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1. Introduction



Retrosynthesis and Chemical Transformations °

New chemical transformations enable new retrosynthetic disconnections.
ex) Suzuki-Miyaura cross coupling

[Pd]°
ligand ,base
R'—R? I > R'-x + R2-BR3,
R', R? = aryl, alkyl, alkenyl

synthesis of Benzo[jlfluoranthene-4.9-dioll} OMe

OMe CHO
CH Pd(PPh3)4
i K;CO,4 CHO
e S

e g
OMe OMe C
OMe OMe x O
C(CHO . ‘
MgBr‘ OO
incompatible
OMe

Kumada-Tamao-Corriu Cross Coupling Benzol[j]fluoranthene-4,9-diol

1) Lahore, S.; Narkhede, U.; Merlini, L.; Dallavalle, S. J. Org. Chem. 2013, 78, 10860.



Molecular Editing and Late-stage Functionalization (1)

0 peripheral editing

0]
-
well established elusive ]
I}l H N
R
peripheral editing
ex) Murai reaction (C-H functionalization)”
o RuH>(CO)(PPhj); o
+ 2 Si(0EY), >
H toluene, reflux Si(OEt),
quant

1) Murai, S.; Kakiuchi, F.; Sekine, S.; Tanaka, Y.; Kamatani, A.; Sonoda, M.; Chatani, N. Nature 1993, 366,
529.



Molecular Editing and Late-stage Functionalization (2) °

®
®
Oskeletal editing 0
-
well established elusive
H N
® H
skeletal editing
ex) Deconstructive diversification of cyclic amines”
(NH4)2S20g
NBS NaOt-Bu
N N
| acetone/H,O (1/9) NH DMF, rt !
Bz rt Bz z
89% (2 steps)
6-member ring 5-member ring

1) Roque, J. B.; Kuroda, Y.; Géttemann, L. T.; Sarpong, R. Nature 2018, 564, 244.



Concept of the Main Paper

®
o
keletal editi
Os eletal editing 0
>
well established elusive
@ H” N
H
skeletal editing
C-N-C bond — C-C bond (single-atom skeletal editing)
"Carbons are tied with a nitrogen."
'I - 1. smgle step
N
H
N2
secondary amines driving force: new C-C bond

extrusion of N,
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Computational Modeling

| of Selectivity

- N improved
Reductive i ; 3 stability
elimination "F O\)L

M-X g ‘[ ;’
e .‘ =

C SFs
Transmet.alatlon Br CO,Me \©~ Bu a e
! m-CPBA, pys9(HF RSN A
X—Au—, 2N R e Rundih R
1 R=——1 CHCl, ) F
r I. X F

-40°C

Au improved 20 examples
-”/ Ar selectivity up to 93% ee
Oxidative

addition X T

5 Catalytic Enantioselective Synthesis of
Gold-Catalyzed Allylation of Aryl Boronic Acids?  Difluorinated Alkyl Bromides?

1) https://voices.uchicago.edu/levingroup/mark/ 2) Levin, M. D.; Toste, F. D. Angew. Chem. Int. Ed. 2014, 53,
6211. 3) Levin, M. D.; Ovian, J. M.; Read, J. A.; Sigman, M. S.; Jacobsen, E. N. J. Am. Chem. Soc. 2020, 142, 35.
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Background

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

2. Properties and reactivity of N-acyloxy-N-alkoxyamides

anomeric effect; np - 0%y .o S\2 reaction at nitrogen

(o) ‘Nu
J 0

o) R

. O A
J. 0 R ON.
R SN Ac i Aco” "“OR
' é' R2 6_ 6+
AcO ©OR?

N-acyloxy-N-alkoxyamides Heteroatom rearrangement of nitrogen

o
3 4 O
R1JLN,NR3R4 AN Jl\

S R

2
6R2 *N: OR

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.



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

1. The oxidation of 1,1-disubstituted hydrazines to the corresponding tetrazene'

Brz, H20

R
PN quinone R I/
R N R' HgO |\ Ne N
| —_— N/ \N/
NH, KMnO, ) 1'
and other oxidant reagents R’
1,1-disubstituted hydrazine tetrazene

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

1,1-dibenzyl hydrazine bibenzyl

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



1. Oxidation of 1,1-Dibenzylhydrazines (2)

The oxidation of 1,1-disubstituted hydrazines to "mixed" bibenzyls’

LT E o

53%

oo = @~

35%

It has been suggested that the reaction proceeds by way of an isodiazene intermediate?

O—
NH
eO 2

isodiazene intermediate

r;l/\Ph
‘N
eo .o

1) Hinman, R. L.; Hamm, K. L. J. Am. Chem. Soc. 1959, 81, 3294. 2) Kenner, J.; Knight, E.C. Ber. 1936, 69,

341.



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

Preparation of 1.1-disubstituted hydrazines
General procedure:

HCI, NaNO NN i
P 2 Ph N Ph LiAlH, Ph/\N/\Ph
Ph N Ph — 3 | . |
H NS NH
(o) 2

N-nitrosamine
(carcinogenic compound)

/\N/\Ph HgO or Pb(OAc)4> Ph/\/Ph

need to use hazardous reagents stoichiometrically

13

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.



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

i H NaOH O
N’N\S —_—
7\
& ®
85%

1,1-dibenzyl-2-benzenesulfonhydrazide

)
OH -N,
Ph o Ph o Ph .
A6 — | lof <~ [
N/ \S N~ N -
7\
) % ) )
Ph Ph Ph

isodiazene intermediate

1) Carpino, L. A. J. Am. Chem. Soc. 1957, 79, 4427. 2) Kenner, J.; Knight, E.C. Ber. 1936, 69, 341.



1. Fragmentation of Dialkyl Diazenes

t-Bu’N\\ ,NEtz _ ]
OHC P
\ MeN” “NMe
(BEMP)
NCS -SO;
N >
HN THF
O . CO,Me CO,Me Ramberg-Backlund
- type rearrangement
N
>N\
h|l H CO2Me
CO,Me
OHC\
Q H N
HL \

¢’N
\
N t-BuOH

2 COMe  extrusion of N,
N !
NTE N in-cage radical (‘;0 Me

' H CO,Me coupling reaction ’

CO,Me 47% (2 steps)
See also 090711_LS_ Daisuke URABE and 170121_PS_Daiki_Kuwana

1) Movassaghi, M.; Ahmad, O. K_; Lathrop, S. P. J. Am. Chem. Soc. 2011, 133, 13002.




2. Anomeric Amides

anomeric effect:

stabilising electronic interaction involving overlap between the lone pair (n) on one heteroatom with
the o* orbital of the bond between the central carbon atom and the second heteroatom.

anomeric interactions
in bisheteroatom-substituted amides

lone pair stabilisation
through an ny-op_x anomeric interaction

1) Glover, S. A. Tetrahedron 1998, 54, 7229.




2. N-Acyloxy-N-alkoxyamides v

ex) 4 )

0)
R Jj\ N—oOR

AcO-

O*N-OAc | N-alkoxyamidyl radical,

N-acetoxy-N-alkoxyamides
homolytic
decomposition

*N.oac— A . | ' R “N<oR
\‘ . , no ACO 5 6+
acid-catalyzed

Y\ R g ” SN2 substitutions
n1-type reaction at nitrogen

lone pair stabilisation O
through an np-0y.0ac. anomeric interaction 1JL ~OR

1) Glover, S. A. Tetrahedron 1998, 54, 7229.



2. S2 Substitutions at Nitrogen

Ph?N,Me
"H
o
Ar)l\/N' Ph\N,Me
AcO \ OR H
secondary amines

N-acyloxy-N-alkoxybenzamides

Nucleophilic
substitution

- AcOH
- ik
far [ g
N
N A
Ar-A Ny, Ph Ar” i N7 “Ph S
OR
R A
- - Ar

Heteroatom rearrangement on nitrogen

OR

|
Me

Me

tetrazene

A

dimerization

| . Ph\@a,,N@HPh\N,

|
Me

isodiazene intermediate

i\i

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.



Key Point in This Lecture

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

19

(0] radical
coupling
Ph”” N7 “Ph o P
| -N,
‘N
isodiazene intermediate
o) radical
PN coupling

RJL/N' +  Ph” N7 “Ph — o~

AcO R?2 2
N-acyloxy-N-alkoxybenzamides secondary amines reactivity controlled by radical stability

2. Properties and reactivity of N-acyloxy-N-alkoxyamides

dimerization

Ph_ _Me
N
o H
JL secondary amines Ph_ _Me
R" °N, = O
AcO DR? ‘N

N-acyloxy-N-alkoxybenzamides isodiazene .i;\termediate

-

tetrazene

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

NN\

Ar Ar

N
H

2a
Ar = p-bromophenyl

0' OBn
Me

1a
2:1 3alda
35%*?

The yield stated are NMR yield.

1

Ar” N7 NAr

Ar
ﬁ
Ar/\/ )\
THF, 45 °C (o) R
3a 4a (R = Me)
4b (R = t-Bu)
(o) (@)
'N¢ 'N,
O ©OBn O ©OBn
o F3C o
Me Me
Me Me Me Me
1b 1c
>20:1 3a/4b >20:1 3a/4b
57%7 74%P

aThe reaction time was 18 h. PThe reaction time was 5 h.

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



Substrate Scope (1)

I S A

THF, 45 °C

basic nitrogen heterocycles unprotected protic functionality
\\//
\©\/\(j\ ,\/\‘/CF3 \‘\/\‘\
55% 43% 63% Cl

reducing or Lewis basic functionality

MeS
EtO MezN
EtO CF;
OEt
P,OEt

67% 52% 50%

1) Kennedy, S. H.; Dherange, B. D.; Berger, K. J.; Levin, M. D. Nature 2021, 593, 223. 22



Substrate Scope (2)

A g A

THF, 45 °C

skeletical diversity

Ph Ph 0
4 IS Adee
5 .,
- 'Ph Ph NC

Ph
72% 81% 62%?2 47%2 49%3
Br
54%3 53%2 86% 34%P

a2 equivalents trimethylamine were added. 2 equivalents 1c

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



Proposed Reaction Mechanism

(o)
Bn Bn IN'
N ” “ é
N O OBn Ph/\/Ph
H F3C (6]
Secondary amine Me
Me Me
Anomeric amide (1c) A
(0)
Nucleophilic _ Me In-cage
substitution OH radical
at nitrogen Me Me coupling
(0)
n ) )j\ H |
Ar OBn Bn\N,Bn -N; Ph>5
N N Reductive ‘N Homolytic %
F3C Bn' Bp elimination o extrusion H H

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

Nature 2021, 593, 223.



Mechanistic Experiments (1) -

1. Crossover experiment

o) o
Br + Jd o + o © THF, 40 °C
0 F5C (o) e
Br Me Me
Me Me Me Me

1.0 eq. 0.6 eq. 0.6 eq.

Br o

O O (0] J\ /©)‘\o/\©
Br O FsC
(o)
F5C o
Cl
(0]
obtained NOT obtained

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



Mechanistic Experiments (2) ”

2. Scavenging of intermolecular products

intramolecular product intermolecular product

No additive: A:B:C =93:4:3 N N
TEMPO (1.0 eq.): A:B:C =100:0:0 /©/\o’ ©/\o’
Ci

TEMPO adducts observed

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

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



Limitations and Side Reactions (1)

1. Oxidation Sensitivity (—decomposition)
The anomeric amide can function as an oxidant.

MeO I I OMe /©/\NHBn
MeO OMe HS
highly electron rich aromatics thiols

2. Steric hindrance (—no reaction)
Steric hindrance makes it difficult for the anomeric amide to approach nitrogen.

g /(1
Ph/\u)\Ph Ph” >N~ “Ph

H

acyclic bis-a-secondary amine cyclic bis-a-secondary amine
(dependent of the ring size)

Me
A i "
Ph/\u Me _( —_— <r
~ NH 799,
Ph Ph

acyclic a-tertiary amine

27

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



Limitations and Side Reactions (2) *

3. Stabilizing elements (—rearrangement to a hydrazone)

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

/ \ NH / \
MeN NH MeNﬁ\ }\l MeN NH MeN
NOT (a) nor (b) / benzhydryl
Cl Cl Cl Cl
hydrazone desired

(undesired)

4. Fragmentation processes

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

H

Me

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



New Retrosynthetic Logic ”

( ¢-C bond — C-N-C bond h

Advanteges:

--- 1. Reliability and broad scope iminium-based
|:> transformations
N
H
.

2. Broad functional-group tolerance

J
i 2
S 1. Pd(PPh3),4, THF; 2.2¢
™S N t-Bu HCI, Etzo HN THF, 45 °C
I > ;
+ H
OAc [3+2] cycloaddition Nitrogen deletion
NC NC
>
>
NC NC
71% (2 steps) H; receptor modulator

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.



Summery

» straightforward nitrogen deletion

(o)
O' ©OBn
F3;C (6]
Me~ - N2
- J
anomeric amide
oh SN B Ph”” N7 Ph > pp N
H THF, 45 °C N radical
T recombination
secondary amine - -
isodiazene

intermediate
» high functional-group tolerance

> valuable tool for C-C bond constructions and ring synthesis

HN

NC NC



Appendix



Cage Effect

Frank and Rabinowitch (1934)

hv "Cage effect" was introduced to explain the reason why the
-

I » 2l efficiency of |, photodissociation was lower in solution than in
the gas phase.

hv
e —_—
R—R g (R- -R) » 2R*
cage pair free radical

It was proposed that the solvent temporarily encapsulates the reactive R atoms
in a "solvent cage", causing them to remain as colliding neighbors before they
recombine pr diffuse apart.

32

1) Braden, D. A.; Parrack, E. E.; Tyler, D. R. Coordin. Chem. Rev. 2001, 211, 279.



Preceding Study (Azoalkanes)

Activation parameters
RJ N//N R Y 2R + N/’/N
azoalkanes
AH®,
Rin kcal./ AS®,
RN:R mole e.u. Phase Ref.
CH, 52.3 12.2 Vapor 9
CH'ICH: 49.5 122 \'apor 10
(CHy).C 44 16-17 Vapor 11
PhCH; 36 5 Vapor 12

L)

Ph(CH,)CH 32. [ Y - Dodecane 13

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



Preceding Study (Azocumene)

Azocumene decomposition: radical coupling rate

Me
Me>|\ N Ph M Me N Ph
e 7 *
Me Ph Me
Me cage
azocumene in-cage
Me Kdisp Me Me
). — P
Ph” ° Ph Ph” “Me
a-methylstyrene cumene
Me Kcomb Me . .
2 Me>| - Me Kdisp/Kcomb ratios were determined from the
PR ° Ph Ph amount of cumene formed, with p-
M Me methylanisole as an internal standard.
e

dicumyl

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



Preceding Study (Azocumene) >

Azocumene decomposition: radical coupling rate Initial

Azocu- (Cu-
Temp., ~—V.p.c. peak arecas— mene, Kip/ mene)/
y Cumene AMS PMA® mmole Kw=s (AMS)

441 0.0436 0.05 0.80

. 20.5* 261 32.7
Me Kaisp Me Me 41.8 41.5 7.0 0.055 1.01
M
e —_— 20.5% 52,3 52.6 90.9 0.0436 0.05 0.99
2 >| . /g + )\ 45.1 45.6 78.9 0.054 1.00
Ph Ph Ph Me 46.8 40.5 31.0 68.1 0.0436 0.056 1.3l
49.2 36.0 T73.2 0.063 1.36
46.8 42.0 33.0 63.5 0.0436 0.062 1.27
a-methylstyrene cumene 60.0 264 22.7 $2.2 0.0413 0.046 1.17
30.2 ... 56.2 0.049 -
60.0 30.5 236 49.5 0.0413 0.056 1.30
55.0 45.8 93.7 0.054 1.20
k “170" 34.1 33.6 57.0 0.0413 0.054 1.0l
Me comb Me 63.4 63.5 81.5 0.072  1.00
o Ph 4 0.0356 mmole of p-methylanisole was used as internal standard
Ph Ph in all runs. * Photolytic decomposition using a 450-w. Hanovia
Me lamp and Corning 7-37 filter. < Direct injection into v.p.c. injec-
Me tion port at 170°; temperature control is not good, but a very rapid
thermal decomposition must have taken place in the injection port.
dicumyl
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 kgjsp/kcomp Were
1:5.4:11.0
— All radicals coupling occurred at the same rate.

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.

2)




Preceding Study (Thiadiaziridine 1,1-Dioxides)

Greene et al (1964)"): Studies toward formation of N-N bonds

r. JLL_ R tBuoc  r_ JU R tBuO> }L

N N —_—
H H

diaziridinones

o, O
\/,
. \\S//O . Coci ©oH \/s\’ - S0, R N
—_— N -
\N/ \N/ /N_N\ \N/ \R
H H R R
N,N-dialkylsulfamides thiadiaziridine 1,1-dioxides dialkyldiazenes

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.



Preceding Study (Thiadiaziridine 1,1-Dioxides)

reagents conditions? products®
HOAC 24 h, 60 °C NR
O O C,H,0H 48 h, 80°C NR
\\ // C.H, 4h,80°C NR
HCI 1h,50°C, 3 M NR
- S0, NaOH 2M,1h, RT NR
N Cl, 1h, RT NR
_> N R H.O, 3h,36°C NR
KMnoO, 3 h, 36°C NR
(t-BuNH-), 2h, 80 °C NR
diphenylketene 24 h, RT NR
o o 3b (MeO,CC=), 24 h. 60°C NR
thiadiaziridine 1,1-dioxide HCI 12 M, 30 min, 60 °C 4b
HCI gas 30 min. 25°C 4b
picric acid 24 h, RT 4b
NaOH 30 min, 80 °C 4b
NaOCH, 30 min, 60 °C 4b
_ . . - Cl 1h,50°C 4b
SO, +2H C-H insertion of nitrene - . S b 96°C e
C.H,Cl 2h, 25°C 4b
LiAlH, 1h,35°C 4b +
R 1b (4:1)
\ C,H,SH excess, 3 h, C,H,, reflux 1b
NH Bu,SnH 24 h, RT ib
O. O / . 24 h, RT, Pd/C, 50 psi 1b
N\ 2 N—S~ Nap™ 140 h, RT 1b
R -N ~0 CH, Mgl 2h,3856°C 1b
SN SR OOSNTOSNT g C,H,CH,MgCl 2h,35°C 1b
H H H,0 THF or C,H,, 24 h, reflux 3b-H,SO,
cumene 24 h, reflux 23
cumene 24 h,75°C 23 +
4b 1b 23 1b (3.5:1)
PhNCO 72 h, 80°C 23 +
24 (2.5:1)
mild conditions: No reaction i o n IRCDE -
- ngw . - [ it ] »
more rigorous conditions: Diazene 4b was obtained. C,H,SH 241h. C,H,, reflux, 1!:2?:(1 i
equy H

% RT = room temperature. ? NR = no reaction,

1) Timberlake, J. W.; Alender, J.; Garner, A. W.; Hodges, M. L.; Ozmeral, C.; Szilagyi, S. J. Org. Chem.
1981, 46, 2082.



Preceding Study (Diacyl Peroxides) ”

Decomposition of diacyl peroxides with radical coupling

0 i o | I |
Rl _O_ J\ Aorhv [R'__O J\
\n/ 0~ "R? \ﬂ/ 0~ "R? R's +:R? ——3» R'-R?
0) (o) ; Radical
. . L - _ J coupling
diacyl peroxide 2CO,

In practice, this approach is not often used because...

- all diacyl peroxides are explosive.
- side reactions (e.g. hydrogen abstraction) and crossover radical coupling often occur.

Schifer et al (1985)?

Low temperature (- 78 °C) photolysis of aliphatic diacyl peroxides for the efficient synthesis of long
chain aliphatic hydrocarbons.

0)
hv (Hg lamp)
A o A
\/H“\ﬂ/ \OJ\W > N
10 neat, -78 °C

O
61%

1) Spantulescu, M. D.; Jain, R. P.; Derksen, D. J.; Vederas, J. C. Org. Lett. 2003, 5, 2963. 2) Feldhues, M.;
Schéfer, H. J. Tetrahedron 1985, 41, 4213.



Preceding Study (Diacyl Peroxides)

Decomposition of diacyl peroxides with radical coupling

O O

R1\n/O\OJLR2 A or hv R1\n/6 O.JLRZ R1. +R2 —» R1-R?

o O Radical

. . - - L J coupling
diacyl peroxide 2CO,

Application: Synthesis of functionalized amino acids”

B"OZC\/\H/ Jj\/\l/CO ,Bn _ V(24 nm)» BnO,C CO,Bn
: neat, -78 °C, 4 d \/\/\l/
BocHN NHCbz BocHN NHCbz
54%

1) Spantulescu, M. D.; Jain, R. P.; Derksen, D. J.; Vederas, J. C. Org. Lett. 2003, 5, 2963.



Preceding Study (Azodibenzoyl) b

o)
Ph No JL benzene Ph

\n/\N Ph —— 3 2 m‘+ N,
o)

o) 80°C,7h
diacyl diimides
Ph_ .
m —— Pph. + CO
o)
O
N 0l
Ph N ben ene OH
A N7 Ph 2 \n/ Ph\")l\ \>—Ph Ph N\NJ\Ph
o) 80°C 7h \ﬂ/ H
8% 29% 22% o 7%

diacyl diimides

Ph__O
\f j\ Ph
Ph\n/N\H Ph Ph—Ph \g/

o 13% 21% <1%

The products of the diimides are complex, numerous, and dependent on the nature of the solvent.

1) Mackay, D.; Marx, U. F.; Waters, W. A. J. Chem. Soc. 1964, 4793.



Preceding Study (Azodibenzoyl)

(All yields are in moles per hundred moles of starting material.)

Reactants, concentrations,
conditions Gases

A. Silver Oxide Oxidations
PPhCO-NH+NH, (003 mole), 71 total 31
benzene Q‘” 36 CO,
PhCO-NH.NH, (001 wole), 76 total 47
cumene (39)
(PhCONH), (0-01 mwle), benz- 71 total 100
ene (2%)
B. Photolytic Decompositions of Azodibenzovi

0-01 mole, benzene (19), 7 51 total S
hr., 80° 6 CO
+ve CO ¢
0-01 mole, cumene (109), 8 32
hr., 140—150°
0001 mole, no solvent, 5 hr., 62 total trace
100° +ve CO*«

C. Thermal Decompositions of Azodibenzoyl /
0-02 mole, toluene (49), 6 hr., 535 CO,

110°
0-03 mole, ethylbenzene (79;),

4 hir,, 110°%,

002 mole, chlorobenzene 26 CO, 5
(49), 3 hr., 132°

0-01 mole, chlorobenzene 17 CO, 2
{0-59). 3 hr., 132°

0-03 mole, nitrobenzene (49), 34 CO, +ve
2 hr,, 150°

0-02 mole, tetrachloroethvlene --ve CO, 8
(49%), 7 br,, 121°

0-02 mole, o-dichlorobenzene 14 CO, 7

(59), 4 hr., 135°
0-002 mole, no solvent, 2 hr,, trace
200° (by D. M.)

¢ Identified as 2,4-dinitrophenylhydrazone.

by the colour reaction with dodecamolybdophosphoric acid~palladium chloride

: (PhCOj,N
_ Diphenyl- | Other
PhCO,H PhCHO (PhCO); oxadiazole (PhCONH), PhCONH  products
e 12 1 2 4 Ph,
<] 3 1 2 I bicumy)®
trace ® 22 4 Ph,
none ¥ 200 32 7 13 21 Ph,*
<1PhCOPh ®
trace ¥ 104 25 10 No
bicuiny)
trace 240 194 3 7 No Ph,*
No PhCOPh?
40 6
le 6 25 6
o 19 14 2
2 2 5 2 PhCONHDI'h
24 2 HCl
11
9 24

¥ Detected or estimated by vapour phase chromatography. ¢ Detected

nt. ¢ Estimated by chromatography

on alumina. ¢ M. p. 1356 not depressed in admixture with authentic 3-benzoyl-2,6-diphenyl-2,3-dibydro-1,3,4-oxadiazolc

(sce ref. 18). S Experimental work by U. F. M.

1) Mackay, D.; Marx, U. F.; Waters, W. A. J. Chem. Soc. 1964, 4793.
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Hammet Plot

@)
Y
PivO OBn

-0.6 T T
-09 05 -0.1 0.3 0.7

I L
0+

Hammet plot indicates the electronic origin of the increased
rate of reaction with reagent 1c.
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1) Kennedy, S. H.; Dherange, B. D.; Berger, K. J.; Levin, M. D. Nature 2021, 593, 223.



Preparation of the Reagent

0
Q K,CO;
NH,-OBn*HCI ~OBn
cl - m
CH,CI,/H,0
F,C 0°Ctort F,;C
0
1. t-BuOCl
CH,Cl,, rt ’
2%12 - O' OBn
2. NaOPiv F,;C (6]
MeCN, rt Me
Me Me
1c

78% (3 steps)

Decagram scale
No chromatography

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



Transition State for a HERON Reaction

D

Group charges in the ground and transition state.

GS TS
—N2(CHy); 000 +051
—NI 000 -0.19
—OCH; 002 034
—CHO 4002 001

AM1 and HF/6-31G* level

A
\ . AH=5.5 kcal mol™

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 Sy2 reaction on the amide carbonyl.

44

1) 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.



Reactivity of N-Acyloxy-N-alkoxyamides

o decarboxylation
o —» |Me- + CO,
Me O
)L _OR
Ar t;l —_— .
OAc A *CH,
N-acyloxy-N-alkoxyamides 0] o)
Ar = p-MeC¢H )L OR ——>» )L OR
Me- * H
/ *CH;
O
_OR - - O
Ar l]l o) Ar 2
Me Y Y Ar OMe
MeO N —_—
o N7 SoMe +
OR /g N
Ar” N7 L Ar” 70 - 2

1) Glover, S. A. Tetrahedron 1998, 54, 7229.




Reactivity of N-Acyloxy-N-alkoxyamides

o
)OL orR — M o p A0 AcOH T
r -
Ar N~ - (I) 2 Ar N/,OR
lac MeCN, H,0 P
N-acyloxy-N-alkoxyamides Me OH,
O
-H* )j\ >
— A ril/OR — " 3 further reaction
OH

1) Glover, S. A. Tetrahedron 1998, 54, 7229.



Mechanistic Experiments (3)

3. Evidence for the isodiazene intermediate

OMe

M THF, 45 °C

N
H
MeO

O

o' OBn
F3C 6]

Me
Me Me

Anomeric amide (1c)

)

OMe
MeO

A

[2,3]-
sigmatropic?
rearrangement

OMe
N
joca
*N
MeO .

isodiazene intermediate

1) Kennedy, S. H.; Dherange, B. D.; Berger, K. J.; Levin, M. D. Nature 2021, 593, 223. 2) Strick, B. F;
Mundal, D. A.; Thomson, R. J. J. Am. Chem. Soc. 2011, 133, 14252.



Mechanistic Experiments (3)

3. Evidence for the isodiazene intermediate (my proposal)

OMe OMe
THF, 45 °C rearrangement

N/\% —_— \N/\” —_—
H >

MeO MeO

isodiazene intermediate

OMe

/,N\/\ There is another possible reaction mechanism.
N N In my opinion, this is not a firm evidence for

the isodiazene intermediate.
MeO

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



Mechanistic Experiments (4) v

4. Radical clock experiment

N 1c =
H ﬁ
Br THF, 40 °C By

Br
30% NOT observed
/\ /"l
Ar N ! 1
H —C> A\ Arw
THE, 40°C  Ar” N Ph Ph
Ph
Ar = p- biphenyl 20% 19%

% > /\X\ R=H: k. =~10%s"
H
H R ~ R

R=Ph: k. =~10" s
H

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

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



