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Drugs can be made anywhere, anytime

Organic synthesis advances pharmaceutical drug discovery
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Development of fentanyl (1960)

Paul Janssen 

Developed as a more potent painkiller than morphine

• About 10x less potent than morphine

• Poorly lipid soluble

Stanley, T.H. J. Pain 2014, 15, 1215-1226.
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Development of fentanyl (1960)

Paul Janssen 

Developed as a more potent painkiller than morphine
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Fentanyl analogs developed by Janssen (1970s)
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Federal Analogue Act (1986)

The term “controlled substance analogue” means a substance— 


(i) the chemical structure of which is substantially similar to the chemical structure of a controlled 
substance in schedule I or II; 


(ii) which has a stimulant, depressant, or hallucinogenic effect on the central nervous system that is 
substantially similar to or greater than the stimulant, depressant, or hallucinogenic effect on the 
central nervous system of a controlled substance in schedule I or II; or 


(iii) with respect to a particular person, which such person represents or intends to have a stimulant, 
depressant, or hallucinogenic effect on the central nervous system that is substantially similar to 
or greater than the stimulant, depressant, or hallucinogenic effect on the central nervous system 
of a controlled substance in schedule I or II.

21 U.S. Code § 802



Federal Analogue Act (1986)

What constitutes substantial similarity?

The term “controlled substance analogue” means a substance— 


(i) the chemical structure of which is substantially similar to the chemical structure of a controlled 
substance in schedule I or II; 


(ii) which has a stimulant, depressant, or hallucinogenic effect on the central nervous system that is 
substantially similar to or greater than the stimulant, depressant, or hallucinogenic effect on the 
central nervous system of a controlled substance in schedule I or II; or 


(iii) with respect to a particular person, which such person represents or intends to have a stimulant, 
depressant, or hallucinogenic effect on the central nervous system that is substantially similar to 
or greater than the stimulant, depressant, or hallucinogenic effect on the central nervous system 
of a controlled substance in schedule I or II.

21 U.S. Code § 802



Criteria for establishing similarity 

1 the drug analogue acts on the brain in the same way as the parent drug

Berg, E.G. ACS Cent. Sci. 2016, 2, 363-366.



Criteria for establishing similarity 

UNODC. Recommended methods for the Identification and Analysis of Fentanyl and its Analogues in Biological Specimens, 2017.

Radioligand binding assay

1 the drug analogue acts on the brain in the same way as the parent drug



Criteria for establishing similarity 

UNODC. Recommended methods for the Identification and Analysis of Fentanyl and its Analogues in Biological Specimens, 2017.

Radioligand binding assay

• Measures competitive binding between [3H]naloxone 
and drug analog to opioid receptors in rat brain 

membranes

1 the drug analogue acts on the brain in the same way as the parent drug



Criteria for establishing similarity 

UNODC. Recommended methods for the Identification and Analysis of Fentanyl and its Analogues in Biological Specimens, 2017.

Radioligand binding assay

• Measures competitive binding between [3H]naloxone 
and drug analog to opioid receptors in rat brain 

membranes

naloxone

nonspecific opioid antagonist

HO

O OH

N

O

1 the drug analogue acts on the brain in the same way as the parent drug



Criteria for establishing similarity 

1

2

the drug analogue acts on the brain in the same way as the parent drug

Berg, E.G. ACS Cent. Sci. 2016, 2, 363-366.

the drug analogue must be structurally similar to the parent drug
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2 the drug analogue must be structurally similar to the parent drug



Mass spectrometry (MS)

• Confirm mass and elucidate structure of the analog
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Criteria for establishing similarity 

1

2

the drug analogue acts on the brain in the same way as the parent drug

Berg, E.G. ACS Cent. Sci. 2016, 2, 363-366.

the drug analogue must be structurally similar to the parent drug

The scheduling process for a new analog can take 2-3 years
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NH2

MeCN

50-60 ℃, 15-20 h

“almost quantitative,

trust me”

rt, 15-20 h

4 Å mol sieves

>99% conversion

Cl

O
Me

N

N

O
Me

pyridine

rt, 1 h
>90%

requires purification of each intermediate

~60% over 4 steps 

N

N

N

NH

NaBH4

MeOH

rt, 2h

50-80%

cat. TBAB or TEBA

K2CO3

>99.5% purity

“cooking”

https://www.erowid.org/archive/rhodium/chemistry/fentanyl.html

Operationally simple protocol

Column-free purification

Easily accessible reagents

Open to air



requires purification of each intermediate

Aspirational: a more practical approach to synthesizing fentanyl



Gupta, P.K.; Ganesan, K.; Pande, A.; Malhotra, R.C. J. Chem. Res. 2005, 7, 425-453.

Gupta synthesis of fentanyl (2005)



Gupta synthesis of fentanyl (2005)

N
H

O

DCE, rt

(i) PhCH2CHO, NaBH(OAc)3, Et3N, 24 h

(ii) PhNH2, NaBH(OAc)3, AcOH, 24 h

(iii) EtCOCl, 2 h

N

N

O
Me

40% yield

Gupta, P.K.; Ganesan, K.; Pande, A.; Malhotra, R.C. J. Chem. Res. 2005, 7, 425-453.



Drug Enforcement Administration Special Testing and Research Laboratory. Fentanyl Profiling Program Report, 2021.

Gupta synthesis of fentanyl (2005)
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Gupta synthesis of fentanyl (2005)

Gupta

Gupta-1

Gupta-2

Gupta-3

Mixed

Not determined

Siegfried

t-Boc

Unknown

Fentanyl seized by the DEA in 2021

• 66% of fentanyl seized by the DEA is produced via the Gupta Method or its variations

• 98% of all fentanyl and fentanyl analogues trafficked were illicitly manufactured

Drug Enforcement Administration Special Testing and Research Laboratory. Fentanyl Profiling Program Report, 2021.



A more proactive approach is needed to address the fentanyl crisis



Actions to prevent fentanyl production

Essential chemical substances

Fentanyl

U.S. Department of Justice, Drug Enforcement Administration. Drugs of Abuse: A DEA Resource Guide, 2022.



Precursor

Precursor

Chemicals used to produce the drug in one step

Fentanyl

U.S. Department of Justice, Drug Enforcement Administration. Drugs of Abuse: A DEA Resource Guide, 2022.

Actions to prevent fentanyl production
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NH

4-ANPP
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N

O
Me

norfentanyl

Gupta, Siegfried

Fentanyl

Precursor

Janssen

U.S. Department of Justice, Drug Enforcement Administration. Drugs of Abuse: A DEA Resource Guide, 2022.

Actions to prevent fentanyl production
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NH

4-ANPP
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O
Me

norfentanyl

Gupta, Siegfried

Fentanyl

Precursor

Janssen

Schedule II since 2010 Schedule II since 2020

U.S. Department of Justice, Drug Enforcement Administration. Drugs of Abuse: A DEA Resource Guide, 2022.

Actions to prevent fentanyl production



Fentanyl

Pre-precursors

Precursors

4-ANPP norfentanyl

Chemicals that require additional steps to produce the drug

U.S. Department of Justice, Drug Enforcement Administration. Drugs of Abuse: A DEA Resource Guide, 2022.

Actions to prevent fentanyl production



Fentanyl

Pre-precursors

Precursors

4-ANPP norfentanyl

N

O

NPP

N
H

NH

4-AP

N
H

O

4-piperidone

U.S. Department of Justice, Drug Enforcement Administration. Drugs of Abuse: A DEA Resource Guide, 2022.

Actions to prevent fentanyl production



Fentanyl

Pre-precursors

Precursors

4-ANPP norfentanyl

N

O

NPP

N
H

NH

4-AP

N
H

O

List I since 2007 List I since 2020 List I since 2023

U.S. Department of Justice, Drug Enforcement Administration. Drugs of Abuse: A DEA Resource Guide, 2022.

Actions to prevent fentanyl production

4-piperidone



“masked precursors”

Fentanyl

Pre-precursors

Precursors

4-ANPP norfentanyl

N

NH

Boc

N
H

HO OH

N

O

Boc

U.S. Department of Justice, Drug Enforcement Administration. Drugs of Abuse: A DEA Resource Guide, 2022.

Actions to prevent fentanyl production



Fentanyl

Pre-precursors

Precursors

4-ANPP norfentanyl

N

NH

Boc

N
H

HO OH

N

O

Boc

Categorized as List I chemicals since 2023

Federal Register, Drug Enforcement Administration. 88 FR 21902, 2024

Actions to prevent fentanyl production

“masked precursors”
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NH

Boc

NC

“designer precursors”

N
Boc

O

Me

Fentanyl

Pre-precursors

Precursors

4-ANPP norfentanyl

U.S. Department of Justice, Drug Enforcement Administration. Drugs of Abuse: A DEA Resource Guide, 2022.

Actions to prevent fentanyl production



N

Boc

F
HO OH

N

NH

Boc

NC

“designer precursors”

N
Boc

O

Me

Fentanyl

Pre-precursors

Precursors

4-ANPP norfentanyl

Not currently regulated

U.S. Department of Justice, Drug Enforcement Administration. Drugs of Abuse: A DEA Resource Guide, 2022.

Actions to prevent fentanyl production



Fentanyl

Pre-precursors

Precursors

4-ANPP norfentanyl

NPP masked precursors4-AP4-P

Tightening regulations on fentanyl precursors encourages 
expedient access to underexplored chemical space

Actions to prevent fentanyl production
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benzylfentanyl
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acetyl norfentanyl



Number of Federal Fentanyl and Fentanyl Analogue Trafficking Offenders Over Time

N

N

O
OMe

2017

methoxyacetylfentanyl
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cyclopropylfentanyl
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2-thiofuranylfentanyl
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2018

Number of Federal Fentanyl and Fentanyl Analogue Trafficking Offenders Over Time

29.2% of fentanyl analogue offenses resulted 
in a user’s death, compared to 14.1% for 

fentanyl offenses



Emergency scheduling of all fentanyl analogs by the DEA (2018)

Places all fentanyl-related substances that are not 
currently listed in any schedule of the Controlled 

Substances Act (CSA) and their isomers, esters, ethers, 
salts and salts of isomers, esters, and ethers in schedule I.

83 FR 5188



Emergency scheduling of all fentanyl analogs (2018)

1

Places all fentanyl-related substances that are not 
currently listed in any schedule of the Controlled 

Substances Act (CSA) and their isomers, esters, ethers, 
salts and salts of isomers, esters, and ethers in schedule I.

83 FR 5188

voided the requirement of scientific and medical evaluation for pharmacological similarity



Emergency scheduling of all fentanyl analogs (2018)

voided the requirement of scientific and medical evaluation for pharmacological similarity1

2 “fentanyl-related substance” is defined purely by chemical structure

Places all fentanyl-related substances that are not 
currently listed in any schedule of the Controlled 

Substances Act (CSA) and their isomers, esters, ethers, 
salts and salts of isomers, esters, and ethers in schedule I.

83 FR 5188



Emergency scheduling of all fentanyl analogs (2018)

N

N

O
Me

(A) replacement of the phenyl portion of the phenethyl group by any 
monocycle, whether or not further substituted in or on the monocycle

2 “fentanyl-related substance” is defined purely by chemical structure
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Emergency scheduling of all fentanyl analogs (2018)

(B) substitution in or on the phenethyl group with alkyl, alkenyl, 
alkoxyl, hydroxyl, halo, haloalkyl, amino or nitro groups

2 “fentanyl-related substance” is defined purely by chemical structure



Emergency scheduling of all fentanyl analogs (2018)

 (C) substitution in or on the piperidine ring with alkyl, alkenyl, alkoxyl, 
ester, ether, hydroxyl, halo, haloalkyl, amino or nitro groups

2 “fentanyl-related substance” is defined purely by chemical structure

N

N

O
Me



Emergency scheduling of all fentanyl analogs (2018)

(D) replacement of the aniline ring with any aromatic monocycle 
whether or not further substituted in or on the aromatic monocycle

2 “fentanyl-related substance” is defined purely by chemical structure

N

N

O
Me



Emergency scheduling of all fentanyl analogs (2018)

(E) replacement of the N-propionyl group by another acyl group.

2 “fentanyl-related substance” is defined purely by chemical structure

N

N

O
Me
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Today

UNODC Early Warning Advisory on New Psychoactive Substances, 2024.



Nitazene

N

N

N+

O

O-

N

Me
Me

Today

16 new analogs reported since its appearance in 2019

UNODC Early Warning Advisory on New Psychoactive Substances, 2024.



Today

New nitazene analogs are synthesized at a faster rate than new fentanyl analogs

UNODC Early Warning Advisory on New Psychoactive Substances, 2024.



How can we better combat designer drugs?

The future of designer drugs



Rapid identification of novel designer drugs via machine learning 

Michael Skinnider

Princeton University

• DarkNPS

Skinnider, M.A.; Wang, F.; Pasin, D.; Greiner, R.; Foster, L.J.; Dalsgaard, P.W.; Wishart, D.S. Nat. Mach. Intell. 2021, 3, 973-984.
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Rapid identification of novel designer drugs via machine learning 

Michael Skinnider

Princeton University

• Elucidates the chemical structure of an unidentified designer 
drug using only MS data

• DarkNPS

70% top-three accuracy, 85% top-ten accuracy

Skinnider, M.A.; Wang, F.; Pasin, D.; Greiner, R.; Foster, L.J.; Dalsgaard, P.W.; Wishart, D.S. Nat. Mach. Intell. 2021, 3, 973-984.

51% accuracy for 40 new designer drugs



Conclusions and final thoughts



Conclusions and final thoughts

Chemists will always be one step ahead of the law





Thank you!


