the reduction of painful sensations. (ORL-1 receptor 

1 were crystalized and their 3D structures determined using single type is considerably different from the other three).  

9 Much effort has been invested in the theoretical modeling of crystal X-ray  diffraction.  Significantly, one of the structures is the 

receptor-ligand interactions. The most significant general approach complex  µ-receptor-agonist, having the binding pocket in the 

7 9ais known as docking, although other methods are also used.   Apart activated state. (Other complexes are with the antagonist ligands 

9b-e from the practical aspects, in designing novel opioid drugs, the and have inactive binding pockets). Detailed knowledge of the 

studies have significantly contributed to the present knowledge of activated binding pocket can also facilitate the development of 

receptor-ligand interactions and to the general understanding of novel opioids, having higher potency and/or improved pharmaco-

opioid action on molecular level. logical profile.

Prior to 2012, the 3D structures of opioid receptors were As already noted, opioid endogenous peptides are the natu-

unknown, since the purified opioid receptor proteins could not be ral ligands of opioid receptors, normally present in the tissues 

crystalized. Therefore, the extensive homology modeling, based on containing opioid receptors. The following  endogenous opioid 

the experimentally determined 3D structures of the related peptides are known: 1) Met-enkephalin, 2) Leu-enkephalin, 3) β-

receptors (“homologues”), was used to predict probable 3D Endorphin, 4) Dynorphin A, 5) Dynorphin B, 6) α-Neoendorphin, 

8structures of the opioid receptors and their active sites.  (The active 7) Endomorphin-1 and 8) Nociceptin (orphanin FQ), Scheme 1. 

sites are often denoted  as binding pockets). The interactions of the Their structure, biosynthesis and biological roles have been the 

1apresumed active sites and the various ligands were then calculated subject of extensive research in the past three decades.

and compared to the experimental pharmacological results, 

particularly binding affinities. While insufficiently accurate, the 

homology approach offered a significant and generally correct 
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Tyr-Gly-Gly-Phe-Met

Met-enkephalin Leu-enkephalin

Tyr-Gly-Gly-Phe-Leu Tyr-Gly-Gly-Phe-Met-Thr-Ser-Glu-
Lys-Ser-Gln-Thr-Pro-Leu-Val-Thr-
Leu-Phe-Lys-Asn-Ala-Ile-Ile-Lys-
Asn-Ala-Tyr-Lys-Lys-Gly-Glu

β-Endorphin

Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-
Pro-Lys-Leu-Lys-Trp-Asp-Asn-Gln

Dynorphin A Dynorphin B

Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Gln-
Phe-Lys-Val-Val-Thr

Tyr-Gly-Gly-Phe-Leu-Arg-Lys-Tyr-Pro-Lys

1. 2. 3.

4. 5.

6.

α-Neoendorphin

Tyr–Pro–Trp–Phe–NH2
7.

Endomorphin-1

Phe-Gly-Gly-Phe-Thr-Gly-Ala-Arg-Lys-Ser-Ala-Arg-Lys-Leu-Ala-Asn-Gln8.

Nociceptin (orphanin FQ)

Scheme 1.1. Known endogenous opioid pepties

Figures 1.1-1.3, (p. 5-7), are qualitative (“artistic”) repre- opioid receptor structures, readers are refered to the original 

sentations of opioid receptors and their environment. Exact experi- literature and the PDB files. (To avoid ambiguities, CAS Registry 

mental structures of m-opioid receptors,  Figures 1.4-1.6,  were Numbers are provided for certain small molecules, e.g. ligands). 

rendered from the original PDB files, using dedicated molecular 

visualizing applications. For more detailed information on the 
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Fig. 1.1. Qualitative (“artistic”) representation of a transmembrane receptor-ligand complex embedded in the cell wall. 
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Shematic qualitative representation of an opioid receptor  in the cell (m, k, d or ORL-1)

It has been determined 
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three extra-cellular loops (ECL1-
9ECL3).  N-terminus is in the 

extracelluar space and C-terminus is 
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to G-protein in the intracellular space, 

Fig. 1.2. When activated by an agonist 

ligand, the receptor generates signal, 

mediated by G-protein. The signal 

initiates the chain of intracelular 

events, eventually resulting in  tempo-

rary analgesia. 

Other G-protein coupled recep-

tors have a broadly similar structure 

and mechanism of action. (For a 

detailed discussion see ref. 9a).    

EXTRACELULAR
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Note: Fig.1.2 was created 

dedicated application, by an extensive 

manual modification of the experimental 

structure (activated m-opioid receptor, 

PDB: 5C1M). While the basic shape was 

preserved, a-helical folds (TM-1 to TM-7) 

were stretched apart to make the receptor 

structure clearly visible.

using a 
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Artistic representation of an opioid ligand (e.g. morphine), tissue,  it forms a reversible complex D-E with an opioid receptor E 

penetrating into the brain tissue, Fig. 1.3. A. The ligand is delivered (represented by the magenta  circle). The complex formation 

to the brain via bloodstream. B. The ligand crosses the ”Blood- initiates  chain of events resulting in  temporary analgesia. As the 

Brain Barrier” (BBB), entering the brain tissue.  C. Inside the complex dissociates, the analgesic effect terminates.   

NEURON

A

B

C

MORPHINE MOLECULEBLOOD VESSEL

D E

OPIOID LIGAND - 
OPIOID RECEPTOR 
COMPLEX

OPIOID LIGAND  
DISSOCIATES FROM
THE COMPLEX

Fig. 1.3 Artistic representation of an opioid ligand  penetrating into the brain tissue and the sequence of  ensuing events.
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A and B: 

recepeptor from the previous page (5C1M).

C and D: Structure of  BU 72.

Cross-section representations of the 
A B

C

D
G protein mimetic 
camelid antibody 
fragment

BU 72 (m-ligand agonist)

D
G protein mimetic 
camelid antibody 

BU 72 (m-ligand agonist)

O

O

N

N

N
Me

H

HN
H

O Me

Ph
HO

R

R

R
RS S

S

(CAS  No 173265-76-4) 

º

Fig. 1.5 
             (cross-section of the 3D structure).

 Crystal structure of the activated µ-opioid receptor bound to agonist
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O

O
O

N

O

N

Crystal structure of the inactive µ-opioid receptor in complex with 

9b
an irreversible morphinan antagonist (2.8 Å resolution).  

HHO

HO

O

N

HN

O

O

O

(CAS  No 91409-52-8)

(m-ligand- antagonist)

º

A B C

D

A and B: Cross-sections  of 

the inact ive m-opio id 

receptor bound to a 

morphinan antagonist.

C and D: Structure of the 

antagonist.

PDB: 4DKL. DOI: 10.2210/pdb4dkl/pdb

Fig. 1.6 
          (cross-section of the 3D structure)

 Crystal structure of the inactive µ-opioid receptor bound to antagonist
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As already noted, besides m receptor structure, crystalline homologous proteins. Therefore, structures of the three receptors 

structures of d, k and ORL-1 receptors, in complexes with the are not represented here; only their antagonist ligands are shown, 

9c,d,e Scheme 1.2. (The receptor structures can be directly retrived using respective antagonist ligands, were also determined. Although 

DOI numbers).the each receptor and its binding pocket have a distinct 3D 

structure, they are visually similar, as expected from the closely 

Scheme 1.2. Antagonist ligands 1, 2 and 3, used to obtain crystalline complexes 
                  with d, k and ORL-1 receptors, respectively.

(CAS  No. 111555-53-4);PDB: DOI: 10.2210/pdb4ej4/pdb 

OH

O

N

N
HHO H

H

1

(Naltrindole;d-ligand- antagonist)

NH

O

H
N N OH

HO

 
JDTic; (k ligand antagonist) 

2 3

(CAS  No. 361444-66-8); PDB: DOI: 10.2210/pdb4djh/pdb (CAS No 475150-69-7); DOI: 10.2210/pdb4ea3/pdbPDB: 

N
Ph

NH

O

N

O

(ORL-1 ligand- antagonist) 

º

O

O

O

N

N
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Very recently, the crystalline structure of the µ-receptor- standard reactions used in synthesis of peptidomimetics and 

ligand complex was used in the rational drug design, providing related compounds. Commercial precursors, L-tyrosine ethyl ester 

10 entirely novel µ-opioid agonist, PZM21. While the compound has 4 and thiophene-3-carbaldehyde 8 were elaborated to the 

similar analgesic potency as morphine, adverse side effects appear intermediates 7 and 11 respectively. Direct aminolysis of the 

to be substantially reduced, thus providing a significant pharmaco- activated carbamate 11 by primary amine 7 secured the final 

logical lead in development of the next-generation opioid drugs. product, urea 12 as a diastereomeric mixture. HPLC separation 

The synthesis of the compound  (PZM21) is shown in provided the active m-opiod ligand ( 12. Despite  simplicity of 

10Scheme 1.3. the synthetis, the ligand design process was qute complex and 

10
The synthetic approach is  straightforward, based on the sophisticated.  

(S,S)12 S,S)

NH2
HO

O

OEt NH3/MeOH

NH2

Ar

O

NH2

NaBH(AcO)3
N
H

Ar

O

NH2

then HCl
Cl

BH3/THF

15h, rfl

46%

N
HHO

NH2

Cl

A.

S

CHO
NO2

ethanolamine,
HCO2H

7h, 90oC

S

NO2

98%

LiAlH4/THF

56% S

NH2

OO

Cl
NO2

S

HN

O NO2

OTHF/Et3N

B.

0 to 20oC, 6h

75%

Et3N, DMF
20 h, rt

N
HHO

NH2

Cl

70%
S

N
H

N
H

O

N
OH

HPLC separation 
of diastereomers

S

N
H

N
H

O

N
OH

4 5 6 7

8 9 10

8

11

12 (S,S)12

HCHO

S S S S

S

SR S, SS

7

Scheme 1.3. Synthesis of novel, m-selective opioid ligand  (PMZ21).(S,S)12
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HO
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H
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H
N

O

N

O

Ph

O NH

OH

S

SR

DAMGO (CAS No 78123-71-4)

H
N

S

H
N

NH
S

HN O

H2N

OH

O
O
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S

S

S
S

DPDPE (CAS No 88373-73-3)

d-selective agonist

Deltorphin II (CAS No 122752-16-3)

O

MeO

N

N

SNC 80 (CAS No 156727-74-1)

m-selective agonist

d-selective agonist

NEt2

Tyr-D-Ala-Phe-Glu-Val-Val-Gly-NH2

Ph

O

N

O

N

k-selective agonist

U 69593 (CAS No 96744-75-1)

d-selective agonist

13 14

15 16 17

Scheme 1.4. Structure of some significant,  m, k and d-selective opioid ligands, 
                used in the research of opioid receptor related phenomena.

therapeutic use, since they cannot penetrate blood-brain barier 1.3. Ligands Selective For μ, κ and δ Opioid Receptors

and/or have serious side effects. Prominent examples are shown in In general, opioid ligands have preferential selectivity for one 

Scheme 1.4. Thus, synthetic peptide DAMGO 13 is highly selective of the three  receptor types (µ, κ, δ). (ORL-1 ligands are discussed 

µ-receptor agonist, widely used in the reasearch of opioid-related at p. 14). However, the selectivity is relative and they also bind, 
11-13 14phenomena. Compound 14 (U 69,593)  is a selective κ-receptor with various affinities, to other opioid receptor types. Ligands 

15 16 17,18 agonist, while compounds 15,  16  and 17, are all δ-selective highly selective  for the each opioid receptor type do exist and are 

agonist ligands. (Deltorphine II, structure 16, is a naturally-used for research purposes only. The compounds have no 

occuring peptide, which is normally obtained 

synthetically, as [3H] radioligand).  

Pharmacological profiles of the three 

opioid receptor types are significantly different. 

Thus µ-receptors are responsible for the most 

powerful analgesia and are clinically  most 

significant. Almost all opioid analgesic in the 

current clinical use are primarily µ-agonists. 

Unfortunately, their activation also causes 

severe respiratory depression, tolerance and 

addiction. Various κ-selective agonists have 

been tested as analgesics, however, except for 

pentazocine, cannot be used as drugs, because 

of the serious psychotomimetic effects 

(otherwise they produce powerful analgesia and 

little tolerance and dependence). At present, 

selective δ-opioid agonists appear to have 

limited therapeutic potentials. 
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H
N

O

N
Ph

F Cebranopadol 18
(CAS No. 863513-91-1)

ORL-1 receptors apparently have significantly different biological 

roles from µ, κ and δ receptors. Consequently, their exogenous ligands, 

both agonists and antagonists, induce diverse pharmacological responses. 

There are several ongoing clinical trials or preclinical investigations 
19of both ORL-1 agonists and antagonists.  ORL-1 agonists have been 

examined in preclinical models for the potential treatment of anxiety, 

cough, substance abuse, pain (spinal and peripheral) as well as urinary 

incontinence. ORL-1 antagonists have promising potentials in the 

treatment of pain, depression, and motor symptoms in Parkinson's 
19disease.  At present, there are no approved drugs, acting on ORL-1 

20receptors. Cebranopadol,  structure 18, which is the full ORL-1 agonist 

and full µ-agonist, is currently undergoing Clinical Phase III trials, as a 

potential analgesic. Other ORL-1 agonist or antagonists are in a less 
19advanced clinical trials or preclinical investigations.   

Description of the tests and statistical methods for 

21results evaluation can be found in the relevant literture.  Some 

of the tests are  illustrated in the Figures 1.7-1.10.

Fig. 1.7. Mouse hot plate test

1.4. Biological Testing Of Opioids

oHOT PLATE AT 55 C

Biological testing of the opioid ligands 

has evolved greatly in the past several decades. 

Initially, only in vivo tests were available. 

Typical tests for measuring analgesic 

effects (not necessarily caused by opioids) are: 

1) mouse hot-plate test (MHP), 2) rat-tail with-

drawal test (RTW) and 3) The Randall–Selitto test or paw pressure test. 

They are still extensively performed in rodents. Rotarod performance 

test is used to examine balance and coordination, which can be seriously 

affected by various substances, including opioids. 
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Fig. 1.8. The Randall–Selitto test or paw pressure test.
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THE SOURCE OF IR RADIATION

Fig. 1.9. Rat-tail  withdrawal test.
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Fig. 1.10. Rotarod performance test

Furthermore, any tests in humans are clinical trials, 

requiring long preparations, previous animal tests and 

safety considerations. Therefore, various in vitro tests 

were developed. One group of tests involve isolated 

animal organs, rich in opioid receptors, usually intestines 

23or sperm ducts (e.g. guinea-pig isolated ileum  or rat vas 

24 25deferens ). Electrical stimulation  of these isolated 

organs can efficiently identify opioid agonists or 

antagonists, without interference from pharmacokinetic 

factors. 

Binding assays become essential, first-line tests in 

26estimating opioid activity of the novel compounds.  With 

the advances in receptor cloning, much larger amounts of 

the cloned receptor proteins, including all four human 

opioid receptors, become available. Using various 

radiolabeled reference ligands (e.g. [3H] naloxone), it is 

relatively expedient to measure binding affinity of the 

novel compounds towards specific receptors. Yet, high 

costs of the cloned receptors,  reference radioligands and 

26the dedicated equipment are often prohibitive.

Another useful tool in  studding  opioid receptors and More advanced tests, including the electrical stimulation of 

22 their ligands are receptor-specific ligands. They are used the tooth pulp in healthy human volunteers were developed.  

extensively in various tests, usually in vitro, to measure the While usually efficient, they are time-consuming, costly and 

receptor selectivity of new compounds (see Scheme 1.4). depend on numerous pharmacokinetic factors (e.g. some 

compounds cannot penetrate brain-blood barrier etc.). 
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1. (Chapter 2). Almost all other opioids are fully synthetic, e.g.  

pentazocine, methadone, pethidine, fentanyl and its analogues and As evident from the available literature (papers and patents), 

several others (Chapter 3). there are thousands of the known exogenous opioid agonists and a 

far smaller number of the opioid antagonists. Many of them a 1.6. Natural Non-Morphine Opioids

structurally quite diverse, encompassing, among others, morphine- There is a relatively small number of natural products, 

like compounds, relatively simple  piperidines and peptides. An structurally unrelated to morphine, which are proven opioids. At 

overwhelming majority of the opioids are obtained either by semi- present, their significance is only academic.

synthesis from morphine alkaloids or are fully synthetic, including Almost forty years ago, it was found that the skin of several 

many peptides and peptidomimetics. In fact,  morphine is the only species of frogs (genus Phyllomedusinae), contained peptides 

27opioid drug obtained exclusively by isolation. (Codeine is which were selective μ-opioid agonists.  A total of seven naturally 

predominantly prepared by semi-synthesis, Chapter 2). A small occurring peptides, named dermorphins, were isolated and 

number of  compounds are naturally occurring non-morphine numerous analogues synthesized. 

opioids, as detailed later. In the present, short treatise of the topic, Representative examples are Dermorphin and 

6it was not possible to include even the structures of all opioid hydroxyproline -Dermorphin, Fig. 1.11. Generally, they are potent 

classes, much less their synthesis. and selective opioids, however most of them cannot penetrate 

Therefore, the author chose to cover mainly opioids used as brain-blood barrier (BBB), thus requiring direct injection into the 

the drugs, either currently or in the past. These compounds are brain (ICV, intracerebro-ventricularly). Like other opioid peptides, 

easily identified, as all countries worldwide are obliged to report to both natural and synthetic, dermorphins have only academic 

UN agencies (primarily to  International Narcotic Control Board, significance, with no therapeutic potential. In addition to 

INCB) the exact quantities of the opioid drugs they produce dermorphins, the same genus of frogs (spec. Phyllomedusa bicolor) 

annually, as well as the consumption, utilization and import/export. was the source of several heptapeptides, possessing high agonist 

Medically used opioid drugs can be simply classified as: activity and exceptionally high selectivity for δ-opioid receptors, 

1) immediate morphine derivatives and Fig. 1.12. The peptides were named deltorphins and, like 

28dermorphins, all have D-alanine in the position 2.  Initial studies, 2) all others. 

using various in vitro tests, confirmed that Deltorphin I was the On the industrial scale, morphine derivatives are exclusively 

most potent and δ-selective ligand, with Ki= 0.15 nM.obtained by semi-synthesis from morphine, thebaine and oripavine 

5. Structure of Exogenous Opioid Ligands
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30  Thus, the synthetically prepared and [3H] labeled aspects of its action remain poorly understood.  However, the fact 

compound is a useful probe in binding studies. Subsequently, it was that it causes hallucinations is not surprising, since k-receptor 

1a,30cdetermined that deltorphins significantly penetrate blood-brain activation almost always has strong psychomimetic effects.  This 

barrier, via specific transportation mechanism, producing in vivo is the principal reason that prevents medical use of the selective 

analgesia in rodents. Nonetheless, like more recent, non-peptide k-agonists, including Salvinorin A and its numereous analogues. 

28δ-agonists, their overall therapeutic potential is low. However, the compounds are useful tools in pharmacological 

research.  The South Asian plant, known as “kratom” (Mitragyna 

speciosa), has been used for centuries by the local population, 

because of its pronounced psychoactive properties, Fig. 1.13.1a,29 

The most active constituent is the alkaloid mitragynine, which 

shows distinct opioid-like activity (ca ½ that of morphine, when 

measured in vitro). However, other pharmacological properties 

are different from morphine and it is unlikely that the compound 

or its analougues will find therapeutic use. 

Probably the most intriguing example of naturally occurring 

opioids is  Salvinorin A, isolated from the Central American plant, 

30Salvia divinorum, Fig. 1.14.  The compound is a terpenoid rather 

than alkaloid, since it has no nitrogen atoms. Yet, it is probably the 

most potent k-agonists known to science. It is also a well-known 

and extremly potent halucinogen, being active in sub-milligram 

quantities in humans. The plant has been used for centuries, by 

Mazatecs, an indigenous group from Oaxaca, Mexico, in 

30 shamanistic rituals.

Despite more than three decades of research efforts, many 
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Tyr-D-Ala-Phe-Gly-Tyr-Hyp-Ser-NH  2
Tyr-D-Ala-Phe-Gly-Tyr-Pro-Ser-NH  2

Dermorphin 19 6hydroxyproline -Dermorphin 20

DERMORPHINS - REPRESENTATIVE STRUCTURES AND THEIR NATURAL SOURCES

Fig. 1.11. Dermorphins
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DELTORPHINS REPRESENTATIVE  - STRUCTURES AND THEIR NATURAL SOURCES

Tyr-D-Ala-Phe-Asp-Val-Val-Gly-NH2

Deltorphin I 21

Deltorphin II 22

Tyr-D-Ala-Phe-Glu-Val-Val-Gly-NH2

Phyllomedusa bicolor

Fig. 1.12. Deltorphins
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Mitragyna speciosa Salvia divinorum

Salvinorin A 24

NH

N

H H

Et

H

CO2Me

OMe

MeO

O

O

O

H

H
O

AcO

CO2Me

http://www.sagewisdom.org/salvlf.html

https://en.wikipedia.org/wiki/File:Mitragyna_speciosa111.JPG

Fig.1.14 Salvia divinorum

Fig.1.13 Mitragyna speciosa

Mitragynin 23 (CAS No. 4098-40-2) (CAS No 83729-01-5)
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 Opioid Analgesics: Structure and Synthesis.  Chapter 2.  Morphine Alkaloids.                                            M. D.  Ivanović. 2.1. Morphine alkaloids: introduction

OPIOID ANALGESICS. CHAPTER 2. whereas B emphasizes the presence of isoquinoline ring system. 

2.1. Morphine alkaloids: introduction The compounds are often denoted as 4,5-epoxymorphinans, 

1 7Morphine alkaloids  are formally classified as a distinct group indicating the presence of furan ring as the common feature.  

of isoquinoline alkaloids, since they all possess isoquinoline Morphine alkaloids are most abundant in Papaver somniferum 

structural motif. While various groups of isoquinoline alkaloids are (opium poppy), and, to a lesser extent, in many related species, 

8structurally diverse and numerous, there are only four significant, including Papaver bracteates (Persian poppy)  and Papaver 

2,3 4,5 9naturally occurring morphine alkaloids.  These are: morphine, 1, orientale.  Usually they are accompanied with other isoquinoline 

4,6 4 4,5 1 4,10 4thebaine, 2, oripavine 3 and codeine, 4, all found as single alkaloids,  such as noscapine,  5, papaverine  6 and ber-

4,11enantiomers only, Fig. 2.1  (The opposite enantiomers can be berine,  7, Fig 2.1. These “non-morphine” alkaloids have complex 

1obtained exclusively by total synthesis). Structure A represents the pharmacology and some therapeutic potentials,  however they are 

usual numeration of morphine molecule and its congeners, not opioids and have no significant analgesic effect.
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2.2. Pharmacological properties of morphine is also a weak analgesic, about 10 times less potent than morphine. 

alkaloids While it is  relatively safe drug, its prolonged use can result in some 

Morphine alkaloids are best known because morphine is a tolerance and addiction. 

4,12 thhighly potent opioid analgesic.  Since the 19  century, morphine 2.3. Sources of morphine alkaloids

salts (mainly sulphate), have been used extensively to treat Morphine, thebaine, and oripavine have been obtained 

moderate to severe pain, both acute and chronic. Because of the commercially only from the various strains of opium poppy, Papaver 

poor oral effectiveness, it is predominantly injected intravenously, somniferum. Codeine is much less abundant than morphine in the 

4,14,15(IV), under the skin (subcutaneously) or intramuscularly (into ordinary poppy strains, approximately in the ratio 10:1.  Since it 

muscle). A usual therapeutic dose is 10 mg in adults, although it can is needed in multi-ton quantities as the antitussive drug, it has been 

thvary substantially, depending on the individual's sensitivity and in short supply since the late 19  century. However, development of 

concrete conditions (e.g. intensity of the pain). the efficient semi-synthesis from morphine in the past decades, 

14,15Morphine has serious side effects, with the respiratory de- provided sufficient quantities of the drug.  

pression (cessation of the spontaneous breathing) being the most The total amounts of the morphine alkaloids produced 

14,15dangerous, often resulting in death. Prolonged use inevitably re- worldwide in 2014, are presented below.  

sults in tolerance and physical addiction, which is difficult to treat 1. Morphine: exclusively from natural sources (>90% from 

(see Chapter 1). poppy straw, <10% from opium). Total world production: 463.6 t 

4 ,12  Thebaine is practically devoid of any useful (from poppy straw and opium). 

pharmacological activity, however it is a significant precursor in 2. Thebaine: exclusively from natural sources (poppy straw, 

various semi-synthesis of morphine derivatives. opium). Total world production: 102.6 t.

4 13Oripavine  has analgesic potency similar to morphine,  but it 3. Oripavine: exclusively from natural sources (poppy straw, 

is severely toxic, often causing death in experimental animals. It is opium). Total world production: 25.4 t.

used only as a precursor in several semi-synthesis of morphine 4. Codeine: almost exclusively from morphine. Small but 

derivatives. growing amounts: from the poppy straw. Total world production: 

Codeine is a very effective antitussive, widely used to 379.0 t.

supress cough, although there are alternative, non-opioid drugs.  It 
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Fig. 2.2.  Opium poppy plant, drawing

Papaver somniferum is a species of annual herb in the family 

Papaveraceae, Fig 2.2. There are a number of strains as well the artificially 

16mutated variants. Detailed information can be found in the cited reference.  

Various strains of Papaver somniferum are extensively cultivated for the 

17 17edible seeds and, to lesser extent, the oil.  According to FAO data,  poppy 

seed production is almost exclusively limited to European countries. Thus, in 

2014, the leading producer was Czech Republic (24 665 t), followed by Turkey 

(16 223 t) and Spain (~11 000 t). No data are available for poppy seed oil, 

which is much less significant, mainly culinary product. As explained below, 

after harvesting the seeds, the dry plant residue is usually used to extract 

morphine alkaloids. 

Opium poppy is also legally cultivated in other countries, particularly 

India and Australia (Tasmania), only to obtain morphine alkaloids, rather than 

14,15the seeds.  

The alkaloids are present in the whole plant both during the maturation 

period and in the dry plant residue, known as the poppy straw. The highest 

alkaloid concentration is in the seed-free capsules, and much lower in the 

stems. However, the ripe poppy seeds are completely devoid of the alkaloids 

and therefore safe for human consumption. Figures 2.2-2.6 illustrate the 

appearance of opium poppy.

2.4. Opium poppy: basic facts
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Fig.2.3.   A: Opium poppy with a flower and unripe capsules (pods). B: Sliced unripe capsule; unripe seeds are white.
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Fig.2.4. Fields of opium poppy (Papaver Somniferum)
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Fig.2.5.  Opium poppy plant: ripe capsules and seeds
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Fig.2.6. Fields of the poppy straw, ready for harvesting (Spain).

http://www.twins-farm.com/2014/08/harvesting-opium-poppy.html
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Fig.2.7. Various stages in opium formation

1,2,4 12.5. Extraction of morphine alkaloids: opium  noscapine and others (see Chapter 1).  While the early historic 

When the unripe capsules of opium poppy (and  related records of opium are scarce, the analgesic properties of opium were 

2,4,18species), are accidentally damaged or deliberately incised, they known and documented in the antiquity. However, a significant 

secrete a milky exudation, Fig. 2.7. The viscous liquid gradually production, use and abuse of opium started much later and it 

solidifies into the yellow-brown, resinous solid, known as opium. became more widely available in the European countries since the 

thThe substance is rich in various isoquinoline alkaloids (about 20), early 19 century. 

including morphine and its congeners, as well as papaverine, 

33/167



 Opioid Analgesics: Structure and Synthesis.  Chapter 2.                              M. D.  Ivanović. 2.5. Extraction of morphine alkaloids: opium Morphine Alkaloids.    

Opium is usually further processes by drying and pressing, leading to the isolation of morphine by the German pharmacist F. W. 

resulting in compact cakes or lustrous black resin, Fig. 8 A and B. Sertürner in 1803/4. (The results were published in several later 

4 19
Alcoholic extracts of opium, then known as laudanum  were papers).  Incidentally, it was also the first known organic base, 

widely prescribed as an analgesic, hypnotic and for various hence the name alkaloid (“alkali-like” or similar to inorganic bases). 

ailments, often with no therapeutic justification. The easy It was isolated exclusively from the opium, using various extraction 

availability of the drug led to severe addictions, health issues and and precipitation procedures, affording the final product, water-

4
deaths. Opium also became the subject of scientific interest, soluble morphine sulphate or hydrochloride.  
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Fig.2.8. A: Dried opium cake. B: opium in the form of a black resin.  (Source: DEA).
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The increased need for the morphine, since the 19th century, The whole process of opium production has always been 

resulted in the manifold increase in opium production. At the time, extremely labour-intensive, as it is to this day.  It requires manual 

it was the only source of morphine alkaloids, and also used in incision of unripe poppy capsules ("pod scoring"), with primitive, 

medical preparations of opium tinctures (alcoholic solutions of 1-5 blade “knifes”, Fig. 2.9 A and B. Then, on the next day, the semi-

opium). It should be noted that the appropriately purified opium is solid opium drops are scraped from the surface of the pods with a 

still prescribed by various Pharmacopoeias, including the short-handled, flat, iron blade 10-15 cm wide, Fig. 2.10 A and B.  

European, in the form of several tinctures (alcoholic extracts). Further processing of the raw opium includes various drying and 

Almost exclusively, it is used as antidiarrheal medication. pressing methods, providing opium cakes or lumps (Fig. 8).

20,21

4

Fig.2.9. A: Current licit production of opium in India.  B: Manual incision of unripe poppy capsule. Source: DEA
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Fig.2.9. A: Current licit production of opium in India.  B: Manual incision of unripe poppy capsule. Source: DEA
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https://www.deamuseum.org/ccp/opium/production-distribution.html
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Fig.2.10. A. Incision (scoring tools).  B. Collecting fresh opium resin from the 
incised poppy capsules. (Source: DEA)

It was only in the early 1930s that opium was gradually reached an estimated ~7100 t, with the sole purpose of criminal 

20,21replaced by poppy straw as the practical source of morphine production of heroin.  (Global illicit production of heroin was 

alkaloids (see below). Consequently, the licit opium production estimated at 526 t in 2014, as opposed to ~0.6 t of the licit 

decreased dramatically, to only 287 t in 2014. India remains the production in the same year). Tree main regions in the world are 

only country in the world still producing the licit opium, mainly for prime sources of the illicit opium (2014.): a) South-West Asia 

14,15the export.  This is profitable, in part, due to the very cheap (Afghanistan, Pakistan and India; b) South-East Asia (Myanmar and 

labour force. (The illicit opium is much more expensive). Laos) and; c) The Americas (especially Colombia, Mexico and 

20,21Regrettably, in the same year, the illicit opium production Guatemala).
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22
2.6. Extraction of morphine alkaloids: poppy straw chemist Janos Kabay solved the problem on an industrial scale.  In 

As explained previously, the production of opium is laborious the following decades, the process has been extensively modified 

and expensive. Hence, the alternative approaches to extracting and several substantially different variants emerged (with critical 

morphine from poppy plant were sought for decades. While it was details kept as trade secrets). 

well known that poppy straw, remaining after harvesting the ripe Consequently, the contemporary licit production of morphine 

seeds, contained very significant amounts of the morphine alkaloids starts almost exclusively from the poppy straw, (well 

14,15alkaloids, no practical isolation procedure existed, and the straw above 90%), instead from the opium.  Poppy straw is usually 

was burnt as a waste. However, in the late 1920s, Hungarian collected by mechanical harvesting,  Fig. 2.11.

Fig.2.11. Mechanical harvesting of the opium poppy straw. It is used 

both for the seed production and extraction of the alkaloids, Spain.
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According to the original Kabay's procedure (patented in lowed by the several basification and acidification cycles of the 

221935), the extraction of morphine from dried poppy straw, relied aqueous extracts. In addition, the procedure required several 

on the initial acid extraction of the powdered plant material, fol- tons of water per ton of the straw, vacuum concentrations of the 

extracts, filtrations 

and crystallization, 

Fig. 2.12. With the 

f i n a l  y i e l d  o f  

0.7-0.8 Kg of the 

purified morphine per 

ton of the dried poppy 

straw, the process did 

not appear cost-

effective. Nonethe-

less, it was, since 

H u n g a r y  s o o n  

stopped importing 

morphine, relying 

e n t i r e l y  o n  t h e  

domestic produc-

23tion.

Fig.2.12. Simplified Flow chart diagram of crude morphine isolation from powdered,  dry poppy-plant acc.to the patent
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Following the initial Kabay's discovery, various procedures acid. Upon basification, the solid, crude alkaloid mixtures 

14,15for the isolation of morphine alkaloids form the straw have been precipitated as "Concentrate of Poppy Straw", CPS.

Additional steps, including passing the liquid extracts patented in the past several decades. An early example, shown 

through cationic and anionic ion-exchange beds, facilitate the below, illustrates the use of i-butanol, (inexpensive, poorly water-

24 separation of non-alkaloid impurities and some alkaloids. Final miscible solvent) for the poppy straw extraction,  Fig. 2.13. An 

purification of the separated morphine alkaloids to the apparent advantage of the method is the limited amount of the 

pharmaceutical grade (usually >98% purity), required further organic solvent used, no need for vacuum concentration and the 

steps, involving crystallizations, extractions etcsimple liquid-liquid extraction. Thus, free alkaloids, dissolved in 

i-butanol, were extracted into water as salts, using dil. sulphuric 

Fig. 2.13.  Simplified Flow chart diagram: isolation of the crude morphine from powdered dry poppy-plant.
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Numerous refinements and modifications, introduced over example, in 2014, Australia produced morphine poppy straw con-

the next several decades, fully justified the basic concept. centrate containing 163.5 t of anhydrous (i.e. pure) morphine. (The 

All modern processes for the preparation of pure morphine actual weight of the concentrate was considerably higher, since it 

alkaloids from poppy straw, involve the stage where concentrated also contained other alkaloids, water and various impurities). 

mixtures of the alkaloids are obtained. The mixtures, usually in the Consequently, the term “poppy straw concentrate” is being 

powdered form, are denoted as “concentrate of poppy straw” or replaced by the more accurate terms: AMA (anhydrous morphine 

CPS. Although it is commercially advantageous to refine CPS to the alkaloid), ATA (anhydrous thebaine alkaloid), AOA (anhydrous 

pure alkaloids, it is often not the case either because of the manu- oripavine alkaloid) and ACA (anhydrous codeine alkaloid).

facturer's lack the expertise or other reasons. Hence, various Production of thebaine has increased substantially in the 

14,15grades of CPSs are traded as such, as documented in INCB past two decades.  There is a high demand for that alkaloid, 

14,15reports. since it is the key precursor in several industrial semi-synthesis of 

According to INCB reports, before the late 1990s, the only various opioid drugs. Until the late 1990s (and, to a lesser extent, 

cultivated strains of opium poppy were those rich in morphine, as of 2016), it has been in short supply and expensive, since it is 

containing only small amounts of thebaine, codeine and oripavine. only a minor opium alkaloid in the standard opium poppy strains. 

Consequently, the single type of “concentrate of poppy straw” Although thebaine is the principal alkaloid in the perennial poppy 

existed, i.e. the variant rich in morphine ("CPS–morphine"). Papaver bracteatum, the large-scale production from that plant 

Since then, several novel strains of opium poppy, rich in proved impractical. Therefore, several new opium poppy strains, 

thebaine and later in codeine were introduced. Their current culti- rich in thebaine, were obtained through the artificial mutations. 

vation provides four grades of commercial CPS, classified according One of the several such strains, e.g. the "Norman" poppy, produces 

to the main morphine alkaloid present in the product. These are: 1.68% thebaine, 0.74% oripavine, 0.05% codeine and no mor-

25a) CPS-morphine; b) CPS-thebaine; c) CPS-codeine and phine, by weight of the dry straw.  Newer mutated strains, intro-

d) CPS-oripavine. (The last one results from the modified process- duced in 2009-10, have even higher thebaine contents and less 

26ing and not from the specific opium poppy strain). In the past other alkaloids.  Currently, they are the main source of thebaine, 

several years, the amounts of poppy straw concentrates are usually while the rest is isolated from the standard opium poppy strains. 

expressed as the quantity of the principal alkaloid they contain. For 
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As already mentioned, the bulk of codeine is still being It should be noted that the alkaloid contents in the concentrates are 

produced from morphine. However, in the past several years, new relatively simple to determine accurately, using standardized HPLC 

27opium poppy strains, rich in codeine, have gradually being procedures.  Nevertheless, there are always very significant losses 

cultivated. (Like the thebaine-producing strains, these too were in the purification of the concentrates, resulting in the much lower 

27obtained through the artificial mutations).  Thus, the total world amounts of the isolated pure product. (As already mentioned, 

production of the concentrate (expressed as anhydrous codeine details of the purification processes are kept confidential). 

alkaloid) was ~58 t in 2014, although the quantity of pure codeine Laboratory-scale extraction of codeine is represented in Fig. 2.14.

obtained from the concentrate was not reported. 

27Fig. 2.14. Simplified flow chart diagram: isolation of crude codeine from powdered, dry poppy-plant.  
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4 42.7. 3D structure of (-) morphine and the related hasubanonine 9,  and oreobeiline 10, . 

“opposite”alkaloids In the case of (-) morphine, configuration at the relevant 

It is well-known that most natural products occur as single stereocenters is: 9R, 13S and 14R while sinomenine and 

enantiomers only, and morphine alkaloids are no exception in that oreobeline have the configuration 9S, 13R and 14S. 

respect. Interestingly, several plant species native to Far East, such The compounds are not opioids, having only moderate anti-

28 as Sinomenium acutum, ( ), produce a group of closely rheumatic activity with various side effects. Molecules of (-) mor-

related alkaloids, having almost the same scaffold as morphine, but phine and sinomenine, represented as 3D and 2D “mirror images”, 

with the opposite absolute configuration. are shown in Fig 2.16. Three key stereocenters are coloured violet. 

4 
The representative examples include sinomenine 8,

Fig. 2.15

Fig. 2.15 A

Fig.2.15. A.  Structures of the natural, (-) morphine, 
4 4compared to the alkaloids sinomenine,  hasubanonine,  and oreobeiline

Sinomenium acutum. B. 

42/167

(-) morphine 1 sinomenine 8

oreobeline 10hasubanonine 9

N

HO

O

MeO

OMe

Me

O

N

H

HO

HO

Me

13S

14R

9R
N

H
HO

O

MeO

OMe

Me

N

H

HO

MeO

OMe

Me

OH

9S

14S

13R

9S

14S

13R

Sinomenium acutum

http://treeflower.la.coocan.jp
/Menispermaceae/Sinomenium%20acutum/Sinomenium%20acutum.htm

A B



 Opioid Analgesics: Structure and Synthesis.  Chapter 2.                                                                          M. D.  Ivanović. Morphine Alkaloids. 2.7. 3D structure

Fig.2.16. Structure of (-) morphine and sinomenine arranged as mirror images.
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2.8. Use of Morphine Alkaloids 

As explained previously, morphine alkaloids are obtained 

exclusively from the various strains of opium poppy, either from 

opium or, more recently, from the straw. 

The anticipated commercial total syntheses of morphine 

alkaloids have never materialized, and are not expected to be 

29achieved in a foreseeable future.  (On the other hand, over 30 

academic total synthesis of morphine alkaloids have been dis-

closed, as of 2016, as discussed later). 

The exceptional importance of morphine as analgesic and 

12codeine as antitussive is well-known  In addition, all four natural 

morphine alkaloids are key precursors in the semi-synthesis of 

numerous derivatives, having therapeutic and/or academic 

significance. 

It should be emphasized that numerous semi-syntheses of 

the morphine derivatives, published since the late 19th century, 

produced a very large number of compounds, possessing the 

complete morphine scaffold. Thus, sub-structure search of the 

SciFinder, using the shown sub-structure A (the basic morphine 

scaffold), returned the total of 12816 compounds, including 745 

30of those containing isotopes.  (Salts and mixtures were not 

included). Almost all of those compounds were prepared by semi-

syntheses from morphine alkaloids, except a relatively small 

number, obtained via total syntheses. The additional search, 

excluding the furan ring, (sub-structure B), gave 4706 

30  structures, also predominantly prepared by the semi-synthesis.

7(Many of the compounds, generally known as morphinanes,  

are important opioids, particularly as pharmacological research 

tools). 

The vast number of the derivatives and the invested 

research efforts testify to the practical and scientific significance 

of morphine alkaloids. However, of all these compounds, probably 

less than 100, have ever found any practical use, including 

several dozens of the approved drugs (opioids, opioid antagonists 

12and others).  Consequently, only the most important morphine 

derivatives are considered herein.

Schemes 2.1-2.3 summarize the use of oripavine, 

morphine, and thebaine as the key precursors in semi-synthesis 

of major, commercial drugs. Codeine has only a limited use as a 

precursor in semi-synthesis of other derivatives. It is mainly used 

to prepare antitussive drug formulations, as shown in 

Scheme 2.4.  

O

N

sub-structure A sub-structure B

N

44/167



 Opioid Analgesics: Structure and Synthesis.  Chapter 2.                                  M. D.  Ivanović. 2.9. Opiates, drug development, and patentsMorphine Alkaloids.

362.9. Opiates, drug development, and patents opioids.  

The results presented in Schemes 1-4, are official and accu- Thus, while the chemistry of morphine alkaloids and opiates 

14,15rate, as far as they go. However, the actual industrial procedures in general, is continuously being developed and patented, the 

for isolation of morphine alkaloids and the semi-synthesis of mor- commercially significant aspects usually remain confidential. On 

phine derivatives,  may only be guessed from the relevant patents the other hand, papers typically report small-scale procedures, 

31and some papers. It is well-known that information in the patents  many of which are too expensive or unsuitable for the scale-up, 

is generally significantly less reliable than in the papers. In addition, including, for example, all total syntheses of morphine alkaloids 

the detailed protocols are closely guarded trade secrets, since the published up to present. (In that particular case, the absence of 

patents provide only limited legal protection, even during the commercial total syntheses reflects the current limitations of the 

29patent term (15-20 years). After the patent expires, any legal synthetic organic chemistry).   

protection ceases to exist, leaving the firm with its confidential 2.10. Morphine alkaloids as precursors in commercial 

“know-how” procedures, as the only barrier against the competi- semi-synthesis of opioid agonists

tion. (Even this is often ineffective, as competitor firms can develop Oripavine 3, (total annual production ~25 t), is used as a key 

their own production methods.  Also, the “know-how” procedures precursor in the semi-syntheses of several clinically significant 

32are often obtained through economic espionage).  It is generally opioids. Particularly important are oxymorphone 11, 

4,12known that the development a new drug, including all clinical trials buprenorphine 12  and hydromorphone 13  (The same drugs are 

and the regulatory approvals, is far more expensive then the pro- also prepared from other precursors). As explained previously, 

33,34 13 duction itself.   According to a study published in 2016, average oripavine is very toxic and cannot be used as a drug. Morphine 1 

overall cost of getting a new drug on the market, presently stands at (total annual production ~463 t) is mainly used as precursor in 

35 12nearly three billion dollars!  If a drug is commercially successful, semi-syntheses of opioids  codeine 4, ethylmorphine 14, 

the profits exceed the development cost manyfold, before the pholcodine 15 and heroin 16 as well as non-opioid drugs, 

4patent expires. The expiration of profitable patents results in the apomorphine 17  and noroxymophone 18, Scheme 2.2 .

sharp drop in the profits, as cheaper generic forms of the drug, Only 58 t of morphine is used directly for medical purposes, 

produced by the competitors, appear on the market. This is referred mainly as morphine sulphate. 

to as a “patent cliff” and is quite relevant to all drugs, including 
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a) all quantities refer to the total world 

production, regardless of the precursor 

(i.e. oripavine, morphine or  thebaine).

b) the amounts in tons refer to the

total world production in 2014.
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14,15Scheme 2.2. The use of morphine in large-scale preparation of opioid drugs and for medical purposes
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14,15Scheme 2.3. The Use Of Thebaine in Large-scale Preparation of Opioid Drugs
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Thebaine 2 (total annual production ~103 t) is used exclu- exclusively (98%) in various preparations of antitussive and anal-

14,15,37sively as a key precursor in the semi-syntheses of several clinically gesic drugs,  Scheme 2.4. Since the free base is water insoluble 

significant opioids, Scheme 2.3. Those include opioids: codeine 4, (as all other morphine alkaloids), it is first converted into salts 

dihydrocodeine 19, oxymorphone 11, oxycodone 20, (phosphate, hydrochloride) which are APIs, followed by the prepa-

hydrocodone 21, etorphine 22, buprenorphine 12 and opioid ration of various antitussive and analgesic medication. Only 2% 

antagonists naloxone 23, naltrexone 24, nalorphine 25 and (<6 t) of codeine is chemically transformed into other opioids 

nalbuphine 26. annually.

Codeine 4, (total annual consumption ~287 t) is used almost 

Scheme 2.4. A. A general procedure for converting  codeine base into  commercial  antitussives 
and analgesics. B.  Codeine Linctus acc. to British  Pharmacopoeia (BP).
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12 Although codeine is generally insignificant industrial analgesic, used to treat moderate to severe pain. It is 

14,15precursor, it has been used in semi-synthesis of dihydrocodeine 19 predominantly synthesized from thebaine.

27 The main source of codeine is the industrial semi-synthesis, and hydrocodone 21, Scheme 2.5.  

First, catalytic hydrogenation of codeine produces since only small amount are obtained by the extraction from natural 

38,39 dihydrocodeine, which is then converted to hydrocodone by sources (poppy straw). While the chemical transformation 

Oppenauer oxidation. No specific reaction conditions or the yields appears trivial, involving methylation of phenol group, it requires 

were given. special conditions and reagents to provide optimal yields and purity. 

Both compounds, water insoluble free bases, form stable Early attempts to use conventional methylating agents, such as 

bitartrate salts, i.e. dihydrocodeine bitartrate and hydrocodone methyl halides or dimethyl sulphate, invariably resulted in the 

bitartrate, which are APIs, found in various commercial analgesic formation of "methylcodeine" 27 as well as the N-quaternary salts, 

drugs. further producing Hofmann elimination products, Scheme 2.6.

Hydrocodone is particularly important, orally active 

27Scheme 2.5. Semi-synthesis of Hydrocodone from Codeine
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38,39Scheme 2.6. Early Attempts of Codeine Semi-synthesis  

41,42The only practical methylating reagents are quaternary nary ammonium salts as the methylating agent.  The serious 

ammonium salts, typically trimethyl-phenylammonium chloride, in shortcoming of the process is the formation of toxic and difficult-to- 

the presence of various bases such as alkali hydroxides, alkoxides, remove N,N-dimethylaniline. Nonetheless, there are no literature 

40carbonates or bicarbonates.  Use of the quaternary ammonium references to the alternative quaternary ammonium salts, 

+ -methylating agents is mandatory, as it greatly diminishes the side e.g. Me N X  or others. 4

reactions, Scheme 2.7A. The reaction proceeds efficiently because A natural impurity, pseudomorphine 28 often present in the 

phenoxide anion is easily formed, it is much stronger nucleophile crude morphine, presents a particular problem in codeine synthe-

then the tertiary amine or free hydroxyl group and particularly sis, since it is also methylated to dimethyl-pseudomorphine 29, 

27because the quaternary ammonium salt  are weak and selective Scheme 2.7B. The latter is particularly difficult to remove, requir-

electrophiles. Numerous patents were dedicated to the improve- ing additional purification steps, with consequent yield losses.

ments of codeine manufacturing, however always using the quater-

s
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38-42Scheme 2.7. (A and B): General Approach to Semi-synthesis of Codeine from morphine
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Simple bis-O-acetylation of morphine produces the diester effects and particularly high addiction potential, it has been prohib-

14,15derivative, 2-3 times more powerful analgesic then morphine, ited as a medical analgesic in most countries.  Yet, if administered 

Scheme  2.8. The compound, widely known as heroin 16, also has in proper doses, it is very effective in suppressing severe pain and it 

significantly stronger side effects compared to morphine, including is still a legal medication in Great Britain, Switzerland and else-

life-threatening respiratory depression and, in some instances, where. 

euphoria, irrational behaviour and aggression. Because of the side 
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 Scheme 2.8. General Procedure for the Synthesis of Pharmaceutical Heroin (diamorphine hydrochloride)

off-white solid, with the heroin content of ~80% or less. Acetic 

exclusively under the name diamorphine. While the exact details of anhydride is the key precursor in the process, since there are no 

the pharmaceutical heroin production are not available, the general practical alternative procedures for the acetylation step. Without 

procedure is simple, Scheme 2.8. Tragically, the illicit heroin pro- access to the chemical, there would be no illicit production of her-

20,21duction is very high, standing at estimated 526 t in 2014.  The oin. Although the trade of acetic anhydride is strictly controlled, it is 

general protocol for the production of illicit heroin invariably starts still available through many illegal channels. (Because the anhy-

20,21from opium.  A detailed, genuine procedure of the illicit heroin dride has great industrial significance, it is legally produced in multi-

manufacturing in Afghanistan, including  photos of all stages and  thousand metric tons. Thus in 2015/2016, the licit global export of 

laboratory analysis of the samples, was published by Federal acetic anhydride was close to 500 000 t and it is not too difficult to 

43 44Criminal Police Office, Wiesbaden, Germany.  divert quantities needed for the illicit use).   Illicit heroin comes in 

The production starts with the isolation of crude morphine various forms and purity, from a black tar to the very pure, white 

base from opium, followed by the acetylation using acetic anhy- heroin known as "china white" (the latter is rare), Fig. 2.17. The 

dride, Scheme 2.9. Excess anhydride is hydrolysed by the alkaline street samples are typically mixed with the adulterants, usually 

work-up, yielding heroin of variable purity, depending on the quality paracetamol and/or caffeine, having the heroin content often below 

of the opium, crude morphine, reaction conditions and the addi- 40%. Particularly deadly mixtures also contain illicitly produced 

45tional purification. The product is normally obtained as a brown or fentanyl (50-100 more potent than morphine).  

As such, it is prescribed by The British Pharmacopoeia (BP), 
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Such mixtures are very easily overdosed, resulting in the heroin. Also, the addicts are specifically interested in heroin, as it 

exceptionally high death rate among the addicts. Illicit morphine often produces strong euphoria.

is practically never marketed, as it is 2-3 times less potent than 

 

OPIUM CRUDE  MORPHINE CRUDE  BROWN HEROIN
EXTRACTION

          heating

 

Ac O and 2

neutralize AcOH

ACETYLATION

43Scheme 2.9. General procedure for the production of illicit heroin.

Fig.2.17. Various samples of impounded illicit heroin (A-D). Source: DEA
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48Oxymorphone 11 and oxycodone 20 were first prepared Scheme 2.10, A and B.

The synthesis relies on the known chemical transformations more than a century ago, by semi-synthesis from morphine alka-

12 characteristic for thebaine, oripavine and the related morphine loids. Both compounds are strong opioids.  In the past several 

alkaloids. The initial epoxidation of 8:14 double bond, structure 3a, decades, they have become widely used (and abused) drugs, 

using aqueous performic acid, proceeded with the complete regio- primarily due to the very good oral bioavailability. (Most morphine 

and stereospecificity. While the precise mechanism is probably not derivatives are poorly active when taken orally, largely restricting 

12 known, it almost certainly involves the acid-catalyzed epoxide their use to the intravenous or intramuscular injections). More 

opening, with the simultaneous double bond migration. The keto recently, both oxymorphone and oxycodone also became available 

46,47 group forms via spontaneous hydrolysis of hemiacetal 3b, affording as the extended release formulations.  The drugs are strongly 

intermediate 14-hydroxymorphinone 30. Following the known, addictive, as most opioids, and have caused a significant number of 

selective protocol for the catalytic hydrogenation, the deaths, usually due to the accidental overdose. (As explained in 

oxymorphone base was isolated in ca. 50-60% overall yield. The Chapter 1, lethal outcome is almost exclusively caused by respira-

claimed advantage of the method is a high purity of the product, tory depression. However, the illicit, “street” opioids, primarily 

operational simplicity and the scalability, making it suitable for the heroin, are often highly contaminated with various adulterants, 

industrial production. Oxycodone was obtained analogously from which can cause serious intoxication and death on their own, partic-

thebaine, via 14-hydroxycodeinone intermediate 31, in ca. 80% ularly when abused by intravenous injections).    

Despite all the drawbacks, oxymorphone and oxycodone overall yield, Scheme 2.10 B.

As noted in Chapter 1, both oripavine and thebaine became continue to be used extensively, to control various painful condi-

more accessible and less expensive in recent years, due to the tions, where other types of analgesics, like NSAIDs, are insuffi-

introduction of novel, thebaine rich strains of opium poppy. This is ciently effective. Numerous large-scale semi-syntheses have been 

likely to result in the reduced costs of various semi-synthetic drugs, patented, starting from the naturally occurring morphine alkaloids.  

including oxymorphone and oxycodone.A very recent patent application claims improved procedures for the 

semi-syntheses of oxymorphone and oxycodone, starting from the 

readily available oripavine and thebaine, respectively, 
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49 32Hydrocodone 21 and hydromorphone 13 are also significant Scheme 2.11 A.  Subsequent acid hydrolysis of the vinyl ether  

12semi-synthetic analgesics,  usually obtained from thebaine and afforded hydrocodone 21 in nearly quantitative yields. 

oripavine, respectively. As already shown, both drugs are produced A recent patent discloses the synthesis of hydromorphone 

50in multi-ton quantities annually, although the actual industrial 13 from oripavine 3, Scheme 2.11 B.  After conversion to cyclic 

protocols remain trade secrets and may only be guessed from the acetal 33, 8:14 double bond was reduced catalytically to 34, in the 

patents and papers. presence of Pt/C. After acid hydrolysis of acetal group, the obtained 

An interesting, scalable method, involved the selective mixture was purified chromatographically, providing ~41 mg (43% 

reduction of 8:14 double bond in thebaine 2, using p-toluene overall yield) of hydromorphone. However, modest yields, the need 

sulphonyl-hydrazide in various basic solvents. The actual reducing for purification by chromatography and use of the expensive plati-

agent was considered to be a highly unstable species, the diimine, num catalyst are all serious drawbacks in the possible scale-up.

49,50Scheme 2.11. Semi-synthesis of Hydrocodone (A) and Hydromorphone (B)
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During the 1950s, it was discovered that thebaine was an known natural (or synthetic) products. The synthesis and various 

active diene in Diels-Alder reaction, reacting with various active chemical transformations of the compounds were examined exten-

52
dienophiles including conjugated ketones, aldehydes, esters and sively in 1960s, mainly by Bentley and co-workers.  The general 

51nitriles.  The resulting products, possessing additional cyclohexene reaction is shown in Scheme 2.12 A and B, as 3D and 2D represen-

52
ring and a carbonyl or nitrile group, were structurally radically tation, respectively.

different from the starting morphine scaffold, with no parallel to the 

Scheme 2.12. Diels-Alder Reaction of Thebaine and Active Dienophiles. A: 3D representation. B: 2D representation.
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Various Diels-Alder adducts, obtained acc. to the general cological profile and strong hallucinogenic activity).

reaction, Scheme 2.12 were elaborated further. Thus, the addition The patented synthesis of etorphine 22, started with 4+2 

of organometallics to the carbonyl group gave tertiary alcohols, e.g. cycloaddition of thebaine and methyl-vinyl ketone, as outlined in 

51,56etorphine 22, Scheme 2.13. Several of the compounds were thou- Scheme 2.13. (The reaction conditions, yields, and purity of the 

sands of the times stronger opioids than morphine. (The potency intermediates were often incomplete or missing in the patents). 

greatly depends on the animal species and the tests employed, with The obtained adduct 35 was first reacted with propylmagnesium 

the humans being particularly sensitive). This level of activity iodide affording alcohol 36.  The cleavage of aryl-methoxy group 

remains among the highest among the μ agonists known to science. using potassium hydroxide, under extremely vigorous conditions, 

53The most active analogue, etorphine (also known as M99)  is apparently gave low yields of impure etorphine 22. After extensive 

unsuitable as analgesic in humans, due to the serious side effects. purification, the product was obtained in ~10-15% overall yields. 

However, it is widely used to immobilize large animals, particularly While the actual manufacturing procedures have probably 

54,55herbivores such as elephants and rhinos.  (It may be noted that been improved, the total annual consumption of the drug is mini-

4salvinorine A,  a naturally occurring terpenoid, is still more active mal, possibly well below 1 Kg (the registered total world stock 

14,15opioid, but it is a selective κ agonist, having very different pharma- was~3 Kg in 2014).
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Fig.2.18. Some examples of etorphine use (A, B, C and D). Note: other, higly potent opioids are also used, instead of etorphine (see Chapter 3). 
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A.

B.

C.

D.

Etorphine, in combination with other drugs, is currently  as possible, and then treated with opioid antagonists. The proce-

being used to sedate large animals, both in captivity and in the dure is far from benign, as the animal can die or suffer serious ill-

57wild, Fig  2.18.  The sedation is necessary for medical treatment, effects from deep sedation. Thus, each case requires careful 

tagging and often for the relocation to other areas. Typically, planning and the choice of optimal drug combinations, depending 

animals are shot with the tranquilising darts, kept sedated as short on the animal species and other factors. Often, it is necessary to 

provide an artificial respira-

tion and the appropriate 

physical support (particularly 

for giraffes). Thus, “recre-

ational tranquilising” of the 

wild animals in photo safaris, 

must be strictly avoided.
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Buprenorphine 12 was first prepared in the  late 1960s, by bromide to the keto group, providing tertiary alcohol 38. The 

58semi-synthesis from thebaine  and it is structurally closely related removal of N-methyl group was effected using highly toxic 

to etorphine 22. However, buprenorphine is much less potent opioid cyanogen bromide, (von Braun reaction), resulting in N-cyano 

analgesic, acting primarily as a partial μ-agonist (and to some intermediate 39. (It is possible that alternative, less toxic reagents, 

59extent as partial δ-agonist, as well as κ-competitive antagonist).  e.g. various chloroformates, would be more suitable). 

Thus, it reaches a limit (plateau) in the receptor activation, when Basic hydrolysis of the N-cyano group, under vigorous condi-

higher doses do not elicit higher activity. While buprenorphine has tions, gave the secondary piperidine 40. (While it is known that 

60some use in the pain management,  its prime role is in the treat- N-cyano group is much easier to hydrolyse in acidic medium, it was 

ment of opioid dependence via the substitution therapy. (An alter- not an option in the particular synthesis, as it would also result in 

4,12native drug, methadone  has been on the market since the early the dehydration of the tertiary hydroxyl group and the cleavage of 

1950s, and is orally active, unlike buprenorphine). Yet, the furan ring). 

buprenorphine is considered to have generally more favourable Significantly, under the reaction conditions, the methoxy 

pharmacological profile, resulting in the continuous production group remained intact, while in the last synthetic step, under simi-

increase and use in recent years. (Methadone production slowly lar conditions, it was demethylated. Presumably, the selectivity was 

14,15decreases). It should be noted that buprenorphine is consider- achieved by performing the reaction at lower temperature.  

ably more difficult and expensive to synthesize, requiring thebaine, N-cyclopropilmethyl group was then introduced in two steps. First, 

as a key precursor, while fully synthetic methadone is relatively the acylation of the piperidine 40 gave carboxamide 41, followed 

7easy to prepare.  Buprenorphine formulations include sublingual by the reductive deoxygenation with LAH, securing 

12tablets, transdermal patches and a long lasting depot form.  N-cycloproylmethyl amine 42. This protocol was preferred to the 

The original synthesis of buprenorphine used Diels-Alder more conventional, direct N-alkylation, due to the slow reaction and 

58adduct 35 as the precursor, Scheme 2.14.  The current industrial low yields. (While the simple secondary piperidines are generally 

59production was claimed to be based on the original protocol.  The very nucleophilic and easily alkylated, the particular ring system is 

elaboration of 35 included hydrogenation of the double bond in the highly hindered and a poor nucleophile). 

cyclohexene ring, followed by the addition of t-butylmagnesium 
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In the final step, buprenorphine 12 was obtained via cleav- successfully used in the synthesis of other morphine derivatives. 

age of the aromatic methoxy group using KOH solution in (The demethylation mechanism is not clear and may involve the 

odiethylene glycol (DEG) at ~220 C. While it seems unusual that the aromatic nucleophilic substitution). The 3D structure of 

molecule was stable under the extreme conditions, the protocol was buprenorphine is represented in Fig.2.19. 
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59 61An alternative, recently published  and patented  semi- chemo-and regioselectivity on such a complex molecule is remark-

synthesis of buprenorphine starts from oripavine, Scheme 2.15. able. Apparently, the key to the successful demethylation was the 

use of sterically hindered sodium t-dodecanethiolate. As a weak The approach is significant primarily because of the initial, 

base and strong nucleophile, it substitutes N-alkyl group, in prefer-two stage transformation. First, the tertiary amino group was 

ence to a much more common Hofmann elimination. In addition, nearly quantitatively alkylated and the resulting quaternary salt 

because the reagent is bulky, the substitution is strictly 43 isolated. The salt was then selectively N-demethylated, provid-

regioselective, removing the least voluminous methyl group. ing the requisite N-cyclopropylmethyl intermediate 44. Although 

similar transformations were reported previously, the achieved 
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The main advantages of the approach, compared to the compared to agonists. Besides clinical use, the antagonists are 

earlier syntheses, are the omission of highly toxic cyanogen important tools in pharmacological research of the opioids. 

The common structural characteristics of antagonists are: bromide and higher yields with fewer steps. Also, t-dodecanethiol is 

a) the presence of 14-hydroxy group and b) various N-alkyl groups, non-toxic and available in bulk quantities. While performed on a 

notably N-cyclobutylmethyl, N-cyclopropylmethyl and N-allyl small scale, the synthesis appears to be readily scalable, with the 

group.potential to become production procedure. After obtaining Diels 

The most significant antagonist, all of them morphine Alder adduct 45, the remaining steps (not shown), leading to 

derivatives, are naloxone 23, naltrexone 24, nalorphine 25, and buprenorphine 12, are largely modifications of the known protocols 

nalbuphine 26, Scheme 2.16. 

2.11. Morphine alkaloids as precursors in commercial 

semi-synthesis of opioid antagonists

Compounds binding to the opioid receptors, without eliciting 

typical analgesic effects, are generally denoted as the opioid 

12antagonists. The antagonist-receptor complexes form reversibly, 

analogously to the agonist complexes, except that they are usually 

more stable. Therefore, the antagonists displace agonists from the 

receptors, effectively terminating their action. 

Clinically, most opioid antagonists produce little, if any, 

pharmacological effects in animals and healthy individuals. 

However, they can rapidly reverse the opioid analgesic effects, 

including life-threatening respiratory depression, the most 

common cause of death in opioid overdosing. Agonist also quickly 

precipitate the abstinence syndrome in addicts. However, the 

general therapeutic potential of opioid agonists is quite limited, 
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Commercially, opioid antagonists are always prepared by group with allyl or other alkyl groups, often using reagents like 

semi-synthesis from morphine alkaloids and their derivatives. The cyanogen bromide. Typical examples are illustrated in 

multistep procedures always involve replacement of N-methyl Schemes 2.17 and 2.18.

Scheme 2.16. Structures and general synthetic approaches to the significant opioid antagonists 
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The original, patented synthesis of naloxone, started from acid-sensitive furane ring and tert-hydroxyl group remained largely 

62the readily available oxymorphone 11, Scheme 2.17, route A.  unaffected. However, the base-catalysed hydrolysis is often 

After the hydroxyl groups were protected as acetates, preferred, e.g. Scheme 2.14).  After N-allylation, naloxone 23 was 

N-demethylation with cyanogen bromide, produced the stable obtained in only 20% overall yields. A modified synthesis, using 

N-cyano intermediate 47. (The procedure, known as von Braun vinyl chloroformate, proved to be far more selective, affording 

63reaction, has limited selectivity, often resulting in low to moderate nearly quantitative demethylation, Scheme 2.17, route B.  (More 

yields and side products, depending on the substrate). Vigorous recently, vinyl chloroformate was largely replaced with a more 

64acid hydrolysis removed both the cyano and the acetate groups, stable and similarly efficient 1-chloroethyl chloroformate).

providing N-noroxymorphone 48. (Unexpectedly, it seems that the 
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The patented semi-synthesis of naltrexone 24, via three The alkylation rate is slow due to the steric hindrance of both the 
65different approaches, is represented in the Scheme 2.18.  nucleophile and the alkylating agent. The alternative, multi-step 

routes A and C are likely to be less efficient (it is a known fact that All three routes start from N-noroxymorphone 48, a key 

the patent procedures are often unreliable, particularly regarding intermediate in the preparation of naloxone. Direct N-alkylation of 

the reaction conditions, yields and purity).48, route B, appears to be the most practical, despite very long 

reaction time and modest yields (7 days, 60%). 
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2.12. Morphine alkaloids in semi-synthesis of opioid aspects, it includes synthesis of various new opioid ligands and 

ligands as pharmacological research tools studding receptor-ligand interactions. The interactions have been 

While the commercial research in opioids continues extensively examined experimentally, by various pharmacological 

unabated, new opioid drugs have not reached the market in recent tests (in vitro and in vivo), and theoretically, particularly using 

14,15years.  There are already many powerful opioid analgesics in the docking simulation methods. Since 2012, accurate structures of the 

therapeutic use, leaving little room for novel, yet pharmacologically crystalline opioid receptor-ligand complexes were obtained, (Chap-

12similar drugs.  Successful new opioids would need, besides high ter 1, p. 3, 8-11). Thus, a significant new avenue in this research 

potency, far better general tolerance, including much lower addic- field became available.

tion potential, weak or absent respiratory depression, sedation and This section includes only several examples (out of the 

other side effects, compared to the current opioid drugs. This is thousands), where opioid ligands were prepared by semi-synthesis 

particularly important in the treatment of non-malignant, chronic from morphine alkaloids, followed by the  pharmacological charac-

pain (such as back pain), which can last for years and requires terization (in vitro and, in some instances, in vivo). The theoretical 

continuous management. At present, there are no such opioids and studies, docking in particular, were often included, comparing  

they are unlikely to appear in a foreseeable future. (Alternative experimental results and the calculated predictions. The main goal 

treatments are also limited). of these investigations was to gain deeper insights into the  biologi-

Consequently, the present commercial research in opioids is cal roles of the opioid receptors and mechanisms of their action. 

focused primarely to improving production procedures for the drugs Besides the immediate receptor-ligand interactions, the 

already on the market, developing new opium poppy strains for investigations also encompassed interactions between different 

higher yields of the specific morphine alkaloids and finding novel receptor types, transmission pathways of painful stimuli and related 

drug formulations, often combining several active ingredients. In phenomena.

addition, new drug delivery methods have been investigated, such Several semi-syntheses of morphine analogues, dedicated to 

as various systems for continuous drug delivery (Chapter 3, the pharmacological research, are presented herein. Thus, the 

p. 124). reaction of oxymorphone, naloxone or naltrexone with variously 

Basic research in opioids is generally far more diverse than substituted aryl hydrazines, produced the expected indole deriva-

66the industrial and it is certainly more transparent. Besides other tives, via Fischer indole synthesis, Scheme 2.19. . 
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The compounds, prepared as potential opioid antagonists, cant effects on the opioid receptors. The synthesis of the dimers 

68indeed demonstrated the remarkable affinity and selectivity for started from naltrexone methyl ether 24.1, Scheme 2.20.  The 

δ-opioid receptors. The most potent antagonist in the series was addition of excess dithiane anion to the carbonyl group, gave 

naltrindole, active in the sub-nanomolar concentrations and also α-hydroxy-thioacetal 55. Thioacetal group was removed oxida-

2+highly selective for δ-opioid receptors. Because of the activity and tively, using Cu , affording a mixture of normal acetal 56 and the 

selectivity, it has often been used as a research tool, particularly as bridged, mixed acetal 57. After acid hydrolysis, the three-

67tritiated radioligand. component mixture was obtained, consisting of α-hydroxy-

Besides the numerous modifications of morphine alkaloids, aldehyde 58, bridged hemiacetal 59 and dimeric acetal 60, origi-

they have also been used to synthesize more complex molecules, nated from 58. (The compound 60 is represnted as the 

primarily aimed for pharmacological research. Thus relatively experimentaly determined 3D structure, since 2D formula  is 

short, but rather unusual syntheses of the dimers and trimers ambiguous).

possessing morphine scaffold, produced compounds having signifi-

Scheme 2.19. Morphine derivatives as highly active and selective antagonists of δ-opioid receptors
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Scheme 2.20. Synthesis of Morphine Dimers: Naltrexone Dimer (part 1).
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Exposing the mixture of 58, 59 and 60 to anhydrous generated in situ, gave 61, possessing free phenolic groups, 

camphorsulfonic acid, the dimeric acetal 60 was obtained as the Scheme 2.21. Despite the synthesis has no preparative 

main product, albeit only in low yields. Structurally, the compound significance, because of the very low overall yields, it provided 

is a rigid dimer of two naltrexone molecules, having the common sufficient amounts of 61 for several binding assays, using  

35
dioxane ring. In the final step, demethylation of aryl methoxy [ S]GTPγS 62. The results demonstrated a significant antagonist 

groups required the use of thiolate anions as hypernucleophilic activity for μ and κ opioid receptors, but not for δ receptors, 

regents, because electrophilic reagents (e.g. BBr ), would also indicating that the compound could be a useful tool in opioid 3

68receptor research.cleave the acetal groups. Thus, potassium propanethiolate, 

N N

OH

O

O
O
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O

O
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CSA, 

PhMe, rfl.

23%

t-BuOK, Pr-SH 
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[demethylation of two OMe groups]

 naltrexone dimer 

Scheme 2.21. Synthesis of Morphine Dimers: Naltrexone Dimer (part 2).
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In the continuation of previous work, novel rigid trimers, 2,5-dihydrooxazole ring. Then, in the presence of strong acid, 

possessing the morphine scaffold, were prepared in a 5-step syn- rearrangement of 65 produced symmetrical oxycodone trimer 66 

69thesis, Scheme 2.22 and Scheme 2.23.  The trimers possessed a (structure not shown), having the central 1,3,5-trioxaza-triquinane 

central, 1,3,5-trioxazatriquinane ring, symmetrically connecting ring. (The overall yield, for 5 steps, was just 6%). Finally, the 

three oxymorphone molecules. The synthesis, starting from methoxy groups were cleaved, securing 67 (Scheme 2.23). In this 

oxycodone, involved two key steps. Dimerization of α-hydroxy- case, the use of BBr was feasible, as the other groups in the mole-3 

aldehyde 64.1, in the presence of ammonium ion, resulted in the cule were stable to this electrophilic reagent.

formation of the oxycodone dimer 65, incorporating 

Scheme 2.22. Synthesis of Morphine Trimers (part 1).
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The structure of symmetr ical  

oxymorphone trimer 67 was determined by 

X-ray diffraction, Scheme 2.23. Surprisingly, 

only one diastereomer was obtained, with the 

absolute configuration S at all three shown 

stereocenters. A number of examples 

confirmed that the trimerization of various 

α-hydroxy aldehydes is a relatively general 

reaction, permitting preparation of both 

symmetric and non-symmetric trimers. 

Pharmacological tests revealed that 67 was 

potent in vivo analgesic in rodents. Thus, 

ace t i c  ac id  wr i th ing  assay  gave  

ED =0.037 mg/kg, about 20 times more 50

70potent than morphine (ED = 0.6 mg/kg).  50

Given the size and rigidity of the 

molecule, the result is rather unexpected, 

both in terms of the formation of ligand-

receptor complex and penetration of the 

brain-blood barrier. Additional test would be 

necessary to confirm the activity. In addition, 

there is a possibility that the trimer 

undergoes in vivo hydrolysis, producing the 

actual active species, possibly oxymorphone 

itself.

Scheme 2.23.  Synthesis of Morphine Trimers (part 2). (Adapted from X-ray file, hence hydrogen 
atoms are absent). 
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Another intriguing research area, involving morphine constants). In general, the bidentate ligands could provide 

derivatives, are bivalent opioid ligands. The concept of bivalent (or significant insights into the receptor spacing, distribution and other 

bidentate) ligands, possessing at least one opioid pharmacophore, properties in a given tissue type. The approach was pioneered by 

71,72has been examined in the past three decades.  Initially it was Portoghese group, which prepared the bivalent ligands by 

assumed  that the opioid receptors were uniformly spaced in the connecting two β-naltrexamine molecules (opioid antagonist), 

73tissues  (e.g. various parts of the brain). Consequently,  if two using oxyethylene units.  The general concept is represented in 

ligand molecules are interconnected by a linker ("spanner"), such Fig. 2.20. (The receptor molecules in Fig. 2.20 were modelled acc. 

as a linear hydrocarbon chain, they could simultaneously bind to to the recently published 3D structure of μ-receptor, obtained by 

74
two adjacent receptors. The simultaneous binding would occur only X-ray analysis of the crystalline protein-ligand complex).

if a linker has the correct length, resulting in the stronger binding, The synthesis of the ligands is shown in Scheme 2.24.

as measured by various pharmacological test (such as binding 

opioid receptors opioid receptors

membrane 
    bilayer

opiod ligand 
(agonist or antagonist)

“
correct lenght”
linker of the “

too short”
linker which is

simultaneous binding of both pharmacophores : 

higher binding constant and higher activity

simultaneous binding of one  

only :lower binding constant and lower activity

pharmacophoreA. B.

Fig.2.20. Highly Simplified Representation of Bidentate Ligand Binding (not drawn to scale).
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Opioid antagonist β-naltrexamine 68 was alkylated using (monovalent) ligand 69. Although not fully conclusive at the time, 

triethylene glycol monotosylate methyl ether, triethylene glycol pharmacological tests corroborated the basic concept. Later, many 

ditosylate or hexaethylene glycol ditosylate, Scheme 2.24. It was more elaborated experiments, confirmed the findings, offering 

shown that bivalent ligands 70 and 71 exhibited 10-15 times new insights into the pharmacology of opioid receptors.

higher antagonist activity than β-naltrexamine or monodentate 

Scheme 2.24. Synthesis of Monodentate and Bidentate Opioid ligands prepared from β-naltrexamine
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Fig.2.21. Structure of the ligand MDAN-21 (74).

A large number of structurally and pharmacologically diverse The ligands were then examined in rodents, using various in 

77bivalent opioid ligands have been synthesized and tested in the vivo tests.  One of the tested compounds, 74, designated 

71,72past three decades.  A particular attention was paid to the MDAN-21, was found to be 50-fold more potent analgesic than 

ligands combining two different pharmacophores, each specific for morphine by the intravenous route, while causing little or no 

a given opioid receptor type (μ, κ or δ), or non-opioid receptors. tolerance and dependence, Fig.2.21. (Number 21 refers to the 

One of the significant finding was that simultaneous activa- total number of atoms in the linker).

tion of μ-receptors by specific agonists and blocking δ-receptors by This remarkable pharmacology was attributed to the simul-

specific antagonist resulted in a strong analgesia, with the signifi- taneous binding to both μ and δ receptors, because of the optimal 

75,76cantly reduced tolerance and dependence.  Further investigation length of the spacer. (Longer or shorter spacers resulted in lower 

in that direction involved the synthesis of numerous bivalent activities or were inactive). However, it seems that this type of 

ligands, combining known, specific μ-agonist and δ-antagonist drugs has never been tested clinically.

The general synthetic approach, illustrating the synthesis of (3α-amino derivative of oxymorphone 72 and 7'-amino naltrindole 

74 is self-explanatory, Scheme 2.25. The two pharmacophores, 73, respectively).

μ-agonist 72 and δ-antagonists 73 

were coupled, using  standard meth-

o d s  f o r  t h e  s y n t h e s i s  o f  

peptidomimetics.
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Any detailed discussion of the ligand-receptor interactions, ing diverse pharmacological phenomena such as tolerance and the 

71,72either in terms of pharmacology or the theoretical modelling, addiction.

77exceeds the scope of this treatise. Nonetheless, where appropriate, Concept of the opioid heterodimer, as previously proposed,  

brief notes and references are given. is illustrated in Fig 2.22. The representation is entirely hypothetical 

Generally, it has long been understood that bivalent ligands and qualitative. It was composed from the actual X-ray structures, 

have far too short linkers to simultaneously bind to two adjacent, obtained from the μ-opioid receptor/agonist complex (with 

74,78physically separated, membrane receptors. (The receptors, being morphinane BU72) and the δ-opioid receptor/antagonist com-

79,80 protein molecules, are quite voluminous). Therefore, based on the plex (with naltrindole). The two receptors were manually con-

pharmacological and other evidence, concepts of the various nected to the 3D model of the ligand 74, using the appropriate 

81receptor dimers (both homo- and heterodimers) have been software.  The active site of μ-opioid receptor received the agonist 

71,72advanced. (Heterodimers are also denoted as heteromers). side of the model while δ-opioid receptor was connected to the 

Essentially, two receptor protein molecules are believed to form a antagonist side of 3D model. Thus, the original ligands in the X-ray 

complex, “bivalent” receptor, capable of simultaneously binding structures were approximately replaced by the corresponding parts 

certain bivalent ligands, eliciting the pharmacological response. In of the ligand 74. Also, the linker was rotated manually, as needed, 

the case of homodimers, the response would be simply enhanced to obtain a rough fit. The sole purpose of producing this composite 

compared to monovalent ligands, a phenomenon often evidenced 3D model (no calculations were performed), was to visualize the 

in pharmacological tests.  appearance of the heterodimer, complexed to bivalent ligand 74. 

Receptor heterodimers however, when complexed to hetero The levels of the upper and the lower cell membranes were taken 

bivalent ligands, would send simultaneous, but different signals. from the respective X-ray structures, using estimates from PDB 

82Potentially, the effect may have a therapeutic significance. For site.   

example, as already shown for hetero bivalent ligand MDAN-21, the The question if such heterodimers actually exist, particularly 

result could be the enhanced opioid analgesia with the reduced or in vivo, either constitutively (i.e. as a normal part of certain cell 

absent tolerance. Results of several in vitro studies were consistent walls) or induced by the ligands, remains the matter of debate and 

71,72with the presence of opioid heterodimers receptors. Thus, it seems further investigations.

likely that some of heterodimers are actually present in vivo, caus-
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Fig.2.22.  Hypothetical, qualitative representation of μ/ δ-opioid heterodimer complexed to the common ligand 72 (MDAN-21).
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Scheme 2.26. Synthesis of a bivalent ligand 77 (putative μ-agonist/glutamate-5 receptor antagonist).
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Putative heterodimers, combining μ-opioid and glutamate-5 heterodimers. However, the actual interactions at the molecular 

83receptors were also investigated.  The natural ligand of the gluta- level remain highly uncertain. The synthesis involved preparation 

mate receptors in the central nervous system is glutamate, the of the series of potential bivalent ligands, possessing the opioid 

excitatory neurotransmitter known as an important mediator in agonist pharmacophore and antagonist pharmacophore for the 

pain-related phenomena, dependence and the withdrawal syn- glutamate-5 receptor. As in the previous examples, the opioid 

drome. Specifically designed bivalent ligands produced in vivo agonist part of the ligands was derived from 3α-amino-

pharmacological results consistent with the presumed receptor oxymorphone 72, while the antagonist moiety from the previously 

known glutamate antagonist, 

m-OMe-MPEP. The most active 

derivative 77, (MMG22), was 

obtained by simple coupling of 

the immediate precursors 75 

and 76, Scheme 2.26. When 

administered intraspinally to 

the rodents, 77 showed the 

highest analgesic activity, 

compared to other ligands in 

the series. The observed 

potency was attributed to the 

optimal spacer length, as the 

analogues with shorter or 

longer spacers were signifi-

cantly less active or inactive.
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Scheme 2.27. Synthesis of bivalent ligand 78. Synthesis of agonist part (structure A).

Recent investigations have suggested that μ-opioid recep- agonist 72, the antagonist of CCR5 receptor and the linear spacers 

tors also interact with the chemokine receptor CCR5, both in vitro of various lengths, connecting the two pharmacophores. (The 

and in vivo. Presumably, the release of chemokine (small signalling antagonist 72.5 was a derivative of the known compound 72.4 

protein) initiates the receptor-receptor interaction, effectively i.e. TAK-220). Also, monovalent ligands were prepared as  con-

84reducing the analgesic effects of opioid drugs, especially in the trols. The synthesis (analogous to those presented in 

84treatment of chronic pain. Scheme 2.25 and Scheme 2.26), involved connecting the two 

 The observations suggest that a hypothetical heteromer pharmacophores, via linear spacers, Scheme 2.27 and 

consisting of the μ-opioid receptor and chemokine receptor CCR5 Scheme 2.28. The agonist part A (structure 72.3), Scheme 2.27 

may exist in vivo, located in the neuron regions responsible for the and the antagonist part 72.6  (structure B, Scheme 2.28) were 

pain processing. To explore the possibility, the authors prepared a prepred separately, then linked together, via the amide bond, into 

series of homologous bivalent ligands, consisting of the opioid the bivalent ligand 78.
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The antagonist part was derived from the previously 72.6  i.e. B, Scheme 2.28. The direct coupling of A and B then 

known CCR5-antagonist, compound 72.4 (TAK-220), by afforded the final bivalent ligand 78.

replacing the acetyl group with the linker residue, structure 
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Scheme 2.28.  Synthesis of bivalent ligand 78. Synthesis of the antagonist part (structure B) and coupling of fragments A and B.
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CCR5 receptor

m-opioid receptor

bivalent ligand

Pharmacological tests revealed that the compound 78 heteromer may actually exist in vivo, representing a potential, 

(Scheme 2.28), elicited the exceptional in vivo analgesia, some novel target in the treatment of chronic pain.

In addition to the extensive pharmacological tests, theoreti-2000 times greater than morphine, when given intrathecally (into 

cal modelling and simulations were also in agreement with the the spinal canal). Also, it was about 3500 more potent than a 

proposed heteromer. Docking studies, using X-ray crystallographic mixture of the control monovalent ligands (i.e. μ-agonist and CCR5 

structures of μ-opioid receptor-antagonist complex and CCR5 antagonist). The results support  hypothesis that μ-opioid/CCR5 

receptor-antagon is t  complex ,  

revealed that a suitable bivalent ligand 

can simultaneously bind to the recep-

tor heteromer. The binding would 

concomitantly activate the μ-opioid 

receptor and inhibit the CCR5 receptor, 

thus potentiating the analgesic action. 

The calculated structure of the pro-

posed μ-opioid/CCR5 heteromer 

complexed to bivalent ligand 78, is 

represented in Fig.2.23. (The 3D 

model and the images were prepared 

for the present treatise, to approxi-

mate the geometry calculated in the 

84original reference.).

Fig.2.23.  Calculated structure of μ-Opioid/CCR5 heteromer receptor in complex with bivalent ligand 78.
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Fig.2.24. A: Horizontal projection of the heteromer-ligand complex from Fig. 23.  B: Simplified 2D schematic representation of the ligand 78 inside 

the heteromer (adapted from the original publication).
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2.13. Total syntheses of morphine alkaloids. ture by total synthesis has long lost significance. Nevertheless, 

As already discussed, the chemistry and structure of mor- contemporary total syntheses in general, including the syntheses of 

phine alkaloids have been investigated since the second half of the morphine alkaloids, represent a highly significant part of organic 

th19  century. Early research was mainly directed towards discover- chemistry. They constantly advance our knowledge in novel syn-

ing derivatives with higher potency and/or less side effects (heroin thetic strategies, reactions and mechanisms. 

was probably the first, highly active morphine derivative). Also, The other important aspect of total syntheses is the prepara-

numerous studies attempted to elucidate the structure of morphine tion of new analogues of natural products, not accessible through 

scaffold. Only the chemical transformations were available for the the semi-synthesis. Many potent opioids, structurally related to 

task, as no instrumental methods existed at the time. Finally, the morphine alkaloids (e.g. various morphinanes), were prepared by 

correct constitutional formulas of morphine alkaloids were deduced the total synthesis. The unnatural enantiomers of morphine alka-

85by Robinson and Gulland in 1923-25.  Further investigations loids, as well as various diastereomers can only be obtained by total 

86revealed the relative stereochemistry,  confirmed by the first total synthesis. Such compounds are of particular interest in pharmaco-

87synthesis in 1952.  First X-ray analysis of the morphine derivative logical studies, since they provide valuable insights into structure-

(+) laudanosine implied the absolute configuration common to all activity relationship (SAR). 

88morphine alkaloids.  Subsequent X-ray of morphine hydroiodide Finally, the industrial-scale syntheses could be developed for 

dihydrate confirmed the constitution, the absolute configuration the drugs like morphine, currently obtained only from the biological 

89and provided an approximate 3D structure. sources . However, in that respect, present-day synthesis usually 

Historically, the main interest in total synthesis of various cannot compete with the biosynthesis in terms of yields, purity, 

natural products, including morphine alkaloids, was to prove the stereoselectivity and the overall cost. 

structure of a molecule, through the rationally designed synthetic The total syntheses of morphine alkaloids illustrate the 

87approach. However, advances in instrumental methods (X-ray, NMR problem. Since the first one,  more than 30 syntheses of morphine 

and MS), enabled that the relative and absolute structure of almost alkaloids, involving quite diverse strategies, have been published 

92any molecule can be determined accurately and expediently. (The (as of 2016).  As explained previously, the morphine alkaloids can 

crystalline structures obtained by X-ray diffraction are published in only be obtained from the several species and strains of the poppy, 

90,91open-access databases).  Consequently, the proof of the struc- as there are no other natural sources. 
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It has long been argued that a potential unavailability of the reported. (Other syntheses were on the mmol scale). 

opium poppy, either because of the climatic changes or other fac- The synthesis started with the thermal condensation of 

tors, could result in critical shortages of the morphine alkaloids. The phenethyl amine 79 and phenylacetic acid 80, providing amide 81, 

argument was also a driving force behind the attempts to develop on 0.35 mol scale, Scheme 2.29. The amide was a suitable sub-

the industrial-scale, total synthesis of morphine alkaloids. However, strate for the Bischler-Napieralski-type cyclization in the presence 

all of them proved futile. of POCl . The resulting cyclic imine 82 was easily reduced to 3

Several recent, comprehensive analyses of all the published isoquinoline derivative 83. In the next step, it was possible to 

syntheses concluded that commercial total syntheses of morphine selectively reduce the condensed aromatic ring only, applying low-

alkaloids will not be feasible in a foreseeable future, due to the temperature Birch reduction. Vinyl ether 84 was obtained on a 

fundamental limitations of the current organic synthesis. As noted preparative scale (0.085 mol, ~26 g), indicating attempt to achieve 

by Hudlicky, “The interest in this fascinating molecule will no doubt a practical synthesis of morphine derivatives.  After protecting the 

continue, yet a truly practical synthesis of the title alkaloid still piperidine nitrogen by N-formylation (structure 85), vinyl ether 
29remains a distant dream. was converted to the cyclic acetal 86, under typical acid-catalysed 

In this treatise, the total syntheses of morphine alkaloids are conditions, analogously to transacetalization. (The step was neces-

illustrated by three examples, representing the continuing and sary, since vinyl ether would react during the bromination of the 

extensive efforts in this subject. The syntheses, published in 1980, aromatic ring. Likewise, the free keto group would also react). The 

1997 and 2016 respectively, reflect the enormous advances in aromatic bromination was used to block the reactive position para 

synthetic organic chemistry, during the past four decades. to OH group, which would otherwise react in the following steps. 
93The communication, published by Rice in 1980,  presented a The regioselective bromination of the highly reactive aromatic ring 

formal synthesis of morphine and its derivatives, since it afforded was achieved using N-bromoacetamide (other reagents would 

(±)-nordihydrocodeinone 91, a morphinane previously shown to likely produced mixtures. Mild acid hydrolysis liberated the keto 

be the precursor of (±) morphine (Schemes 2.29 and 2.30). The group, providing 88 as a suitable substrate for Grewe-type 

synthesis was also significant, since it was performed on a multi- cyclization, Scheme 2.30. 

gram scale, although the amount of the final product was not 
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Scheme 2.29. Formal synthesis of (±) morphine by Rice (part 1).

Mechanistically, Grewe-type cyclization is an intramolecular various products usually arise, thus requiring the carefully opti-

electrophilic aromatic substitution, with the double bond serving as mized conditions.

an electrophile. However, under the general acidic conditions, 
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Scheme 2.30.  Formal synthesis of (±) morphine by Rice (part 2). 

Previous experiments revealed that the cyclization proceeds Scheme 2.30. The compound can be converted into morphine in 

in acceptable yields, using anh. triflic acid as a solvent, in the five additional steps, reported previously. The synthesis is rela-

presence of NH F/HF mixture. After running the reaction for 3-4 tively concise, operationally not too complex and performed at a 4

o considerable scale (at least some steps). Nonetheless, the syn-days at 0 C, the expected product 89 was obtained in ~60% yields 

thetic morphine obtained via this procedure, would have been (scale not reported). The final steps included vigorous acid-

immensely more expensive than the natural one (possibly two to catalysed formamide hydrolysis to piperidine 90, followed by two 

three orders of magnitude if not more). In addition, it provides the transformations combined in one operational step. Thus, hydroge-

racemic morphine, while the unnatural enantiomer, i.e. (+) mor-nation in the presence of formaldehyde, resulted in the 

phine is inactive as analgesic. N-methylation (reductive methylation via iminium ion intermedi-

Thus, the synthesis, like all the others, has only academic ate), while hydrogenolysis cleaved the aromatic C-Br bond. The 

significance.desired morphinane, (±)-nordihydrocodeinone 91 was obtained in 

10 operational steps (37% overall yield, the scale not reported), 
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The total asymmetric synthesis of (+) morphine, disclosed tively provided the chiral succinate 93, in high optical purity 

94by White at. al, in 1997,  considered the phenanthrene ring system (S/R=97/3). The obtained chiral centre was retained throughout 

as a central structural motif in the construction of morphine scaf- the synthesis and used to effectively induce all other chiral centres, 

fold. The synthesis was accomplished in 28 steps, affording the formed at various stages of the synthesis, Scheme 2.31. The chiral 

unnatural, (+) morphine in the total yield of 3%, Scheme 2.31 to hydrogenation was achieved using homogeneous, rhodium-based 

Scheme 2.36. The starting compound 92 was obtained by Stobbe catalyst with the chiral ligand. The chiral phosphine ligand, 

condensation of isovaniline and dimethyl succinate. Asymmetric (4R,5R)-(-)-MOD-DIOP, was prepared acc. to the previously pub-

catalytic hydrogenation of the conjugated double bond quantita- lished procedure, starting from D-(-) tartaric acid. 

Scheme 2.31. Asymmetric Total Synthesis of unnatural (+) morphine (part 1).
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Scheme 2.32. Asymmetric Total Synthesis of unnatural (+) morphine (part 2).

The selective p-bromination gave 94 and forced the struction of the ring C, achieved by the Robinson annulation. It 

intramolecular Friedl-Crafts acylation in the o-position, involved three steps, starting with α-formylation of the keto group 

Scheme 2.32. (Otherwise, p-position was acylated). The obtained in 96. The formylated ketone 97, mainly in enol form, reacted 

cyclohexanone ring corresponded to the ring B in the morphine quantitatively and diastereoselectively with methyl-vinyl ketone, 

scaffold. Catalytic hydrogenolysis removed bromine, followed by via Michael-addition, providing the stable lactol 99. The correct 

the selective ester hydrolysis to the acid 96. The hydrolysis was configuration at the new stereocenter (R), was induced by the 

necessary, since the ester group in 95, when exposed to KH, gave existing stereocenter, and also aided by the conformational rigidity 

enolate anion and the racemization. The next stage was the con- of the reactant 97, Scheme 2.32.
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Scheme 2.33. Asymmetric Total Synthesis of unnatural (+) morphine (part 3).

Exposing lactol 99 to aqueous hydroxide resulted in the bond isomerization, followed by the intramolecular S 2 substitution N

intramolecular aldol condensation, while the formyl group cleaved and the second double bond migration, via unstable intermediates 

spontaneously. Cyclohexenone ring in 100 corresponds to the 102.1 and 102.2. Significantly, the configuration at both 

morphine C ring, Scheme 2.32. stereocenters of 103 was retained. The stereocenters and the 

In the next stage, furan ring was added to the scaffold, using rigidity of the molecule exerted a high degree of the strereocontrol 

the previously developed protocols, Scheme 2.33. After protecting in the next two steps. Thus, the sodium borohydride reduction gave 

the carboxyl group as methyl ester, addition of Br  gave the unstable only S-alcohol 104, followed by the selective hydrogenation of 2

intermediate 101.1 which spontaneously transformed into double bond from the side indicated by the arrows. Simultaneously, 

a-bromo enone 102. (Aromatic p-bromination proceed concomi- hydrogenolysis removed the aromatic bromine, structure 105, 

tantly). In the presence of DBU, 102 furnished furan 103. The Scheme 2.33.

spontaneous transformation likely involved base-catalyzed double 
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Scheme 2.34. Asymmetric Total Synthesis of unnatural (+) morphine (part 4).

Thus, the two consecutive transformations introduced three The first transformation involved catalytic decomposition of 

new stereocenters, all with the correct configuration (opposite to the diazo group, providing reactive carbenoid intermediate 108.1. 

that in the natural morphine), Scheme 2.33. (The catalyst was Rh (II) cation, i.e. rhodium acetate dimer). As 

After protecting the hydroxyl group as MOM ether 106, the anticipated, the carbenoid 108.1 reacted intramolecularly, form-

carbomethoxy function was converted to acid chloride 107, ing a new C-C bond through C-H bond insertion. The main product, 

Scheme 2.34. Direct acylation with diazomethane provided the bridged cyclopentanone 109, was obtained in modest yields 

requisite diazo ketone 108 (potentially a highly hazardous opera- (~50%, 0.13 mmol scale), together with various side products 

tion). The compound was an immediate precursor in the two key (~30%), Scheme 2.34.

transformations, leading to the formation of the last segment of The second transformation was Beckmann rearrangement 

the morphine scaffold, the bridged piperidine ring. of 109 to the δ-lactam 112. It required two steps, since the oxime 

110 failed to rearrange, 

Scheme 2.35. However, the 

rearrangement of brosylate 

ester 111 proceeded under 

mild conditions, affording the 

required δ-lactam 112. The 

remaining synthetic stages 

involved established transfor-

mations of the functional 

groups and proceeded as 

expected.
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After N-methylation of lactam 112 and the removal of the It was known from the previous work that the 1,2 enone reduction 

MOM protecting group, the hydroxyl group was oxidized to ketone of morphine alkaloids proceeded from a-face. Thus, conversion of 

113, using Dess-Martin periodinane, Scheme 2.35. The enone 112 to 4 resulted in the configuration inversion at the possition 6. 

function in 114 was introduced by a-phenylselenylation of the The obtained (+)-codeine 4 was not converted to (+) morphine 1, 

carbonyl group, followed by the oxidative elimination. In the final since the transformation was published previously. As already 

step, the lactam and enone functions were reduced simultaneously noted (Chapter 1), the unnatural codeine and morphine 

with LAH, to (+)-codeine 4. The transformation followed the enantiomers have no analgesic properties.

expected course, providing the piperidine ring and 6R allyl alcohol. 

Scheme 2.35. Asymmetric Total Synthesis of unnatural (+) morphine (part 5).
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A very recently published total synthesis of (±) morphine 1, from the natural product chavibetol 115. The compound can be 

adopted a radically novel strategy, by assembling rings B and C of prepared from 4-allylanisole, in “one pot” procedure, combining 

the morphine scaffold in a cascade ene–yne–ene ring closing ortho metalation, aryl boronation and alkaline peroxide oxidation, 

95metathesis.  The piperidine ring, as a final part of the scaffold, was Scheme 2.36. The reaction of chavibetol phenoxide 115a and 

introduced by the intramolecular 1,6 aza Michael addition. The mucobromic acid provided butyrolactone 116 in three steps. The 

synthesis involved 9 “one pot” stages or 15 discrete steps, with the first step probably proceeded acc. to the shown mechanism, 

overall yield of 6.5% (8.6 mg). Since only the natural (-) morphine (intermediates 115a and 115b), followed by the reduction of 

is an active opioid, the yield of that enantiomer is 3.25% (~4 mg), aldehyde 115b (not isolated) and acid-catalyzed lactonization.

comparable to other recent total synthesis. The synthesis started 
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Scheme 2.36. A Cascade Strategy to (±) Morphine (part 1).
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Scheme 2.37. A Cascade Strategy to (±) Morphine (part 2).
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lysts, solvents and bases. Next, a known photocyclization, provided 

the required benzofuran 121. (After 5 days of the irradiation, the 

yield was only 37%). The reaction involves 6p-photo-

electrocyclization, followed by a concerted 1,4-hydrogen shift. Suzuki-Miyaura reaction of borane 119 and vinyl 

Thus, the two consecutive steps, established two rings of the mor-bromide 116 established a new carbon-carbon bond, involving sp2-

phine scaffold, structure 121. sp3 coupling, structure 120, Scheme 2.38. The reaction required 

extensive optimization, including examination of the various cata-

Separately, N-acylation of the aldimine 117 with Boc O 2

provided enamide 118. The expected regioselective addition of 

9-BBN to the double bond gave the requisite borane 119, 

Scheme 2.37.

Scheme 2.38. A Cascade Strategy to (±) Morphine (part 3).

O

Br

O

O

OMe

Pd(dppf)Cl2/CH2Cl2
Cs2CO3, DMF/THF/H2O

MeN

O

O

O

OMe

Boc

~5 g, 58%

(CH2)2Cl2/(CF3)2CHOH

20oC, 120h

~2 g, 37%

MeN

O

OMe
H

O

O

Boc

6p photocyclization,

then 1,4-H-migration

Me

N
Boc

B

Pd(dppf)Cl2

Fe

P

Pd

P

Cl

Cl

Ph
Ph

Ph
Ph

120 121116

119
A

UV

 Opioid Analgesics: Structure and Synthesis.  Chapter 2.  M. D.  Ivanović. Morphine Alkaloids.                                  2.13. Total syntheses of morphine alkaloids

96/167



The compound 121 was elaborated to the next key interme-

diate, benzofuran 125, via standard transformations of the func-

tional groups. The selective sodium ruthenate oxidation afforded 

aldehyde 123 in equilibrium with lactol 123.1, Scheme 2.39. Then, 

the aldehyde group was converted to alkyne 125 using Ohira-

Bestmann reagent 124 ((1-diazo-2-oxopropyl)-phosphonic acid 

dimethyl ester). The known reaction mechanism is represented by 

the structures of two intermediates, 124.1 and 124.2. 

Transformation of the carboxyl group in 125 to the enone function 

in 128 was achieved via Weinreb amide 127, prepared by a stan-

dard protocol, Scheme 2.40. (The Weinreb amides have been used 

extensively to prepare ketones from carboxylic acids, since they 

react with only one equivalent of an organometallic reagent, pro-

ducing no alcohols). Thus, reaction of 127 and vinylmagnesium 

bromide furnished enone 128 in high yields. 

Scheme 2.39. A Cascade Strategy to (±) Morphine (part 4).
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The correctly positioned double and triple bonds in 128 tion of ring C. Thus, rings B and C of the morphine scaffold were 

enabled the intramolecular, cascade ene–yne–ene metathesis. The installed in the single synthetic step, in near quantitative yield, 

ndinitial ene–yne metathesis resulted in the formation of ring B, requiring only 5 mol% of Hoveyda–Grubbs 2  generation catalyst.

spontaneously followed by ene–ene metathesis and the introduc-
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After deportation of the amino group in 129, the morphine intramolecular addition is also shown in 3D, yellow frame). 

scaffold was completed by intramolecular 1,6-aza-Michael reaction Elaboration of 131 in two simple, known transformations, secured 

of α,β,γ,δ-conjugated dienone 130, affording piperidine 131. (The (±) morphine on 0.03 mmol scale.

Scheme 2.42. A Cascade Strategy to (±) Morphine (part 7)
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Scheme 3.1. Synthetic opioid analgesics currently used in humans: world production in 2015.(refs. 14,15; p. 100).

analgesics in the current medical use are morphine and codeine. 

Other two natural morphine alkaloids (thebaine and oripavine) are 

used exclusively as the precursors in semi-synthesis of opioid 

SYNTHETIC OPIOID ANALGESICS. CHAPTER 3.  

3.1. Introduction

As shown in Chapter 2, the only naturally occurring opioid 

drugs (e.g. oxycodone, 

oxymorphone, hydro-

morphone, hydrocodone, 

buprenorphine, etc.) and 

some and non-opioids (e.g

apomor-phine).

 While many of those 

semi-synthetic drugs are 

highly effective and widely 

used opioids, their prepa-

ration depends exclusively 

on the availability of the 

precursors, i.e. natural 

morphine alkaloids. Since 

steady supply of the natu-

ral alkaloids could not be 

guaranteed, there have 

been  numerous attempts 

to design fully synthetic 

opioids, as a replacement 

or supplement to the natu-

ral or semi-synthetic opioid 

drugs.
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Scheme 3.2. Simplification of the morphine scaffold: morphinanes, benzomorphanes and arylmophanes.

Numerous attempts towards practical, industrial synthesis of emerged, having more favorable pharmacological profile. 

morphine alkaloids were unsuccessful, (Chapter 2) and have At present (as of 2017), there are about 12 fully synthetic 

actually  proved that it is beyond the capabilities of the con- opioids in human use, Scheme 3.1. Several more are used as 

temporary organic synthesis.  (There are current attempts to veterinary drugs only. It is noteworthy that the first three signifi-

1employ the methods of genetical engineering to that purpose).  cant opioid drugs, synthesized in the late 1930s and during the 

Other goals in developing synthetic opioids were to design more World War II, are still being used as analgesics. Those are 

powerful drugs with less side effects. pethidine 7, ketobemidone 11 and methadone 12, Scheme 3.1.

Those efforts eventually succeeded, resulting in the tens of Historically, the quest for the fully synthetic and clinically 

opioid drugs used clinically since the late 1930s. While many of useful opioids, started with the simplification of the morphine 

those drugs were later withdrawn from the market, due to the molecule.

serious side effects or insufficient potency, new synthetic opioids The general approach was to remove the selected rings from 

the morphine scaffold, 

establish the structure-

activity relationship and

to identify regions of the 

molecule responsible for 

the activity (the opioid 

p h a r m a c o p h o r e s ) .

Ideally, further refine-

ments would improve 

the activity and reduce 

side effects. The general 

concept is shown in 

Scheme 3.2.
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Scheme 3.3. Structures of significant morphinanes

5 63.2. Morphinanes 15  and  racemethorphan 16  as antitussives and levallorphan 

7The removal of furan ring from the morphine scaffold pro- 17 as opioid antagonist. However, all of them have been with-

duced a novel class of “simplified morphines” denoted drawn from the market, mainly due to significant side effects and 

2morphinanes.  The compounds, with no direct parallel to any natu- better pharmacological alternatives. At present, there are no 

ral products, often exhibited significant opioid activity, particularly morphinans in clinical use.

towards µ and κ receptors. Morphinanes were prepared either by semi-synthesis from 

Some morphinanes were formerly used as drugs, notably morphine alkaloids or by the total synthesis. Some of the signifi-

3 4levorphanol 13  and butorphanol 14  as analgesics, dimemorfan cant examples are shown in the Scheme 3.3.
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Scheme 3.4. Simplified representation of the classical synthesis of levorphanol 13.

A classical synthesis of levorphanol is depicted in new cyclohexane ring (magenta), structure 18.5. The synthesis 

8Scheme 3.4. (No yields were reported in the original literature).  was completed by the cleavage of methoxy group using hydrogen 

The imino group in isoquinoline derivative 18.1, prepared in several bromide, securing (±) levorphanol 13. The racemate was resolved 

steps from cyclohexanone, was selectively reduced by catalytic by fractional crystallization of the tartrate salt, providing 

hydrogenation to 18.2, followed by the reductive N-methylation (-) levorphanol 13. 

9 using formaldehyde. Acid-catalyzed Grewe-type cyclization formed 

C+

N
Me

MeO

H

N
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O
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 3.3. Benzomorphanes and Arylmophanes. psychological dependence). 

The removal of both furan and the ring C  from the morphine While those properties make benzomorphanes attractive 

scaffold gave the class of opioid analgesics known as candidates as analgesics, only pentazocine is currently used as a 

10benzomorphanes,  general structure III, Scheme 3.5. Significant drug.  This is because of the side effects associated with 

12representatives include pentazocine 8, cyclazocine 19,  κ-receptors activation, including dysphoria and a range of 

13 14metazocine 20 and phenazocine 21  which differ only in the psychotomimetic disorders (disturbance in the perception of 

nitrogen substituent. space and time, abnormal visual experience, disturbance in body 

15,16Structurally closely similar drug, bremazocine 22,  has  image perception, de-personalization, de-realization and loss of 

17 16 also received considerable attention due to its opioid activity.  self-control). Two closely similar, general approaches to 

Most benzomorphanes are mixed µ/κ or κ-only agonists. Many are benzomorphanes (e.g. pentazocine 8) were published almost 

18potent analgesics, largely devoid of the side effects typical for simultaneously by two research groups,  Scheme 3.6.

µ-opioid agonist (respiratory depression, physical and 
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The addition of benzyl Grignard reagent 23.3 to the cyclohexane ring, together with the O-demethylation, structure 

quaternary pyridinium salt 23.2 proceeded regioselectively, 23.8. The key intermediate, piperidine 23.9, was obtained by 

affording enamine 23.4. The enamine was reduced using NaBH  hydrogenolysis of N-benzyl group. (The reaction scale was reduced 4

in several synthetic steps. Subsequent N-alkylation, acc. to the and the resulting piperidine derivative 23.5, exposed to strong 

prev ious ly  repor ted procedure,  prov ided var ious  acid (AcOH/HBr). Upon the prolonged heating, Grewe-type 
18benzomorphanes, including pentazocine 8 and others.  cyclization (via intermediates 23.6 and 23.7), formed the 
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Scheme 3.6. Practical synthesis of penazocine and its N-alkyl analogues.
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19Numerous 5-arylmorphanes  and the structurally related sents the conceptual synthesis and structure of arylmorpahane 

20  compounds were synthesized over the course of several decades. 24, having the opioid potency similar to morphine. Much later, an 

Some of the compounds exhibited significant opioid analgesic ac- efficient and simple approach to the same ring system was dis-

21tivity when tested in vivo, at least equivalent to morphine. closed, Scheme 3.7 B.  The synthesis involved metalation of 

Despite the extensive research efforts,  no clinical tests were enamine 25.3, base-promoted double bond migration and the 

reported and arymorphahes have never been used as drugs. allylation of the carbanion 25.4 at the position 4. The acid-

Apparently, the complex syntheses and only moderate activity catalyzed cyclization and hydride migration of 25.5 (mechanism 

ruled them out as potential drug candidates. Scheme 3.7 A repre- not shown) furnished bicyclic enamine 25.6. In the final step, 

hydrogenation secured 

arylmorphane 25.7. (The 

scale was not reported).

It is noteworthy that the 

key intermediate 25.3 

(MPTP)  i s  ex t reme ly  

neurotoxic, causing the 

irreversible symptoms of 

parkinsonism in humans 

22 and monkeys. While the 

compound has been known 

for decades and used exten-

sively as synthetic interme-

diate, this unusual property 

was only discovered by 

accident in mid-1982.

4

1
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The illicit preparations of “reverse esters of pethidine” (p. 120), 3.4.Simple opioid piperidines: pethidines 

sold as heroin, were significantly contaminated with MPTP. (It (meperidines), "reverse esters of meperidine" and 

originated by spontaneous dehydration of alcohol 25.2 in acidic 4-anilidopiperidines  

medium). It was then discovered that the addicts who abused this As it is apparent from the previous discussion, most of the 

“heroin”, suffered from the irreversible Parkinson-like symptoms. clinically significant opioids possess piperidine ring as an essential 

Incidentally, it was the first known example that the part of their structure. This is true not only for the immediate 

Parkinsonism could be caused by any compound, sparking the morphine derivatives, i.e. 4,5-epoxymorphinans, but also for all 

extensive research efforts in that direction that last to the present morphinans, benzomorphans and the related classes of opioids. 

23time.  Since they were developed as structural simplification of the 

morphine scaffold, it become apparent that the piperidine ring was 

an essential part of the opioid pharmacophore. The extensive 

pharmacological results, over many decades, demonstrated that 

the cleavage of piperidine ring always abolished the opioid activity. 

(However, there are many potent "open-chain" opioids, including 

peptides, which have no heterocyclic rings). Consequently, the 

morphine structure was finally simplified to various functionalized 

piperidines. Experiments performed since 1930s, demonstrated 

that a specific class of the substituted piperidines included 

moderately potent and clinically useful opioids, Scheme 3.8, 

general structure A. Further structure-activity relationship studies 

identified a number of more active analogues, as detailed later. 

Nonetheless, only two members of the group, including pethidine 

(meperidine), remained in a significant clinical use to the present 

time (as  of 2017). 
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Scheme 3.9A. Original synthetic approach to pethidines. 

Soon after, several more classes of the opioid piperidines “nitrogen mustard” 26.2, in the presence of sodium amide. (The 

were discovered, including "reverse esters of pethidine", "nitrogen mustards”  are simple to prepare on the industrial scale, 

structure B, 4-anilidopiperidines, structure C, and the related using ammonia, primary or secondary amines and oxiranes, such 

derivatives structure D, Scheme 3.8. While the “reverse esters” as ethylene or propylene oxide. The resulting amino-diols (e.g. 

are no longer in medical use, except for trimeperidine (g-promedol, 26.1) are then converted to amino-dichlorides or dibromides. 

24 p. 120), anilidopiperidines C and D are used extensively, both as However, the compounds are stable only as salts, otherwise 

analgesics and in various anesthetic formulations. undergoing spontaneous N-alkylation). Subsequent acid hydroly-

sis and esterification of the resulting 4-cyano-piperidine 26.3, was In addition, all classes of opioid piperidines are valuable 

performed in one synthetic operation, providing pethidine 26.4 in pharmacological tools in the research of opioid-related phenom-

~60% overall yields. ena. In that respect, 4-anilidopiperidines have the most prominent 

role, in part because of their exceptional potency. While efficient and scalable, the synthesis was highly haz-

ardous, due to the extreme toxicity of “nitrogen mustards” (like 3.4.1 Simple opioid piperidines: pethidines 

sulphur mustard gas yperite, the are vesicants, mutagens and (meperidines)

26carcinogens). Thus, various alternative methods were devised,  The original synthesis of pethidines is shown in 

2725 such as the one presented in Scheme 3.9 B.Scheme 3.9A.  It involved bis-alkylation of benzyl cyanide with 
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Diethanolamine 27.1 was N-tosylated and the hydroxyl hydrolysis or by the reduction). The free carboxyl group was 

groups converted to dichloride 27.3. (Compounds of this structure esterified, via acid chloride intermediate 27.6,  followed by the 

are not vesicants). The dichloride was used for bis-alkylation of selective, removal of the N-tosyl function. In the final steps, sec-

benzyl cyanide, analogously to Scheme 3.9B, resulting in the ondary piperidine 27.8 was elaborated by introducing various 

diastereomeric mixture of piperidine 27.4. Vigorous basic hydroly- functionalized N-alkyl groups, general structure 27.9. 

Since no yields or the reaction scale were indicated for any sis secured carboxyl derivative 27.5, leaving the sulfonamide 

step, the practical applicability of the procedure cannot be ascer-unchanged. (Sulfonamides are generally removed either by acid 

tained. 

The key modification was

the use of relatively non-

toxic N-tosylated dichloride 

27.3, although it later 

required selective   removal 

of the sulfonamide protecting 

group.

However, the current 

industrial procedures for 

meperidine production have 

not been published and are 

apparently trade secrets. 



Scheme 3.10. Laboratory procedure for the synthesis of pethidine analogues 28.7.

 Opioid Analgesics: Structure and Synthesis.  Chapter 3. Synthetic Opioid Analgesics. 3.4M. D.  Ivanović. .1 Simple Opioid Piperidines. Pethidines.

118/167

CNAr
Br

OMe

OMe

NaNH2/PhMe

2 equiv CNAr

MeO

MeO

OMe

OMe

~65-80%

3M HCl/H2O

50oC, 4.5 h

CNAr

OHC CHO
Me NH3Cl

NaBH3CN,

MeOH

CNAr

N O N

Ar CN

Me

N

Ar CN

Me

scale: ~5 mmol

25-45%
(two steps)

Me

CNAr

N
H

Me O

1. H2SO4/H2O

2. EtOH, azeotropic
distillation

N

Ar CO2Et

Me

~52-75%

X

X= Cl, Br, I, Me

Ar =

Cl

Cl

28.1 28.2

28.3 28.4 28.5 28.6

28.7

N

Ar CO2H

Me

not isolated

H H H

~120oC

A modified laboratory method for the synthesis of standard procedure, converting nitrile 28.6 to ethyl ester 28.7 in 

28meperidine analogues was reported more recently,  Scheme 3.10. one synthetic step. (The procedure, acc. to Sheme 3.9A, involved 

The first step corresponds to Scheme 3.9, except that the alkylating acid-catalyzed hydrolisis of the nitrile group to free carboxylic acid, 

agent was a protected aldehyde, 2-bromo-1,1-dimethoxyethane. which was not isolated, but directly esterified, removing excess 

Afer bis-alkylation and acid hydrolisis, the obtained di-aldehyde water by azeotropic distillation. Thus, tedious isolation of the free 

28.2 was not isolated, but used directely in the  consecutive amino-acid intermediate was avoided). Although the method is 

reductive aminations, via intermediates 28.3, 28.4 and 28.5. The suitable for the small-scale synthesis of various meperidine 

reductive aminations, selectively achieved by NaBH CN, secured analogues of the general structure 28.7, it is probably not 3

amenable for the scale-up. The compounds were used in SAR the requsite piperidines, general structure 28.6. However, only 
28studies.relatively low yields were obtained, (25-45%), also requiring 

chromatographic purification. The synthesis was completed by the 



A closely related derivative of pethidine, ketobemidone 29.4 ether by hydrobromic acid, provided the free phenol group, 

was first prepared by O. Eisleb, during the World War II (codename necessary for the optimal opioid activity. Presumably, the same 

29 Hoechst 10720). The synthesis, published later by other authors, general approach is still employed for the preparation of the drug. 

is presented in Scheme 3.11A. The key step is the addition of Structures of some significant pethidine derivatives, i.e. 

30 31 32ethylmagnesium bromide to the nitrile function, structure 29.3 morpheridine 30, phenoperidine 31, and piminodine 32,  are 

which is one of the standard methods for the preparation of shown in Scheme 3.11B. All three compounds were used as 

ketones. The reported yield for the particular step was low opioid drugs in some countries, but have been withdrawn from the 

(~30%), although it could likely be improved using alternative global market because of serious side effects and/or insufficient 

reagents (e.g. ethyllithium) and/or solvents. Clevage of methyl potency.
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Scheme 3.11. A. General synthetic approach to ketobemidone. B. Structures of some significant pethidine derivatives
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3 . 4 . 2  S i m p l e  o p i o i d

piperidines: reverse esters of 

pethidines.

Soon after the discovery of 

pethidine, it was found that “reverse 

esters of pethidine”, Scheme 3.12, 

general structure 33, were also 

3 3powerful opioid analgesics.  

Particularly potent was 34 (about the 

potency of morphine). The com-

pounds received much attention in 

the following decades, both because 

of the high, morphine-like potency 

and relative simplicity of the synthe-

sis,  Scheme 3.12.

Later, the Russian researchers 

developed a related opioid analgesic, 

similar in potency to morphine, 

n a m e d  γ - p r o m e d o l

(± trimeperidine) 35.5,  Scheme 

343.13.  At present, (as of 2017), the 
2+ 35tively low yields  and  required toxic Hg  catalyst, Scheme 3.13.  

drug is still used, mainly in the former USSR republics. 
The separation of diastereomers was not disclosed. 

The initial manufacturing technology, developed in early 

1950s, provided the key intermediate, piperidone 35.4, in rela-



Scheme 3.14. Alternative synthesis of  piperidone 35.4 as promedol precursor.
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Scheme 3.15. Examples of the significant “reverse esters of meperidine” (formerly 
used as opioid drugs).
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While piperidone 35.4 can be prepared acc. to Scheme 3.16, except γ-promedol 35.5  have been withdrawn, as better pharma-

recently published paper revealed a different approach, Scheme cological alternatives emerged.  

36 3 83.14. Simple aza-Michael addition, acc. to the previously pub- Prominent  examples  a re:  a l l yprod ine  37 ,  

37 39 40lished protocol,  provided β-amino-ester 36.1, followed by the (+) alphaprodine 38 and  (±) α-promedole 39,  Scheme 3.15.

condensation with ethyl acetoacetate. Catalytic hydrogenation of 

the enamine 36.2, followed by the Dieckmann 

cyclization, acid hydrolysis and spontaneous 

decarboxylation afforded piperidone 35.4 as cis/trans 

mixture (~78% yield). However, further elaboration to 

γ-promedol was not published. As already noted, a great 

deal of effort has been paid, over past several decades, 

to the synthesis and pharmacological evaluation of 

various “reverse meperidiene esters” (According to the 

sub-structure searches of SciFinder, about 1400 deriva-

tives were prepared, as of 2017). Of those compounds, 

several entered the market as opioid drugs, however all 



Approximate conformations of 
Alphaprodine 38, a-Promedol 39 
and g-Promedol 35.5
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Scheme 3.16. General procedure for the preparation of 4-piperidones 40.5.
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3. useful intermediates in heterocyclic synthesis, they are usually 

Precursors converted to 4-piperidones of the general structutre 40.5, by a 

simple acid hydrolysis and decarboxylation. (The compounds are  The extensive research in "reverse esters of meperidine", 

acid-stable, while prone to base-catalyzed decomposition). anilido-piperidines and the related groups, (structures B, C and D, 

Despite the apparent simplicity, both the aza-Michel addition and Scheme 3.1) was possible because the immediate precursors, 

Dieckmann condensation can be incomplete, often resulting in the various 4-piperidones were accessible through a relatively simple 

41,42,43 mixtures and modest yields. The Dieckmann condensation may synthesis, involving 3 to 4 steps, Scheme 3.16.  The 

be difficult to perform, particularly on a large scale, since it aza-Michael addition of primary  amines to conjugated esters may 

requires mechanical stirring and the prolonged reflux. Also, be performed step-wise, producing symmetric or non-symmetric 

depending on the reactant structure, solid gels can form, β-amino diesters 40.3. The compounds are suitable substrates 

effectively blocking the reaction. for Dieckmann condensation, resulting in the six-membered β-

keto esters 40.4 (5-membered analogues are obtained as ~1:1 Recently, a modification of Dieckmann condensation was 

mixtures of two regio-isomers). Although the β-keto esters are reported, using DMSO or DMSO/THF as a solvent and NaH as 

44base.  

The reaction proceeds to

c omp l e t i o n  a t  amb i en t  

temperature, typically in 15-45 

min, no gels are formed and 

pure heterocyclic β-keto esters 

40.4 are isolated in 80-95% 

yields on a multi-gram scale 

(e.g. 50-500 mmol). Even t-Bu 

diesters react quantitatively, 

albeit at slower rate (~2 h).

4.3 Simple opioid piperidines: 4-Piperidone 

Opioid Analgesics: Structure and Synthesis. Chapter 3. Synthetic Opioid Analgesics.      3.4M. D.  Ivanović. .3 Simple Opioid Piperidines. 4-Piperidone Precursors.
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45a,46
3.4.4 Simple opioid piperidines: 4-anilido-piperidines.

In the late 1950s, Paul A. J. Janssen and coworkers discovered that 

some of the novel 4-anilido-piperidines possessed significant opioid 

analgesic activity. Their research efforts resulted in the general, patented 

47synthesis  of these compounds, Scheme 3.17A. (No yields were given in 

the patent). Condensation of piperidone 41.1 with various aromatic 

amines gave imines 41.2, purified by distillation. Reduction of the imino 

group with LAH furnished secondary arylamines 41.3, Acylation of the 

secondary amino group using simple acid anhydrides (e.g. propionic 

anhydride), followed by the catalytic hydrogenolysis of N-benzyl group, 

afforded the secondary piperidines 41.5. In the final step, the desired 

4-anilido-piperidines 41.6 were obtained by direct N-alkylation .

Detailed pharmacological tests revealed that one of the prepared 

compounds was 50-100 times more potent analgesic than morphine, with 

the significant clinical potentials. It received the INN (International 

Nonproprietary Name) fentanyl, (structure 42, Scheme 3.18). The 

compound eventually become widely used and essential active 

pharmaceutical ingridient (API) of various anesthetic formulations and 

45b,copioid analgesics, including transdermal patches, Scheme 3.17 B.

Early structure-relationship studies (SAR) of 4-anilido-piperidines 

focused on the variation of three substituents on the piperidine ring: 1) the 

acyl group, R'CO, 2) R group and 3) R'' group, structure A, Scheme 3.18. It 

was found that a compound must satisfy at least four general structural 

requirements, in order to possess any analgesic activity, structure C. 

45,47(The first SAR study actually resulted in the original patent). Scheme 3.17. A. General synthetic procedure for the synthesis of 
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M i n i m a l  s t r u c t u r a l

requirements for the opioid 

activity of anilido-piperidines 

are:

1. 4-amino group must by

acylated, i.e. the structure must 

be a tertiary carboxamide.

2. 4-amino group must be

arylated (R= aryl).  Phenyl 

group confers the highest 

potent, at least 10 times more than the acetyl or butyryl activity, while substituted aryl groups always diminish the potency. 

analogues. Aroyl derivatives (R'= aryl) are generally inactive.Alkyl groups or hydrogen abolish the activity.

4. Piperidine nitrogen must be alkylated (R''= alkyl, simple3. Acyl group must be alkanoyl, (R'= alkyl, simple or with

or with some functional groups, e.g. aryl). Most alkyl derivatives some functional groups). Propionyl derivatives are the most 

possess some activity, however only 2-arylethyl analogues are 

highly potent analgesics.  Aryl derivatives (R''= aryl) 

are inactive. During the 1960s and later, numerous new 

analogues of the general structure B, Scheme 3.18, 

were prepared and tested pharmacologically. Interest-

ingly, only a few derivatives were reported to be slightly 

more potent than fentanyl, with the majority much less 

potent or inactive.  Several of those more active 

derivatives possess substituted N-phenethyl moiety, as

48 shown in Scheme 3.19A. However, the potency 

enhancement, relative to fentanyl, was small and 

practically insignificant. 

125/167



N

O

Bn

N

N

Bn

Ph

N

HN

Bn

Ph

N

N

R'

Ph

O

Et

Ph-NH2 LAH

1. (EtCO)2O

2. N-debenzylation

Ph Me2N-

3. N-alkylation
20-30%, overall;

group

(R')

Me Bn

11/1050- 1/1200 1/980-
(fentanyl)

control: meperidine
(pethidine)

1/470potency

B.

43.5 43.6 42 43.7 43.8 43.9

(R' is shown below)41.1

N

Me

N
Ar

Et

O

BrCN, 50% AcOH,

Ph
Br

MeCN, Na2CO3, 
KI (cat), r.t., 24 h

N

Me

O

Ar-NH2

-H2O
N

Me

N
Ar

N

Me

HN
Ar

(EtCO)2O

PhMe, 
60 °C, 2 h N

CN

N
Ar

Et

O

r.t., 6h

N
H

N
Ar

Et

O

N

NEt

O

Ph

MeOH

NaBH4

N

N Et

O

Ph

also prepared ("di-fentanyl)

N

N
Ar

Et

O

Ph
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Scheme 3.19 B. Fentanyl analogues with various alkyl substituents at the piperidine nitrogen. 

Scheme 3.20. Alternative synthesis of fentanyl analogues with various alkyl substituents at the piperidine nitrogen. 

Groups other than severely 

diminished or completely abolished the analgesic 

49activity,  as exemplified in Scheme 3.19 B. 

The influence of 4-N-aryl substituents to 

the pharmacological activity was examined in detail. 

General synthetic approach to those derivatives is 

50shown in Scheme 3.20.  The synthesis followed the 

general procedure, starting from the readily avail-

able N-methyl piperidone 44.1. The imines were 

reduced using NaBH  in methanol, rather than LAH. 4

After removal of N-methyl group via classical von 

Braun reaction, the expected 

fentanyl analogues 45.1-45.8 

were prepared by N-alkylation with 

2 - p h e n y l e t h y l  b r o m i d e .

C o m p o u n d s  4 5 . 9 - 4 5 . 1 5

(Table 3.1) were prepared using 

5 1  similar protocol. The only 

enhancement in analgesic activity, 

observed with the o-OMe group, 

was statistically insignificant 

(1.3 times fentanyl, Table 3.1, 

entry 10). 

2-arylethyl 
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Ar groups are 

represented in 

Table 3.1



No COMPOUND

 

ACTIVITY

 

(fentanyl =1)

 No COMPOUND

 

ACTIVITY

 

(fentanyl =1)

N

NEt

O

Ph

X

 

N

NEt

O

Ph

X2

X1

1 X = F; 45.1 0.5 9 X1 = OH, X2 = H; 45.9 0.1

2 X = Cl;           45.2 0.02 10 X1 = OMe, X2 = H; 45.10 1.3

3 X = Br;          45.3 0.01 11 X1 = OEt, X2 = H; 45.11 0.6

4 X = I; 45.4 0.06 12 X1 = OMe, X2 = OMe; 45.12 0.25

5 X = CF3;        45.5 0.01 13 X1 = OMe, X2 = OH; 45.13 0.8

6 X = Me;         45.6 0.03 14 X1 = Me, X2 = H; 45.14 0.7

7 X = NHCOEt; 45.7 0 15 X1 = Me, X2 = Me; 45.15 0.5

8 “di-fentanyl’;  45.8 0 - - -

Table 3.1. Relative opioid potencies of 4-aryl substituted fentanyl analogues

All other substituents, either diminished the 

analgesic potency to various extents or completely 

abolished it (Table 3.1, entries 1-9 and 11-15).

52a, 52bTwo major studies  examined the influence of 

4-N-heteroaryl groups to analgesic and other 

pharmacological properties of fentanyl analogues, 

Scheme 3.21 A and B. The most efficient synthesis of 

4-N-heteroaryl derivatives at the time (in 1980s), 

involved direct N-arylation of the intermediate amines 

46.3 with various heteroaryl chlorides and bromides 

(Ullmann-type reaction). The relatively harsh reaction 

conditions, in the presence of elemental copper, 

provided N-aryl amines of the general structure 47, 

mainly in modest yields. The final products, 

carboxamides 48, were obtained by simple N-acylation. 

N

O

R

N

N

R

HO

LAH

N

NH2

R

Ar-X, Cu powder,
Et3N, n-pentanol, D, 4h

NH2OH

H2O

[Ullmann-type arylation]

N

HN

R

Ar-X

Ar

N

N

R

Ar

O

R

46.1 46.2 46.3 47 48

(R= 2-phenylethyl)

52Scheme 3.21 A. General approach to  fentanyl analogues having 4-N-heteroaryl groups

52a 52b 53 Representative structures, A  and B  are shown in Buchwald-Hartwig Cross Coupling Reaction).

The studies, which also included variations of acyl groups, Scheme 3.21 B. (In the past two decades, the N-arylation is 

generally resulted in the pharmacologically inactive compounds, usually  performed using Pd-catalyzed protocol, known as 

proving that N-heteroaryl 

groups could not effectively 

substitute the N-phenyl group 

in fentanyl analogues. 
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N

N
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R

R= Et, MeOCH2,

O
2 or 3-furoyl

N N N N

N N N

N

N

S

N

O

N

N

N

, , ,

, , , , ,

(representative examples)

O

O

N

N

N

N

Ph

mixed agonist/antagonist

A.

B.

Ar:

Ar:

(representative examples)

48
49

52Scheme 3.21 B. Structures of   fentanyl analogues having 4-N-heteroaryl rings
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52aA notable exception was compound 49,  

Scheme 3.21 B, which exhibited unusual pharmacology, 

best described as a mixed opioid agonist/antagonist. 

However, it seems that similar compounds were not 

investigated further.

While most of the 4-anildo-piperidines have been 

synthesized from 4-piperidones, pyridines were also used 

as the precursors. One of the first reported synthesis from 

54pyridine precursors, is shown Scheme 3.22.  Thus, methyl 

substituted pyridines 50 were converted into  N-oxides 51, 

followed by the regioselective 4-chlorination using POCl . 3

(The standard protocol for introducing halogens into the 

pyridine ring, since free pyridines are quite unreactive, 

unlike the N-oxides). Nucleophilic substitution with aniline, 

in a sealed vessel, gave 4-phenylamino pyridines 53 in 

modest yields. After N-propionylation and catalytic 

hydrogenation of the pyridine ring, secondary piperidines 

were obtained, such as 3-methyl derivative 55. The 

products were  N-benzylated, to facilitate isolation and 

purification. In the final step, simultaneous catalytic 

hydrogenolysis and the reductive amination with 

2-phenylacetaldehyde furnished the corresponding In practical terms, the general synthetic approach is clearly 

methyl fentanyls (2-Me, 3-Me and 2,5-di-Me). Only the structure inferior to the 4-piperidone route, due to the very low overall 

of 3-methyl fentanyl 58 is shown in Scheme 3.22. (The yields, multitude of side products and the need for pressure vessel. 

stereochemistry was not determined). 
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(Ref. 52a)

(Ref. 52b)
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N
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(two steps)
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Scheme 3.22. Synthesis of 2-Me, 3-Me and 2,5-di-Me fentanyl analogues from pyridine precursors 

Scheme 3.23. Synthesis of fentanyl from pyridine. 
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Despite synthetic limitations, the research demonstrated compound. (Presumably, the compound  was cis dia-stereomer). 

that, unexpectedly, 3-methyl fentanyl 58 (presumably cis dia- It was later confirmed by more detailed synthetic and pharmaco-

stereomer) was about 10 times more potent than the parent logical studies. A similar approach to fentany 42l used readily 

accessible pyridylpyridinum 

55chloride 59, Scheme 3.23.

Thus, heating 59 with 

aniline hydrochloride pro-

duced N-phenyl-pyridin-4-

amine 60. After acylation 

and alkylation, the resulting 

quaternary pyridinium salt 

62 was hydrogenated to 

afford ~6 g of fentanyl in 

27% overall yield. 

       The method appears to 

be less effective than 

4-piperidone approach, 

p a r t i c u l a r l y  

b e c a u s e  i t  

requires costly Pt  

catalyst.  



R1

R2 CO2Me
R3-NH2,

R1

R2 CO2Me

NHR3

MeO2C

MeO2C

~160°C N OR1

R3

R2MeO2C CO2Me K2CO3, PhMe, 
18-C-6, D
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CO2Me
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R3

R2

R1

10% HCl,

N

OH

CO2Me

O

R3

R2

R1

R1 = R2 = H, Me; R3 = cyclohexyl, 2-phenylethyl

(CO2H)2, H2O, D

-CO2, MeOH
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O

R3
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-MeOH

MeOH
aza-Michael

-MeOH

0 °C

~90%
~70-80%

~70-80%
(3 steps)

63
64

65 66

Scheme 3.24. Improved synthesis of .piperidine-2,4-diones

A substant ia l ly  d i f fe rent  

approach to 4-anilido-piperidines 

involved piperidine-2,4-diones as the 

key intermediates, Scheme 3.24. 

Although the compounds were known 

for decades, a phase-catalyzed modifi-

cation made their preparation simple 

56and efficient.  After the selective 

aza-Michael addition, the resulting 

β-amino esters 63 were smoothly 

N-acylated at elevated temperature, 

using dimethyl malonate. Dieckmann-

type cyclization of the resulting 
55  Scheme 3.25. Methylation in the position 3 gave 3,3-dimethyl 

diesters 64 proceeded to completion in the presence of K CO  as 2 3

derivative 67. Condensation with aniline, followed by the enamine 
base and 10 mol% of 18-C-6. Apparently, the active methylene 

reduction, produced anilino-lactam 68. The compound was con-
group was sufficiently acidic to form enolate anion in the presence 

verted to 4-anilido-lactam 69 by simple N-propionylation. 
of a weak base and crown ether catalyst. (Earlier methods used 

Alternatively, 68 was first reduced to piperidine 70, using in situ 
molten sodium as a base). Hydrolysis of ester 65 in a moderately 

generated borane. 
acidic medium (aqueous oxalic acid) resulted in selective and 

The final product, 3,3-dimethyl fentanyl 71 was obtained in 
quantitative decarboxylation, providing pure piperidine-2,4-

good overall yield (~50%). Substituted 4-anilido-lactams of the 
diones 66 in good overall yields. (Use of the mineral acids resulted 

general structure 73 were synthesized analogously to 69.  In all 
in the lactam hydrolysis). 

instances, the obtained cis/trans diastereomers were separated 
Piperidine-2,4-diones proved to be versatile intermediates in 

chromatographically. 
the synthesis of 4-anilido-piperidines and their derivatives, 
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Scheme 3.25. Piperidine-2,4-diones in the synthesis of 4-anildo-piperidines and their lactam analogues.
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It is apparent that the 

general synthetic approach has 

a considerable potential in the 

s y n t h e s i s  o f  v a r i o u s  

h e t e r o c y c l e s ,  i n c l u d i n g  

4-anilido-piperidines, particu-

larly because it was performed 

on a considerable scale (10-20 

mmols of the final products). 

However, it was not developed 

further, nor the compounds 

were tested pharmacologically. 

(The lactam derivatives are 

highly unlikely to be opioid 

analgesics, since they do not 

possess the basic nitrogen – an 

almost universal requirement 

for the opioid activity of any 
3-methyl fentanyl 58 was several times more potent than the 

type).
parent compound, (p. 129), prompted researchers to modify the 

3.4.5 Anilido-piperidines: modifications of the 
piperidine ring.

piperidine ring.
The simplest modification involved the introduction of alkyl 

As already shown, structural variations of opioid anildo-
groups in the position 3 and/or 2 of the ring.

piperidines were essentially restricted to three regions of the 
Thus, the alternative synthesis of 3-methyl fentanyl is 

molecule: a) acyl substituents, b) 4-N-aryl groups and c) 
57shown in  Scheme 3.26.   

50substituents at the piperidine nitrogen. A chance discovery  that 



Scheme 3.26. Synthesis of (±) cis and (±) trans 3-methyl fentanyl 82.

The starting piperidone 74, prepared acc. to Scheme 16, was cis/trans mixture of anilido-piperidines 78 was separated by 

debenzylated with methyl chloroformate and the resulting fractional crystallization, providing pure (±) cis and (±) trans 

carbamate 75 converted to cis/trans anilines 77 in the two known anilido-piperidines 79. (The crystallization, rather than 

synthetic steps, Scheme 3.26. After N-propionylation, the chromatography, was necessary because the reaction was 

performed on 1 mol scale). Acid 

hydrolysis secured cis and trans 

diamines 80 in near quantitative 

yields. (Attempts to remove the 

N-carbomethoxy group selectively, 

under either acidic or basic 

conditions, were unsuccessful). 

Selective alkylation of piperidine 

nitrogen with 2-phenylethyl chloride 

or bromide afforded tertiary amines 

81. (Derivatives with other 1-N-alkyl 

groups were also prepared). No 

alkylation of the aromatic nitrogen 

was observed, since aromatic 

a m i n e s  a r e  m u c h  w e a k e r  

nucleophiles than the secondary 

piperidines. Simple N-propionylation 

provided the final products (±) cis 

82 and (±) trans 82, with the 

cis/trans relative opioid potency 8:1 

(fentanyl=1), Scheme 3.26.
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Scheme 3.27. Synthesis of (+) cis and (-) cis 3-methyl fentanyl 82.

58research by  standard X-ray diffraction technique).  The difference 

the influence of the absolute configuration to the analgesic activity, in activity between the two enantiomers (over 100 times) is not 

Scheme 3.27. The intermediate (±) cis 77 was separated into pure unusual, since only one enantiomer can effectively fit into the 

(-) cis 77 and pure (+) cis 77 enantiomers, using L-(+) tartaric acid receptor active site. It parallels the case of morphine, where only 

and D-(-) tartaric acid, respectively. Elaboration acc. to the natural, (-) enantiomer is an active analgesic. Later, other 

Scheme 3.26., gave (+) cis 3-Me-fentanyl (absolute configuration research groups prepared derivatives of 3-Me-fentanyl which are 

3R,4S, 16 times fentanyl potency) and (-) cis 3-Me-fentanyl selective, highly active and irreversible ligands for δ-opioid 

(absolute configuration 3S,4R, 0.13 times fentanyl potency). receptors (Schemes 3.28 and 3.29). 

(The absolute configuration was determined in the later 

The authors also prepared pure enantiomers, to establish 

is 77
other liquor)

CO2Me

pure (+)-ciscisc 77
(separated)

N

N

O

 approximate conformation of (+)-cis 3-Me-fentanyl 82

S

R
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Scheme 3.28. Synthesis of SUPERFIT, (+) cis 89.

The synthesis of one such ligand, denoted as SUPERFIT nitrogen i.e. carbamate. In general, tertiary amines rapidly form 

(structure (+) cis 89), is presented in Scheme 3.28. The general quaternary salts with the active alkylating agents). An important 

approach mainly relied on the previously published procedure selectivity was achieved in transformation of  of 85 to 86. Thus, 

(Scheme 3.26), except that methyl group was introduced by the only the ester group hydrolyzed in the presence of HCl, leaving 

alkylation of β-keto ester 84. (It should be pointed out that the N-metoxycarbonyl function intact. It was only in 48% HBr, that the 

successful alkylation was possible only in the presence of a neutral carbamate function hydrolyzed, affording cis 80. (Carbamates are 

generally much more 

resistant to acid and 

alkaline hydrolysis than 

esters).   In the final 

s y n t h e t i c  s t e p ,  

isothiocyanato group 

was introduced by the 

standard reaction of a 

primary amine and 

thiophosgene, structure 

(+) cis 89, Scheme 3.28
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Scheme 3.29. Synthesis of (+) trans 89.

The ligand SUPERFIT, is a 

selective and irreversible d-opioid 

agonist, used for in vitro studies of 

opioid receptors.  The corresponding 

trans diastereomer was also 

prepared, according to the same 

59general protocol.  The imine 

intermediate was reduced using 
The anion reacted quantitatively with primary and secondary 

metallic sodium in methanol, resulting in trans/cis ratio ~6/4 
halogen alkanes, providing exclusively C-monoalkylated products. 

rather than ~3/7 with NaBH , Scheme 3.29. The more active, 4 (The alkylated imines were not isolated, while a significant 

(+)-trans 89 enantiomer has the absolute configuration 3S,4S, as hydrolysis was observed on TLC). Upon a mild acidic workup, the 

determined by the single-crystal X-ray analysis. mono-alkylated piperidones 94 were obtained in high isolated 

While the introduction of 3-methyl group in the fentanyl 
yields, without side products or the starting piperidone 90. 

scaffold was relatively simple, derivatives having other alkyl 
Reductive alkylation with aniline, was effected utilizing previously 

groups were considerably more difficult to obtain. The compounds 61developed protocol, utilizing metallic zinc in acetic acid.   It 

were significant in determining structure-activity relationship for 
provided good isolated yields of 4-anilino-piperidines 81 and 

various 3-alkyl fentanyls, including the influence of cis and trans 
96.1-96.5, as (±) cis/trans mixtures. The predominance of trans 

configuration to opioid activity. The problem was solved by 
isomer (ca. 3/7 to 4/6), probably reflected the thermodynamic 

60developing a novel approach, as shown in the Scheme 30.  b-Keto 58control, in parallel to Na/MeOH imine reduction.  (Conversely, 

ester 90 and piperidone 91 were prepared acc. to the general 
NaBH  reduction of the preformed aryl imines gave the opposite 4

Scheme 3.16. Condensation with cyclohexylamine furnished 
diastereomeric ratio, indicating partial kinetic control, i.e. hydride 

stable imine 92, which was then quantitatively deprotonated to 
attack from the less hindered side, .  

anion 93 using BuLi as a base. (No 1,2-addition was observed). 
Schemes 3.26 and 3.28)
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(Reductive amination with NaBH CN in these experiments always 3

employing an alternative reductive amination procedure. It gave alcohols as side products, significantly reducing the yields). A 

involved reduction with metallic magnesium in a buffered medium considerable disadvantage of the magnesium method is that the 
62(MeOH, AcOH, Et N).  Unlike Zn/AcOH method, it can also  reduce product isolation is  relatively laborious. 3

aliphatic imines, formed reversibly during the reductive amination. The formation of cis/trans mixtures did not present a 

Both methods have the advantage that imines need not to be drawback, since both diastereomers were needed for 

preformed, they secure complete conversion with little or no side pharmacological tests and SAR studies, Scheme 3.30. 

products and the carbonyl groups are not reduced to alcohols. 

It should be noted that similar results were obtained 
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N

N

R

R'

- (cyclohexylamine) (cis/trans~4/6) N

NHPh
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R"
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R

R"
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Et3N,CH2Cl2 N
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R"
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R"
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R''= Me, Et, i-Pr, 

Bu, Bn, Phen

Ph-NH2, Zn, AcOH

1. ~4 h, 50-80°C 
2 ~4 h, 115°C

separation of

diastereomers

on Al2O3 column 
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3.

Scheme 3.30. General method for synthesis of (±) cis and (±) trans 3-alkyl fentanyl analogues (82, 96.1-96.5)

Opioid Analgesics: Structure and Synthesis. Chapter 3. Synthetic Opioid Analgesics.      3.4M. D.  Ivanović. .5  4-anilido-piperidines: piperidine ring modifications 

136/167



63opioid activity.  The relative configuration also influences  activity, 

examined pharmacologically as opioid agonists, using the standard since the cis diastereomers were significantly more active than the 

in vivo animal tests (rat-tail withdrawal test, RTW, mouse hot-plate trans.  The results demonstrated that cis-3-Me group has the 

62,63atest, MHP and others).  The analgesic potencies, relative to optimal size and relative configuration to confer the highest opioid 

fentanyl, are presented in Table 3.2. (For the detailed  discussion of  activity (entry 2, compound 81). The activities of cis and trans 

pharmacological results see ref. 63a). Of the novel 3-alkyl 3-carbomethoxy fentanyl (entries 17 and 18) as well as carfentanil 

63a,bderivatives, only (±)-cis-3-Et fentanyl 96.1 was slightly more and 4-methyl fentanyl  (entries 19 and 20) are also included. The 

potent than the parent compound (entry 6), while other compounds later two compounds were added for comparison only, as they have 

in the series were less active than fentanyl or inactive. The results no substituents in the possition 3. (Syntheses of 3-carbomethoxy 

made it possible to establish the basic structure activity fentanyl, carfentanil and 4-methyl fentanyl are presented at p. 138, 

relationship, proving that larger alkyl groups reduce or abolish the 144 and 151 respectively).    

The compounds synthesized acc. to Scheme 3.30 were 

Table 3.2. Opioid potency of 3-substituted fentanyl derivatives and other fentanyl analogues.  

a) Experimentaly determined  b) Retrieved from the literature sources.  

62,63

63 in vivo, using RTW and MHP tests.
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No
 

Compound
 

Potency
 

ratio  

No
 

Compound
 

Potency
 

ratio  

No
 

Compound
 
Potency

 

ratio  

No
 

Compound
 

Potency

ratio  

1
 

Fentanyl  42  a1
 
6

 
(±)-cis-3-Et 

 

Fentanyl  96.1  

1.5a  
11

 
(±)-cis-3-i-Pr 

Fentanyl
 

96.2
 -a

 
16

 
(±)-cis-3-(2-Phen)

 

Fentanyl
  

96.5
 -

a  

2
 

(±)-cis-3-Me 

Fentanyl
 

81
 ~7a

 
7

 
(±)-trans-3-Et 

Fentanyl
 

96.1
 0.9a

 
12

 
(±)-cis-3-Bu 

Fentanyl
 

96.3
 0.06a

 
17

 
(±)-cis-3-

carbomethoxy 

Fentanyl
 

100  

0.5a  

3
 

(±)-trans-3-Me 

Fentanyl
 

81
 2a 8

 
(±)-cis-3-allyl 

Fentanyl
 

-
 0.14b 13

 
(±)-trans-3-Bu 

Fentanyl
 

96.3
 0.03a 18

 
(±)-trans-3-

carbomethoxy  

Fentanyl
 

100
 

0.1a

 

4
 

(-)-cis-3-Me 

Fentanyl 81
 0.16b

 
9

 
9 (±)-cis-3-Pr 

Fentanyl
 

-
 0.6b 14

 
(±)-cis-3-Bn 

Fentanyl
 

96.4
 0.008a 19

 

Carfentanil
 

27b

 

5
 

(+)-cis-3-Me 

Fentanyl
 

81
 19b

 
10

 
(±)-trans-3-Pr 

Fentanyl
 

-
 0.3b 15

 
(±)-trans-3-Bn 

Fentanyl
  

96.4
 0.005a 20

 
4-methyl-

 

Fentanyl  167  
4a

 



Groups other than alkyl were also introduced in the position 3 the reactant recovery or decomposition. Also, in the strongly acidic 

of fentanyl scaffold. Thus, the synthesis of (±) cis and (±) trans medium (e.g. formic acid),  enamine 97  hydrolyzed quantita-

46,64 3-carbomethoxy fentanyl 100 was achieved according to tively. The obtained equimolar cis/trans mixture of anilino-esters 

64Scheme 3.31.  Condensation of β-keto-ester 90  and aniline 99 was separated chromatographically and after N-propionylation, 

resulted in a very stable enamine 97, which could be reduced only provided (±) cis and (±) trans 3-carbomethoxy fentanyl derivatives 

using NaBH CN in a buffered medium (AcOH/Et N, MeOH). Other cis 100 and trans 100.  reviled mod-3 3

erate opioid activity, Table 3.2 (entries 17,18), albeit much lower methods, including catalytic hydrogenation (with PtO  or Pd/C 2

than (±) cis 3-methyl-fentanyl and carfentanil (entries 2, 19).catalysts), NaBH /AcOH and dissolving metals (Na/i-PrOH, 4

Li/R-OH, Zn/AcOH or Mg/MeOH/buffer) all failed, resulting either in 

In vivo pharmacological tests

Ph

NH2

~ 90%

N

O

CO2Me

R

1. bis-aza-Michael

2. Diekmann 
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R= 2-phenethyl,

N

NHPh

R
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N

NHPh
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(±) cis 99 (±) trans 99
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95-100%

Ph-NH2/AcOH

~70%
N

NHPh

CO2Me

R

NaBH3CN

Et3N/AcOH

MeOH, ca. 24 h
N

NHPh

CO2Me

R

(±) cis/trans 98 (50:50)

~100%

separation of

diastereomers by 
chromatography

~ 45% ~ 45%

N

NPh

R

CO2Me

and

N

NPh

R

CO2Me

(±) cis 100 (±) trans 100(separated)

O

Et

O

Et

90 97(prepared acc. to 
Scheme 3.16)

EtCOCl

Et3N,CH2Cl2

Scheme 3.31. Synthesis of “iso-carfentanil” 100.
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N

Ph

O

AcOH, r.t., 24h N

Ph

NHPh 1. 1.7 equiv. NaBH3CN,

4.0 equiv. AcOH

MeOH, r.t., 24h

N

Ph

NHPh

12.0 equiv. TFA

CH2Cl2, r.t., 6h

1.5 equiv. EtCOCl,

0.5 equiv. Et3N

CH2Cl2, r.t., 2.5 h
N

Ph

NPh

cis 104: ~40%
trans 104: ~40%

1.4 equiv. PhNH2

94%

N

Ph

NPh

100% crude

*
*

*
*

retention of 
configuration

retention of 
configuration

*
*

2. separation
of cis/trans mixture
by chromatography

Et

O

Ot-Bu

O

Ot-Bu

O O

Ot-Bu

O

Ot-Bu

O

OH

O

Et

(isolated as TFA salt)

N

Ph

Ot-Bu

OO

t-BuO

prepared acc to
Scheme 16.

[Dieckmann
condensation]

~80%

~100% crude 
cis/trans mixture

isolated yield
(cis or trans: ~80%)

cis or trans 105

various 
procedures

NH3

N

Ph

NPh

*
*

O

NH2

O

Et

isolated yield
(cis or trans: 

~0-20%)

101 102 103

cis or trans 106 cis or trans 107

Scheme 3.32A . Synthesis of 3-amino-4-anilido-piperidines. Part 1.

Very recently, the enamine approach was extensively acid-catalyzed cleavage of t-butyl ester. The anilido-acids, cis or 

modified, as to introduce other functional groups in the position 3, trans 106, were obtained quantitatively as TFA-salts. Significantly, 
65acc. to Schemes 3.32A, 32B  and 3.33.  The initial approach the ester cleavage proceeded with the full configuration retention. 

started from diester 101, Scheme . Modified Dieckmann (The relative configuration was determined unequivocally using 

condensation (t-BuOH, NaH, DMSO), acc. to the previously HSQC/NOESY/COSY 2D NMR techniques). Unexpectedly, the 
44published procedure, (Scheme 3.16),  provided hitherto unknown condensation of  cis or trans anilido-acid 106 with ammonia, using 

β-keto-ester 102. (Dieckmann condensation with t-Bu-diesters the standard peptide coupling reagents (e.g. DCC and others) was 

proceeds only very slowly, except in DMSO). After condensation not successful, yielding only minimal amounts of the desired 

with aniline, the resulting enamine 103 was quantitatively reduced carboxamide 107. However, the method may have wider 

to the cis/trans mixture of β-anilino-esters 104, in the ratio applicability, since it provides access to various stereodefined 
65~50:50. The diastereomers were separated chromatographically, heterocyclic β-amino acids.

followed by N-propionylation (structure 105) and the standard, 

3.32A
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4.0 equiv HCONH2,
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DMF or DMSO,
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2.5 equiv Et3N
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2.

*
*

N
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Bn
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O

*
*

N

Bn

N
Ph
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O

62-69% (±) cis or trans 111

9.0 equiv NBA, 

25.0 equiv LiOH.H2O
*

*

N

N
Ph

H
N

Bn

Et

OMe

OMeOH, r.t., 48 h

O

64-74%

N

Bn

NH2

N
Ph

Et

O

3.5 equiv Me3Si-I

dichloroethane 
r.t., 48 h

retention of configuration

(±) trans 113

(N-(2-phenyethyl) analogue 
was also prepared and used
throughout the synthesis).

O

>90%

108

retention of configuration

(±) cis or trans 110
~35-40% each diastereomer

(each diastereomer)
(±) cis or trans 112

(~80% total) (~70-80% total)

Scheme 3.32B . Synthesis of 3-amino-4-anilido-piperidines. Part 2.

An alternative approach to various 3-substituted 4-anilido- N-propionylation of the cis and trans carboxamide 110 was also 

65piperidines is shown in Scheme 3.32B.  Enamine ,  was unsuccessful under any usual conditions (e.g. propionyl chloride in 

reduced and the resulting cis/trans mixture of anilino-esters 109 chloroform), resulting in the recovered reactant and decomposition 

separated. Attempted aminolysis of the ester group failed products. (It also failed with propionic anhydride in boiling pyridine, 

unexpectedly, even under the forcing conditions (pressure vessel, in the presence of DMAP). Finally, the acylation proceeded 

o~9 M NH /MeOH, 150 C, 15 bar). The known alternative protocol, quantitatively in DMF, albeit accompanied by the N-acylation of the 3

carboxamido group. The imido group (not shown in Scheme 3.32B), using formamide as a nitrogen source, proceeded quantitatively to 

was cleaved by simple aminolysis, affording cis and trans anilido-carboxamide 110, however with the extensive epimerization. 

carboxamide 111, without any epimerization.Consequently, the transformation was performed on the cis/trans 

mixture, followed by the diastereomer separation.  Surprisingly, 

108
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*
*

N

NPh

CN

R

O

Et

(±) cis or (±) trans 117
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Scheme 3.33 . Synthesis of some novel classes of 3-substituted derivatives of fentanyl.
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When the  Hofmann rearrangement of 111 was attempted configuration.   As expected, the cleavage of the methoxycarbonyl 

with various known reagents,  only low yields and large amounts of group, mediated by trimethylsylil iodide, proceed smoothly to 

side  products were obtained.  (Hypervalent iodine reagents, e.g. 3-amino derivative 113 (only trans diastereomer is shown in 

PIDA, resulted in  the complete decomposition). Scheme 3.32B). No epimerization was observed. This general 

Therefore, in a separate research, a new method for the approach also permits the introduction of other alkyl groups at the 

Hofmann rearrangement was developed, ut i l i z ing piperidine nitrogen, as well as the selective preparation of cis and 
66N-bromoacetamide in MeOH, in the presence of LiOH or MeOLi.  trans diastereomers. In addition, other analogues were obtained 

The method proved to be of a considerable scope and well suited by the variations of the general approach, Scheme 3.33. For 

for the relatively sensitive substrates, including carboxamide 111. example, the Hofmann rearrangement of the anilino-carboxamide 

While the reaction was relatively slow at r.t., it provided good yields 114 stereospecifically gave novel cyclic ureas 117, which are 

of the carbamate 112 with the complete retention of the closed-ring analogues of fentanyl. However, the preliminary in vivo 

tests did not show any analgesic 

activity, in parallel to the numerous 

fentanyl analogues possessing 

fused rings, p. 155. Alternatively, 

dehydration of carboxamide 115, in 

the presence of SOCl , resulted in 2

the stereospecific formation of 

nitrile 116. 

Most of those novel compounds 

(including various N-substituted 

3-amino derivatives), are currently 

undergoing pharmacological testing 

(as of 2017.) and the results will be 

published in a due course.



Scheme 3.34 . Synthesis of trans-3-hydroxy derivative 120.fentanyl 
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(rel)

(rel)

i-PrOH

1
2

3
4

Hydroxy and alkoxy groups were also introduced in the limited to trans isomers only. All key steps were chemo, regio 

position 3 of 4-anilido-piperidines. and/or stereoselective. Chemoselective hydride reduction of the 

One of the more recent procedure involved the regioselective quaternary piridinium salts gave derivative 117 (the other two 

epoxide opening, permitting synthesis of both 3-hydroxy-4- double bonds were reduced as imine/enamine function). 

anilido-piperidines as well as the regioisomers (4-hydroxy-3- Epoxidation of the double bond was achieved using particularly 

anilido-piperidines), depending of the reaction conditions, mild conditions, providing epoxide 118. (Formation of N-oxides 

67Scheme 3.34.  and other side products was completely suppressed). An efficient 

The method appears to be efficient and versatile, although regioselective protocols for the epoxide ring opening were devel-

o p e d ,  d i r e c t i n g  

nucleophylic attack at the 

possition 4 or 3, depending 

on the conditions. Attack of 

the aromatic amine at the 

possition 4 resulted in the 

regioisomer 119.1, which, 

after N-acylation, provided 

trans-3-hydroxy-4-anilido-

p iper id ine  120 .  The  

regioisomer 119.2 was 

a l s o  o b t a i n e d  a n d  

N-acylated with other 

groups. 

However, no phar-

macological results were 

reported.    
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Scheme 3.35 . Synthesis of trans-3-hydroxy derivative 124.fentanyl 
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Scheme 3.36. Synthesis of various 3-alkyloxy-4-anilido-piperidines 130.
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Earlier methods, pub-

lished in the patent literature, 

were based on the classical 

procedures for α-hydroxy-

lation of ketones, applied to 

4 - p i p e r i d o n e s .  T h u s ,  

α-hydroxylation of 4-piperi-

done 91  was achieved 
69Scheme 3.36.  One of the standard procedures for 

using (diacetoxyiodo)benzene, however only in 25% yield, 
α-hydroxylation of ketones was applied to 4-piperidone 125. After 

Scheme 3.35. After O-alkylation and transketalisation, the 
conversion of the keto group to trimethylsilyl enol-ether 126 and 

obtained α-alkoxy 4-piperidone 123 was further elaborated, to 
epoxidation, the unstable epoxide 127 spontaneously rearranged 

various 4-anilido-piperidines 124, acc. to the procedures shown 
to a-keto-silyl ether 128. Mild acid hydrolysis secured hydroxy-

previously (e.g. Schemes 3.17, 3.20). More than 30 final com-
ketone 129. It should be emphasized that the protocol is applica-

pounds of the general structure 124 were synthesiszed, generally 
ble only to the ketones having no amino groups, since N-oxides 

having significantly lower opioid activity then fentanyl (as esti-
and other side products predominate (carbamates and amides are 

68mated by mouse hot-plate test).  
stable, since the nitrogen is non-basic). As in the previous exam-

An alternative approach to similar compounds is shown in 
ple, a number of the 

3-alkoxy-4-ani l ido-

piperidines of the 

general structure 130 

were obtained via the 

known transforma-

tions. 
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Scheme 3.37. Synthesis of various 4-alkoxycarbonyl-4-anilido-piperidines of the general structure  138.

From the pharmacological point of view, the most successful approach to 4-alkoxycarbonyl derivatives, acc. to the original 

70modification of fentanyl scaffold was the introduction of various patent,  is presented in  Scheme 3.37. (No yields were reported). 

substituents in the position 4 of the piperidine ring. A general Strecker reaction of various 4-piperidones, primary arylamines 

and HCN generated in situ, resulted in 

the expected amino-nitriles 131. 

Selective acid hydrolysis of the nitrile 

group gave stable amino-amide 132. 

After vigorous basic hydrolysis and 

the aqueous work-up, α-amino-acid 

133 were isolated by precipitation 

and then converted to the esters 

135, via two different routes. One 

route involved formation of the acid 

chlorides followed by the reaction 

with alcohols. Alternatively, the same 

esters were prepared by direct O-

alkylation of carboxylate anions 134 

in hexamethylphosphoramide 

(HMPA). Catalytic hydrogenolysis 

secured secondary piperidines 136, 

which are reactive nucleophiles and 

can be readily alkylated with 

haloalkanes or sulfonate esters, 

general structure 137. 
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Scheme 3.38. Synthesis of lofentanil 146.

Note: HMPA is a 
known carcinogen 
and can be replaced 
by less hazardous 
solvents or co-
solvents, e.g. DMF). 
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In the last step, N-acylation of 137 furnished anilido- exposure of the nitrile 140  to conc. sulfuric acid gave amide 141, 

piperidines 138, mainly having N-propionyl group. (As already with the intact carbamate group. After separation of the 

noted, numerous SAR studies confirmed that propionyl group diastereomers by fractional crystallization, the carbamate function 

confers the highest activity). The most potent compound in the was removed by the selective basic hydrolysis. N-alkylation of the 

series, structure 139., was ~30 times more active than fentanyl. resulting secondary piperidine 142, using 2-phenylethyl bromide, 

Various in vivo tests revealed that it was unsuitable for human use, followed by vigorous basic hydrolysis of the carboxamide 143, 

due to the side effects, but useful as a veterinary analgesic. The afforded sodium salt of the amino acid 144. The carboxylate anion 

compound received the INN carfentanil and it has been used in the was O-alkylated with MeI, providing the ester 145 and the synthe-

past three decades to sedate large animals in the wild and in the sis completed by N-propionylation, structure 146. The compound, 

captivity, as an alternative to etorphine. The compound 3-methyl named lofentanil (INN), exhibited the opioid activity somewhat 

70carfentanil 146 was synthesized similarly, Scheme 3.38.  The lower than carfentanil (about 20 times more potent than fentanyl), 

but with less side 

effects.  It  was 

successfully tested 

in surgical proce-

dures in humans, 

however, it has 

never entered the 

71market.



Scheme 3.39. A. Synthesis of sufentanyl 152 and alfentanil 153.  B.Synthesis of thiafentanil 156

Yet another class of 4-subsituted anilido-piperidines were produced anilido-piperidines of the general structure 151. After 

70reported in the same patent, Scheme 3.39 A.  Reduction of preliminary tests, one compound was chosen for the further 

α-arylamino-esters, general structure 135, using Red-Al or the examination. The compound 152, named sufentanil (INN), 

related hydrides, produced alcohols 147. Direct alkylation of the exhibited generally favorable pharmacological profile and high 

corresponding alkoxides (Williamson ether synthesis) gave opioid potency (ca. 7.5 times fentanyl in humans). At present, it is 

4-alkoxymethyl ethers 149. Straightforward elaboration of 149 the most potent opioid analgesic in medical use.

A  c o m p o u n d  

structurally closely 

related to sufentanil 

was reported in the later 

7 3patent ,  prepared 

a n a l o g o u s l y  t o  

sufentanyl. Pharma-

cological tests reveiled 

significant opioid activ-

ity, short duration of 

action and high safety 

margin. The compound, 

named alfentanil 153 

(INN), has become 

s i gn i f i c an t  op i o i d  

analgesis, widely used 

i n  s ho r t  s u r g i c a l  

procedurs. 
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Ph
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MeI, DMF
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scale: 0.16 mol

131
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 Essentialy the same procedure as shown in Shemes humans, it has found considerable use as an alternative to etor-

753.37-3.38, was used to prepare carfentanil analogue 156, Scheme phine or carfentanil in veterinary medicine.  

74 3.39B. The compound, named thiafentanil (INN), has similar Later research, published in numerous patents and papers, 

potency to carfentanil, however the overall pharmacological reported various improved preparation procedures, as well as 

effects are more favourable. While unsuitable as analgesic in many new 4-anilido-piperidines, substituted in the position 4.

For example, Scheme 3.40 presents 

two approaches to carfentanil precursor, 

76 structure 135. The approach A, was an 

optimization of the original procedure 

(presented in Scheme 3.36), securing the 

key intermediate 135 in ~43% overal 

yield. (The experimental procedure and 

reaction scale was not given). The 

approach B employed trimethylsilyl cya-

nide for the anhydrous Strecker reaction, 

followed by the reaction with chlorosulfonyl 

isocyanate, intermediate 131.1. After the 

successive acid and basic hydrolysis (the 

later performed in a pressure vessel), the 

intermediate 135 was obtained in the 

yields comparable to the procedure A. 

Thus, except for the first step, it is 

unclear if the approach B offers any advan-

tage.

76Scheme 3.40. Improved synthesis of carfentanil precursors  
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~ inactive as opioid
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Scheme 3.41. Synthesis of remifentanil 157.
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O

O

O

N

Approximate conformation of RemifentanilFig. 3.2

Secondary piperidines, obtained acc. to the previously 

published methods (e.g. Schemes 3.36, 3.37, 3.39) were used 

to prepare series of novel analogues, via simple N-alkylation or aza 

77a, 77bMichael addition, Scheme 3.41.  As in the previous examples, 

one of compounds, structure 157, showed  opioid potency close to  

fentanyl, few side effects and, of a particular significance, very 

short duration of the analgesia. It is also important that, unlike 

most opioids, it readily undergoes in vivo inactivation, since the 

less hindered ester group is rapidly hydrolyzed enzymatically. 

Thus, there is no significant risk of renarcotization, a potentially 

life-threatening phenomenon, causing unexpected and recurring 

respiratory depression. 

The compound received INN remifentanil and eventually 
or 5 mg of the solid. Immediately before the use  for injection or 

become a clinically significant, short-acting opioid. 
infusion, the solid is  dissolved (reconstituted) and diluted as 

ÒSolutions of remifentanil hydrochloride salt (ULTIVA )  are prescribed. If used for infusion, usually during surgeries in the 

not stable,  due to the hydrolysis of the ester group. Thus, the drug spontaneously breathing patients, it is normally administered in 

is marketed as a dry hydrochloride salt, in the vials containing 1, 2 77 c,ddoses between 0.025-0.1 µg/kg/min.  
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Scheme 3.42. Synthesis of 4-aryl-4-anildopiperidines, general structure 159.

Aryl groups were also introduced in the position 4 of nitrile, general structure 131, in one synthetic step. Aryllithium 

4-anilido-piperidines, acc. to the approach represented in reagents, as strong bases, promote retro-Strecker elimination, 

78Scheme 3.42.  It was found that various aryl and heteroaryl followed by the sponaneous 1,2-addition of the excess reagent to 

organolithium reagents react with the imino group via 1,2 addi- the intermediate imine. The synthesis was completed by the 

tion, providing derivatives of the general structure 158. The same standard transformations, i.e. N-propionylation, debenzylation 

derivatives can also be obtained from the Strecker-type amino- and N-alkylation of the piperidine nitrogen. The debenzylation 

step was perfomed using 

1-chloro-ethyl chloroformate 

since it is usually much faster 

than the hydrogenolysis. The 

compound 160 exibited 

favourable pharmacological 

profile, comparable to fentanyl 

and alfentanil, in terms of high 

analgesic potency, short 

duration of action, rapid recov-

ery of motor coordination 

following anesthetic doses, 

and good cardiovascular and 

respiratory safety during 

anesthesia. However, it seems 

that such compounds have not 

been examined clinically.
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161

1-cyclohexenyl isocyanide

Recently, a radically different approach to 4-carbomethoxy- rearrangement in the final stage. However, the synthesis is opera-

794-anilido-piperidines was disclosed. It involves Ugi four- tionally simple, only requiring heating of the components in meth-

80component reaction,  providing the key intermediate 161 in a anol, followed by acid-catalyzed methanolysis of the isolated 

single synthetic step, Scheme 3.43. The mechanism is complex, intermediate 161 The overall yields, on 0.5 mmol scale, exceeded 

probably proceeding as shown, including the spontaneous Mumm 70%. It appears that the synthesis is scalable and potentially 

e c o n o m i c a l l y  

viable, particu-

larly because the 

key precursor, 

1-cyclohexenyl 

isocyanide, is 

readily and inex-

pensively avail-

able on  large 

scale.

 (Triphosgene can 

be replaced by 

81phosgene).

Scheme 3.43. Synthesis of carfentanil and remifentanil  via Ugi four-component reaction.
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The extensive literature search did not  identify simple alkyl Attempts to achieve normal 1,2-addition of methyl-

groups (e.g. methyl, ethyl etc.) in the position 4 of the 4-anilido- magnesium bromide or methyllithium to piperidone 44.1 failed. 

piperidines. In fact, reports of the 1,2-addition of simple Unexpectedly, only the enolate anion was obtained, apparently 

alkyllithium, alkylmagnesium and the related organometallic due to the extensive base-catalyzed enolization and 

species to ketimines were not found, while aldimines are known to deprotonation of the enol. When piperidone 44.1 was converted 

react, in the presence of various catalysts. The experiments with into a non-basic carbamate 162, the addition proceeded normally, 

the ketimines (e.g. 41.2, Scheme 3.17 and 92, Scheme 3.30) by providing alcohol 163.  An alternative approach, using piperidone 

the present author, exclusively resulted in α-deprotonation, i.e. 44.1 and the Wittig reagent, gave good yields of alkene 164.  

formation of imine “enolates”. In order to examine the influence of However, in the following step, involving the Ritter reaction,  

simple 4-alkyl groups to the opioid activity, relative to desired carboxamide 165.1 was obtained in minimal yields  

4-alkoxycarbonyl and other, previously introduced groups, a novel (5-20%), regardless of the conditions. While acetic acid is often 

63bsynthetic approach was designed, acc. to Scheme 3.44 A and B.  used as solvent in Ritter reaction,  in these experiments acetate 

esters were isolated as sole 

products, with no traces of 

the carboxamides. (Appar-

ently, 

acetic acid).   

Consedquently, the protocol 

was modified, using conc. 

H SO  as a solvent.  Under 2 4

these conditions, alcohol 163 

(but not alkene 164 ) reacted 

normally, providing moder-

ate yields of carboxamide 

165.2. 

the intermediate 

carbocation preferentially 

reacted with 

Scheme 3.44A. Synthesis of 4-methyl fentanyl
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The Preparation of Diphenyl Iodonium Chloride

The N-phenylation of the secondary carboxamide proved modified method was applied to various secondary N-aryl amides, 

85challenging. Thus, the attempted use of triphenylbismuth car- providing good yields of tertiary N,N-di-arylamides).  The key 

82 bonate, or several variants of Goldberg reaction were uniformly intermediate 165 was transformed into 4-methyl-fentanyl 167 in 

83 84a 63bunsuccessful.  Fortunately, diphenyl-iodonium chloride,  gave two routine steps.  A preliminary in vivo tests found that it was 

63the acceptable yields of N-phenylated product 166, thus solving about four times more potent analgesic than fentanyl.  However, 

the key step in the synthesis, Scheme 3.44 B. While the reagent higher homologues have not been prepared, thus precluding  SAR 

was used previously for C-phenylation of various enolate anions, in studies. 

84bmodest yields, no N-phenylation was reported. (Recently, the 

Scheme 3.44 B. Synthesis of 4-methyl fentanyl
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Scheme 3.45. Examples of structural variations of the fentanyl scafold.

88 89 90 91 92 3.4.6 Structural variation of fentanyl scaffold 172-174,  175,  176,  177,  178 - 179 and many others, 

Numereous structural variations of the original fentanyl possessing one or more additional rings, Scheme 3.45. However, all 

scaffold were examined, including replacing the piperidine ring with the prepared compounds were only feebly active or inactive as 

86 87 87pyrrolidine analogue 169 or azepane analogues 170  and 171 , opioids.

as well as the synthesis of conformationally restricted structures 
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3.4.7 General SAR for anilido-piperidines scaffold, and taking into account the results of various molecular 

Analyzing the structures of hundreds of fentanyl analogues modelings, some SAR conclusions can be made. The conclusions 

in a broader sense, i.e. not only those having the original fentanyl are summarized in Fig. 3.3.
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Opioid Analgesics: Structure and Synthesis. Chapter 3. Synthetic Opioid Analgesics.                            3.4M. D.  Ivanović. .7 General SAR for anilido-piperidines.

Fig. 3.3.  General SAR for anilido-piperidines
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3. profile or to obtain various bivalent ligands. Some of the more 
93 94 95 96 97prominent examples, structures 180,  181,  182,  183, 184,  In recent years, simple 4-amino-piperidine structural motifs 

98and 185,  are shown in Scheme 3.46. For  detailed discussion of (mainly fentanyl analogues), have been incorporated into more 

the synthesis and pharmacology, see relevant references (93-98).complex molecules, in attempts to change the pharmacological 

4.8 Anildo-piperidines as bivalent ligands.
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Scheme 3.46. Various potential bivalent ligands and other pharmacologically active compounds possessing fentanyl-like scaffold.
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3.5. Simple opioids possessing no heterocyclic rings. yet they are not exact open-chain analogs, general structure II 

As it is evident from the previous discussion, the Scheme 3.47A. (Diampromide, which has never been used as a 

overwhelming majority of non-peptide opioids possesses piperidine drug, was synthesized via simple transformations, acc. to 

ring. Extensive empirical results have shown that piperidine ring is Scheme 3.47B. Many similar compounds were prepared in the late 

99highly significant opioid pharmacophore, together with amino 1950s).  

groups (usually tertiary) and, at least one, aryl moiety. It was considered significant for SAR studies to synthesize 

Nonetheless, a number of potent opioids have no heterocyclic rings. compounds, hitherto unknown, which represent exact open-chain 

Some of the compounds share many structural features with anilido-piperidine analogues, general structure II. The aproach is 

anilido-piperidines, general structure I, outlined in Scheme 3.48.99,100 e.g. diampromide 186,
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Scheme 3.47. A. General structure of anilido-piperidines and open-chain derivatives. B. Synthesis of diampromide 186.
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Scheme 3.48. Synthetic approach to “seco” analogues of anilido-piperidines, general structure 191.

The synthesis of open-chain anilido-piperidine analogues of carboxamides (general structure 188) were reacted with aniline 

the general structure 191 (“seco-fentanyls”), was achieved acc. to and metallic zinc in acetic acid, providing relatively stable enamine 

101Scheme 3.48.  Thermally promoted aminolysis of methyl intermediates 188.1, which were quantitatively reduced to 

acetoacetate gave β-keto carboxamide 187 in nearly quantitative β-anilino-carboxamides 189. The carboxamido group was then 

yields (respective to the amine). Dianion 187.1 was generated reductively deoxygenated to diamine 190, using  in situ generated 

analogously to the dianions from β-keto esters, followed by the borane. (Decomposition of the stable amine-borane complex 

strictly regioselective γ-alkylation. The obtained β-keto required acid treatment). The final products, anilides of the gen-

eral structure 191 were 

o b t a i n e d  b y  d i r e c t  

N - p r o p i o n y l a t i o n .  

Pharmacological tests, 

performed in vivo, found 

that only the parent com-

pound (191a, R=H), was 

an active opioid, about ~40 

times less active than 

fentanyl, but still 5-6 times 

more active than mor-

101phine.  (In this test, 

fentanyl to morphine 

potency ratio is ~250:1).
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Scheme 3.49. General synthetic approach to the synthesis of methadone 12.

The extensive SAR results have proved that the piperidine than morphine, it has not been used extensively as analgesic, but 

ring highly potentiates opioid activity but it is not an absolute mainly in the treatment of opioid dependence, as heroin substi-

105requrement, even among the structurally closely related com- tute.  (It is well-known that the addicts who developed physical 

pounds, such as fentanyl and “seco” fentanyl. dependence, must not abruptly discontinue the opioid use, since it 

Several other, open-chain opioid drugs, are in the current typically results in the severe and life-threatening abstinence 

therapeutic use or were used formerly.  The best known of these syndrome. In that respect, methadone's main advantage is the   

102compounds is methadone 12,  first synthesized by Hoechst orally activity (unlike heroin) and  less pronounced respiratory 

chemists, G. Ehrhart and M. Bockmühl, in the late 1939. The depression. However, as an opioid, methadone too has depend-

synthesis was later refined; however, acc. to the literature reports, ence liability and has been abused on a considerable scale. 

it seems that the fundamental approach has not changed substan- Methadone is prepared starting from 2,2-diphenylacetonitrile, 

103tially, Scheme 3.49.  Of the two enantiomers, (-) R is much more which is first deprotonated using various bases (originally sodium 

active (approximately as morphine in humans) and has fewer side amide), Scheme 3.49. Under the reaction conditions, 2-chloro-

104effects.  Because of the less favorable pharmacological profile N,N-dimethyl-propan-1-amine form the reactive intermediate, 

u n s y m m e t r i c a l  

aziridinium cation 192, 

which is the actual 

electrophile. The ring 

o p e n i n g  i s  n o t  

regioselective, typically 

p r o d u c i n g  s i m i l a r  

amounts of  regio-

isomers 193.1 and 

193.2. 
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9
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Scheme 3.50. Synthesis of Tilidine 9.

Usually, the regioisomers are separated by fractional crystal- effects and it is used extensively for the management of moderate 

lization of the salts, prior to the next step. Addition of to severe pain.

106ethylmagnesium bromide to the nitrile function of 193.1, followed The synthesis is shown in Sheme 3.50.  The compound was 

by acid hydrolysis, secures racemic methadone 12 (reported yields prepared in two, relatively simple steps. Spontaneous condensation 

vary substantially, depending on the literature source, and are not of dimethylamine and crotonaldehyde produced the conjugated 

quoted in the Scheme 3.49).   The requred (-) R enantiomer is enamine 194 ,resulting from the concomitant double bond migra-

obtained by fractional crystalyzation of the salts, using various tion. Diels-Alder reaction with atropic acid ethyl ester 195 gave 

optically active acids, e.g. (1S)-(+)-3-bromocamphor-10-sulfonic cis/trans mixture of the adduct 9/9.1, which was separated by 

103eacid  etc.  fractional crystalization to afford (±) Tilidine 9 and trans 

The final example in this treatise is tilidine 9, wich can be diastereomer 9.1 (in 64.5% and 22% yields respectively). The 

considered as “open-chain opioid” since it contains no heterocyclic requsite precursor 195 can be obtained from ethyl 2-phenylacetate 

107rings. While it is relatively weak opioid (~20% potency of morphine and paraformaldehyde, acc. to the patented procedure.

in humans, when taken orally), it has relatively few serious side 
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