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4Retrosynthesis and Chemical Transformations 
ex) Suzuki-Miyaura cross coupling

1) Lahore, S.; Narkhede, U.; Merlini, L.; Dallavalle, S. J. Org. Chem. 2013, 78, 10860.
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New chemical transformations enable new retrosynthetic disconnections.

Total synthesis of Benzo[j]fluoranthene-4,9-diol1)
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R1, R2 = aryl, alkyl, alkenyl



5Molecular Editing and Late-stage Functionalization (1)



6Molecular Editing and Late-stage Functionalization (2)



7Concept of the Main Paper



2008-2012 B.S. in Chemistry @ University of Rochester (Prof. Frontier, A. J.)
2012-2017 Ph.D. in Chemistry @ University of California, Berkeley (Prof. Toste, F. 
D.)
2017-2019 NIH Postdoctoral Fellow @ Harvard University (Prof. Jacobsen, E. N.)
2019- Assistant Professor @ University of Chicago 

Research Interests :
catalyst design/ organometallic chemistry/ 
the development of synthetic methodology

8Assistant Prof. Mark D. Levin

Gold-Catalyzed Allylation of Aryl Boronic Acids2)

Catalytic Enantioselective Synthesis of 
Difluorinated Alkyl Bromides3)



Contents
9

1. Introduction

2. Background

3. Skeletal Editing through Direct Nitrogen 
Deletion of Secondary Amines

(Nature 2021, 593, 223)



10Background

N

1. C-C bond-forming by the oxidation of 1,1-disubstituted hydrazines

N [O]
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2. Properties and reactivity of N-acyloxy-N-alkoxyamides
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1) Glover, S. A. Tetrahedron 1998, 54, 7229. 2) Glover, S. A.; Rauk, A.; Buccigross, J. M.; Campbell, J. J.; 
Hammond, G. P.; Mo, G.; Andrews, L. E.; Gillson, A. E. Can. J. Chem. 2005, 83, 1492.



111. Oxidation of 1,1-Dibenzylhydrazines (1)

2. The first oxidation of a 1,1-disubstituted hydrazine to bibenzyl (in 1900 by Busch and Weiss)2)

N HgO

NH2
N2

1. The oxidation of 1,1-disubstituted hydrazines to the corresponding tetrazene1)

N

Br2, H2O

NH2

R R'

1) Hinman, R. L.; Hamm, K. L. J. Am. Chem. Soc. 1959, 81, 3294. 2) Busch, M.; Weiss, B. Ber. 1900, 33, 
2701.
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121. Oxidation of 1,1-Dibenzylhydrazines (2)



131. Oxidation of 1,1-Dibenzylhydrazines (3)

Preparation of 1,1-disubstituted hydrazines

The oxidant reagent

1) Kennedy, S. H.; Dherange, B. D.; Berger, K. J.; Levin, M. D. Nature 2021, 593, 223. 2) Hinman, R. L.; 
Hamm, K. L. J. Am. Chem. Soc. 1959, 81, 3294. 3) Pavel, G.; Mikhail, K. Tetrahedron. Lett. 2018, 59, 3532.
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Ph Ph Ph
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need to use hazardous reagents stoichiometrically

General procedure:



141. Alkaline Decomposition of 1,1-Dibenzyl-2-
benzenesulfonhydrazine



151. Fragmentation of Dialkyl Diazenes



162. Anomeric Amides



172. N-Acyloxy-N-alkoxyamides



182. SN2 Substitutions at Nitrogen

secondary amines

Nucleophilic
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1) Glover, S. A. Tetrahedron 1998, 54, 7229. 2) Glover, S. A.; Rauk, A.; Buccigross, J. M.; Campbell, J. J.; 
Hammond, G. P.; Mo, G.; Andrews, L. E.; Gillson, A. E. Can. J. Chem. 2005, 83, 1492.
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19Key Point in This Lecture

secondary amines
NR1

O

AcO OR2

N-acyloxy-N-alkoxybenzamides

1) Kennedy, S. H.; Dherange, B. D.; Berger, K. J.; Levin, M. D. Nature 2021, 593, 223.
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reactivity controlled by radical stability
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1. C-C bond-forming by the oxidation of 1,1-disubstituted hydrazines

2. Properties and reactivity of N-acyloxy-N-alkoxyamides
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Optimization of the Reagent 21

THF, 45 °C
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H
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2:1 3a/4a
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N
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>20:1 3a/4b

57%a

1c

>20:1 3a/4b

74%b
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F3C

The yield stated are NMR yield.
aThe reaction time was 18 h. bThe reaction time was 5 h.

Ar = p-bromophenyl

NAr Ar

RO

2a 3a 4a (R = Me)
4b (R = t-Bu)

1) Kennedy, S. H.; Dherange, B. D.; Berger, K. J.; Levin, M. D. Nature 2021, 593, 223.



22

Substrate Scope (1)
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Substrate Scope (2)



24Proposed Reaction Mechanism

N
H

Bn Bn

Ph
Ph

N

O

O OBn

O

Me
Me

Me

Anomeric amide (1c)

Secondary amine

Nucleophilic
substitution
at nitrogen

- OH

O

Me

Me
Me

F3C

N

O

OBn
F3C

N

BnBn

OBnAr

O
-

Reductive
elimination

N
Bn Bn

N Homolytic
extrusion

- N2
Ph

H
H

Ph

H H

In-cage
radical

coupling

1) Kennedy, S. H.; Dherange, B. D.; Berger, K. J.; Levin, M. D. Nature 2021, 593, 223.



25Mechanistic Experiments (1)



26Mechanistic Experiments (2)

N
H

2. Scavenging of intermolecular products

Cl

1c

No additive: A:B:C = 93:4:3
TEMPO (1.0 eq.): A:B:C =100:0:0

1) Kennedy, S. H.; Dherange, B. D.; Berger, K. J.; Levin, M. D. Nature 2021, 593, 223.
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intramolecular product intermolecular product
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TEMPO adducts observed

The result suggests largely in-cage C-C bond formation.



27Limitations and Side Reactions (1)



28Limitations and Side Reactions (2)
3. Stabilizing elements (→rearrangement to a hydrazone)

4. Fragmentation processes

Even in cases where productive diradical formation occurs, comperirive fragmentation processes 
(β-alkyl or β-H scission) can predominate rather than nitrogen deletion.

Cl

NHMeN

Cl

N

NH
MeN

hydrazone
(undesired)

Cl

NHMeN

Ph

Cl

MeN

Ph

desired

acyclic systems: a single benzylic substituent
cyclic systems: (a) both substituents ( ) must bear stabilizing elements (e.g. benzylic, allylic, etc.)

(b) one substituent must be benzhydryl

benzhydrylNOT (a) nor (b)

NH

H

MeMe

H

1) Kennedy, S. H.; Dherange, B. D.; Berger, K. J.; Levin, M. D. Nature 2021, 593, 223.

Me H



29New Retrosynthetic Logic

OAc

TMS

H

N
S

O

t-Bu

NC

1. Pd(PPh3)4, THF;
HCl, Et2O

[3+2] cycloaddition

2)

HN

NC

Nitrogen deletion

2. 2c
THF, 45 °C

NC NC

N

H3 receptor modulator71% (2 steps)

1) Kennedy, S. H.; Dherange, B. D.; Berger, K. J.; Levin, M. D. Nature 2021, 593, 223. 2) Procopiou, G.; 
Lewis, W.; Harbottle, G.; Stockman, R. A. Org. Lett. 2013, 15, 2030.

N
H

C-C bond → C-N-C bond
Advanteges:

1. Reliability and broad scope iminium-based 
transformations

2. Broad functional-group tolerance



30Summery

THF, 45 °C
N
H

Ph Ph
NPh Ph

N

Ph
Ph

N

O

O OBn

O

Me
Me

Me

F3C

anomeric amide

N2

radical 
recombination

secondary amine
isodiazene 

intermediate

straightforward nitrogen deletion

high functional-group tolerance

valuable tool for C-C bond constructions and ring synthesis

HN

NC NC
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32Cage Effect



33Preceding Study (Azoalkanes)

Activation parameters

1) Nelsen, S. F.; Bartlett, P. D. J. Am. Chem. Soc. 1966, 88, 137.

N
R N

R

azoalkanes

N
N2R



34Preceding Study (Azocumene)

Azocumene decomposition: radical coupling rate

1) Nelsen, S. F.; Bartlett, P. D. J. Am. Chem. Soc. 1966, 88, 137.
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in-cage
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Me
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Ph

Me
Me2

Ph

Me
Me

Ph

Me
Me

kdisp

kcomb

dicumyl

cumeneα-methylstyrene

kdisp/kcomb ratios were determined from the 
amount of cumene formed, with p-
methylanisole as an internal standard.



35Preceding Study (Azocumene)

Azocumene decomposition: radical coupling rate1)

1) Nelsen, S. F.; Bartlett, P. D. J. Am. Chem. Soc. 1966, 88, 137. 2) Kraus, J.; Calvert, J. J. Am. Chem. Soc. 
1957, 79, 5921.
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kcomb

dicumyl

cumeneα-methylstyrene

No significant variation of the amounts of disproportionation and combination was observed with 

temperature

→ The activation energies for the two processes must be very close.

In the comparison of isobutyl, sec-butyl, t-butyl radicals the relative values of kdisp/kcomb were 

1:5.4:11.0

→ All radicals coupling occurred at the same rate.2)



36Preceding Study (Thiadiaziridine 1,1-Dioxides)

Ohme et al (1965)2)

1) (a) Greene, F. D.; Stowell, J. C. J. Am. Chem. Soc. 1964, 86, 3569. (b) Greene, F. D.; Stowell, J. C.; 
Bergmark, W. J. Org. Chem. 1969, 34, 2254. 2) Ohme, R.; Schmidt, E. Angew. Chem. Int. Ed. Engl. 1965, 4, 
433.
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Greene et al (1964)1): Studies toward formation of N-N bonds
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37Preceding Study (Thiadiaziridine 1,1-Dioxides)



38Preceding Study (Diacyl Peroxides)



39Preceding Study (Diacyl Peroxides)

R1

diacyl peroxide 2CO2

Radical
coupling

1) Spantulescu, M. D.; Jain, R. P.; Derksen, D. J.; Vederas, J. C. Org. Lett. 2003, 5, 2963.
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Decomposition of diacyl peroxides with radical coupling

O

O

O

O

BnO2C

BocHN

hv (254 nm)

neat, -78 °C, 4 d

54%

CO2Bn

NHCbz

BnO2C

BocHN

CO2Bn

NHCbz

Application: Synthesis of functionalized amino acids1)



40Preceding Study (Azodibenzoyl)



41Preceding Study (Azodibenzoyl)



42Hammet Plot

Hammet plot indicates the electronic origin of the increased 
rate of reaction with reagent 1c.



Preparation of the Reagent 43



44Transition State for a HERON Reaction

AM1 and HF/6-31G* level

The transition-state geometry shows that the N-C bond is intact, and the 
carbonyl bond is virtually unaltered. In essence, this reaction represents an 
intramolecular SN2 reaction on the amide carbonyl.



45Reactivity of N-Acyloxy-N-alkoxyamides



46Reactivity of N-Acyloxy-N-alkoxyamides



47Mechanistic Experiments (3)



48Mechanistic Experiments (3)

N
H

THF, 45 °C
OMe

MeO

N
N

OMe

MeO

N

OMe

MeO
N

3. Evidence for the isodiazene intermediate (my proposal)

isodiazene intermediate

1) Kennedy, S. H.; Dherange, B. D.; Berger, K. J.; Levin, M. D. Nature 2021, 593, 223.

rearrangement

There is another possible reaction mechanism.
In my opinion, this is not a firm evidence for 
the isodiazene intermediate.



49Mechanistic Experiments (4)

N
H

4. Radical clock experiment

Br

1c

THF, 40 °C
Br

Br

N
H

Ar 1c

THF, 40 °C Ar

Ar

Ph

Ar = p- biphenyl

Ph
Ph

H
H

R
R

H
R = H: kr = ~ 108 s-1

R = Ph: kr = ~ 1011 s-1

NOT observed

19%

30%

20%

1) Kennedy, S. H.; Dherange, B. D.; Berger, K. J.; Levin, M. D. Nature 2021, 593, 223.

The result also suggests largely in-cage C-C bond formation.
A competitive non-radical pathway cannot be excluded categorically .


