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Skaletal editing 7

(1)
" HNR,
) then O,, acenaphthylene R? N NR2
R Na blue LEDS
3 5 R3 = R5
R A R N insertion + C deletion R4
R
(2)
N=N 3
RZ R b R
l_\( Ar” CI R%N
N g |
R1 - (o]
N Na,CO3 MTBE, 60 °C .
C insertion

N. Z. Burns et al. J. Am. Chem. Soc. 2022, 144, 17797-7802.
M. D. Levin et al. J. Am. Chem. Soc. 2022, 144, 19258—-9264.




Peripheral editing

Contraction Insertion

Expansion Deletion
Skeletal editing ‘ \
B Cyclic compounds O "
Transformations

evin et al. Nature 2021, 593, 223-227.

M. D. L
M. D. Levin et al. Nat. Synth. 2022, 1, 352-364. >
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Skelatal editing

Synthesis of Polysiphenol
Br

OMe
OH
MeO
MeO _ e AN OMe
MeO MeO

Br Br
OH Br
HO
OMe
) O <N defetion | MeO N oMe
MeO MeO oM H
- O e MeO OMe
MeO O MeO Br Br
Br HO Br
(+)-Polysiphenol
Conventional transformation of ethers Skeletal editing of ethers
R"M
/0\ - = R M
R OR R-R" + RO R Or ~ RR + [O]

Andrew J. P. White et al. J. Nat. Prod. 2011, 74, 1980-1984.
M. D. Levin et al. Nature 2021, 593, 223-227.
Z.J. Shietal. J. Am. Chem. Soc. 2017, 139, 6546—6549.
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Skeletal editing
n+1
Q Insertion O Expansion Q\
Bl -
X sources X

X

Classic name reaction:Beckmann Rearrangement, Schmidt Rearrangement, Favorskii rearrangement, etc.

Common methods: | Transition-metal (Cu, Rh, Co), hv, Metallic Reagents.

Il Active intermediates.‘ Carbene ’ ‘ Nitrene ]
n-1 E n
Q Deletion O Contraction Q\ : O Transformations O
,7 X .
Il X ; Y X
| X] |
Classic Name reaction: Norrish Il reaction. O - ¢
Common methods: hv, Electrophilic reagents.
; , X X
R R , R :
R 1
R? T,0 |R2? D ¢ hydrazi |
jl\)illl\—2> SN /TfO® ydrazin® | \/N ! Common methods: Metal, hv.
RN R RE N
R 1
 R? R R |
! Z—N N :
D R2 / N — ZM\ 5 1
Ry N R
X R‘1 R1 X

R. Sarpong et al. J. Am. Chem. Soc. 2022, 48, 22309-22315.
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CuBr (5 mol%)

+ ource > -
N [ ] NN

H N Ph
1 2 3
0] 0] (0] O
.Bn _Et
@N @N/\Q\’Bu @N/\©\CF3 N
~ ~ ~ ~
N)\@ N)\© N)\O N)\@
3aa, 78% 3ab, 82% 3ac, 72% 3ad, 89%
O 0] 0] O
n H
N/Pr E:fj\N,H E:fj\N,H E:fj\N/
~ ~ ~ ~
3ae, 71% 3af, 99% 3af, 55% 3af, 78%
[NH3(aq)] | (NH,CI) (NH4HCO3) )

A. lida et al. Tetrahedron Lett. 2014, 55, 2991-2993.
X. L. Cuietal. J. Org. Chem. 2015, 80, 7099-7107. 9
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Proposed mechanism

0]
R1—:(I\>7Ar _ CuBr, O, __Hydrolysis N OH
Z N Beayer-Villiger L
H Oxidation j'\"
1 4 5 07 Ar
H,N-R?
2
H,O
0}
(0]
R2 'Hzo i X N_R2
I X N~ -~ R1—./ H
o > NH
Z N)\Ar A
3 6 O "Ar
Mechanistic experiments
(0}
Beayer-Villiger o) CuBr (5 mol%) H
A Oxidation NMP, O,, 80 °C N~
A Ph (¢} + NH; —m——— _
N Pz N
H N)\Ph
1a 4a 3af, 99%
o 0}
B CuBr (5 mol%) N’tBu
AN Ph NMP, O,, 80 °C N-Bu
N + HN-Bu ———— H N/
H NH
. . 10
1a 2j (0] Ph 3aj

6j, 45%
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H,N
O
CuBr (20 mol%)
A Pyridine (2 equiv) N
O N O DMSO, 60 °C N/
H 1 atm O,
1 2
Proposed mechanism
H,N H,N
Oxidative imine RO‘%
tandem O formation N
reactions & | )
0 |G| dosly
V.
N N
H N
1 3 4
Beayer-Villiger R=Cu(ll)orH .
Oxidation .
Beayer-Villiger E
Type Oxidation !
# E
\

®)

o} NH, o) ROZ,

intramolecular
©\)J\O substitution ©\)J\N rearrangement O
""""""" > ®--------------
~ —
N Path B N Path A N

-4

(=]
N
(3]

’
\.

Iz

A. lida et al. Tetrahedron Lett. 2016, 72, 4123—4131. =
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Outline

@ ________ [Cul .~ (:(\\ N * Less naturally abundant
N Nél ® Common motif in approved drugs

H
Quinazoline
direct insertion
@ of single nitrogen atom
N Metal-free

si]

Mechanistic design

+ hypervalent iodine

|

Synthon Synthetic @ ®
- G equivalent N7 ph 1ph
® N
‘N ] \ b \N
| N “Ph N - S - P
electrophilic e v proposed nitrene species N: -Phl N/
nitrene iodonitrene [Si] \[Si] [Si]

B. Morandi et al. Science 2022, 377, 1104-1109.
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Inherent challenge

. I @
N” ~Ph
©j§ a ® degradation
N -Phl N® T of carbon skeleton
H \ H® e

nucleophilic nitrogen atom

Protecting group effect

H,NCO,NH, (2 equiv)

% PIFA (1.5 equiv) - (;(\\N
N\ MeOH(0.1 M), rt, 10 min N¢l

PG

0] e I\I/Ie :Pr Fl’h
PG = /H /Me )J\O/tBu )J\M /S\I\Me /S\i\iPr /S‘I\Ph
€ Bu ipr Bu
1a 2a 3a 4a 5a 6a 7a
GCyield 1% - 4% 2% 47% 27% 9%

13
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q H2NC02NH4 (6 eqUiV)
| X N\ PIFA (4 equiv) N q\ SN
Z~N MeOH(0.1 M), 0 °C for 10 min | P
ers then rt up to 4 hours N

A Quinazoline vs. Quinoxaline

standard condition

CCD

9a 10a (99%)
@E@ standard condition ©: D
N
TBS
9b 10b (63%)
MeO
N\ standard condition |N
N
TBS N
9C 10C (70%)
g
N

: Regioselectivity for sterically constrained substrates (AG®® [kcal/mol])

Ph' /md
'@‘%" @E.—’L’ IPh

.0
X .,.' N
/ \
TBS
TBS —_ 115
TBS /—i / \(
-6.0
:aglPh IPh |
o R o
'O N’ W
7 Bs AN\
"{® " e
TBS 8BS
[ ]
N”l
1®
—_— e TBS

14
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1 2
R\@.R R _R?
h -~ r‘ll R1_R2
8 N ;
diazene Ny
Earliest model
Ar' Ar' Ar' Ar' ]
HONO ( Reduction < Oxidation C o Ar
NH —— NNO —— NNH, ————> N—N-
HgO or < i A2
Ar? Ar? Ar? Pb(OAc)4 Ar? N,
Electrophilic reagents
Na*-Q o
N:l\{
O Na*
Bn\N,Bn Angeli's salt _ Ph\L
H Ph
Limited substrate
HOH,C o o .
HO o Anomeric )LN \\S/’O N—!—OAC
HO carbon Art ] “oBn N3~ N, Ph
HO OH AcO
Anomeric amide azide iodonitrene

W. R. McBride et al. J. Am. Chem. Soc. 1957, 79, 6568-6569.

K. L. Hamm et al. J. Am. Chem. Soc. 1959, 81, 3294-3297.

R. G. Hiskey et al. J. Am. Chem. Soc. 1961, 83, 1374-1378.

T. W. Rave et al. J. Am. Chem. Soc. 1965, 87, 393-394. 16
P . B. Dervan et al. J. Am. Chem. Soc. 1978, 100, 1608-1610.
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(0]
Ar)J\N\ Glover's work
AcO  OBn 0
Ph
Anomeric amide NHMe N—OEt /Me
AcO Ph—N o)
N=N  +  Ph—4{  +  AcOH
CD30D N—Ph OFt
Me
: A
- el
N:
Levin's work
(0]
Qj‘\?\o THF, 45°C ;;i N-OBn
> I
N i i 0__0
H Anomeric amide FsC \]&
1 Bu
Substrate Scope
Me
Ph Ph
) 0 0
< 4 ) 5 6 7
Ph Ph /
Me Ph Ph
3a 3b 3c 3d 3e
72% 81% 62% 44% 47%

S. A. Glover et al. J. Chem. Soc. Perkin Trans. 2, 1992, 1661-663.
Mark D. Levin et al. Nature 2021, 593, 223-227.
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a
» Via P A
AN =~ standard condition -N A N
Ar ”/\/ L AT ONTTY ' e\ /m
:N\:\)
2ae 8,61%
Ar = 2,6-(0Me)2-C6H3
b
Ph No additive = 93:4:3 (3af:9:10
/\/Ph Ph/:/ ( )
A SN Spp _Standard condition Ar A +1 equiv TEMPO = 100:0:0 (3af:9:10)
H 3af ¥ Ar 10
. Me
2af intramolecular intermolecular Me R = Ph or Ar
Ar = p-CI-C6H4 product products N TEMPO adducts
R™ 07 observed
Me Me
c
AFAN/W standard condition /\A P >
H - Ar Ar H S
H o
2ag 3ag 1" R
Ar = p-Br-CgHy 30% not observed -H R = Ph
(K, =108s") | (K,=10"s™)
SN standard condition / N\
Ar N “ =
H - AN Ph AT N
Ph
2ah PN 3ah 12 1@
Ar = p-biphenyl 20% 19% RH
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Hammett plot Proposed mechanism
b o)
. E phond >—ph A
N 5 N Ph* Ph
Y ! 1 o 3
PivO OBn : )
X : _OBn
| h
| (@) 0]
: / F3C Y In-cage
0.64 ' Sn2 Nucleophilic ) ~ Bu radical
0.4 \  substitution Anomeric amide coupling
. -'BUCOOH
= 0.2+ |
E.;; ! \
= 07 ! 0
= 02 | Ar)Jt:r\b -PhCO,Bn & N,
! _— > _
-0.44 : N OBn Reductive GO homolytic NN
0.6 ! () elimination extrusion
=0.9 =0.5 =0.1 0.3 0.7 | I i
i
0<p=0.60<1
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O\\ /O
N3/ \N3
azide I) N3802N3, DBU, rt, DCM
(n+1) ii) then ‘BuOLi, 120 °C, dioxane |
cyclic amine n+1NH =" ncycles
1 2
Proposed mechanism
n+1
N3SO,N -N3, -SO,
O’
C
1 S . I
Curtius rearrangement N
-N2
-C
n -~
‘C

H. J. Lu et al. Angew. Chem. Int. Ed. 2021, 60, 20678-20683.
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Synthesis of chiral cycles

S i) N3SO,N3, DBU, rt, DCM

available ,--NH2  cyclization .. _N"" "\ jithen 'BuLi, 120 °C, dioxane " Y .

chiral / E —— | [ \ N !

hydroxylamines = "~--~q - Na o LS

28a’, 32a,', 32a,’ 28a, 32a,, 32a, 28b, 32b

R{e)
\\\O
[ :‘) "//
',’N
N 28b, 88%
28a dr > 20:1, >99% ee

ST gt | — O

H
32b, dr > 20:1, >99% ee

32a, 32a, (cis/trans = 1:1)
\ J 87% (from 32a4), 79% (from 32a,)
C-H functionalization
H straightforward R i) N3SO,Ng, DBU, rt, DCM R difficult H

C-H functionalization ii) then 'BuLi, 120 °C, dioxane C-H functionalization
NH NH > i

21
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A radical clock experiment

i) N3SO,Ng, DBU, rt, DCM
i) then ‘BuOLi, 120 °C, dioxane

B radical trapping experiment

Standard condition

O
Ph
35a

NH
Standard condition Ph
35b
-- 85%
0,
39a 39b, 56% BHT (1.0 equiv) 67%
TEMPO (1.0 equiv) 72%
C 1,3-radical shift experiment D p-fragmention
Ar
H Standard : : . Standard Ar Ar
condition \( - \( EﬁNH condition E( . _
| R R R 26b, 29% 26c¢, 67%
R Ar = p-Ph-CeH4
26a
40a, 41a 40a, R = p-Br-CgHy4, 58%
41a, R = p-Ph-CgH,, 45% Path a k/\ Path b
radical coupling Ar | p-fragmention
E 1,7-H abstraction
Standard
condition \
—_—
NH
Ar Ar Ar
17b, 349 o, o
Ar = p-Ph-CqH, 34% 17b, 7% 17c, 6%
17a Path a Path b

radical coupling

1,7-H abstraction

Q- Gt

22
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RZ R HTIB (2.5 equiv) R2 RS
. m H,NCO,NH, (8.0 equiv)
N—I—OAc R R4 TFE,80°C j:(
- N ’ R R4

Ph H
1 2
iodonitrene Formation of iodonitrene
® .
HO—I—OTs + H,NCONH, —— |FPhEN o N7I=OAcl =y
||3h Ph electrophilic amine source
HTIB iodonitrene
Substrate scope
MeO,C, MeO,C, ,Ph ¢0O-Me

O |

“Co,Me D/
PR

©\~ '/COZM e Q\‘

Meo2c,,‘ Ph

“co,Me
Br Br Br
2a, 50% 2b, 69% 2c, 48% 2d, 40%
Stereoselective synthesis
Memory of
N CO,Me chirality R CO,Me
M602C H
MeOZC

cis-6 dr>20:1, 95%ee

MeO2C H

trans-8, dr>20:1, >99%ee

cis-7, dr>20:1, 97%ee, 24%

Memory of
chirality CO,Me

MeOZC
trans-9, dr>20:1, >99%ee, 24%

A. P. Antonchick et al. J. Am. Chem. Soc. 2021, 143, 18864—18870.
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‘\'I'

Mechanistic experiments

MeO,C, Ph Standard MeO,C, Ph
é_ﬁ' condition I:'/
Br/® N CO:Me /@ “Co,Me
1b Br 2b
no additive 69%
TEMPO nd
1,1-diphenylethylene 21%

9,10-dihydroanthracene

Proposed mechanism

) 3 "_ . R2 R3
N (TN - N ¥y
SUSNCFQNT H
R1 ” R4 L\E) R1 e o R4
-PhI © N2
-HOAc n
1 nitrene transfer I

o — (L0

observed
R? R3
Stereospecific 1: /\R4
intramolecular 2
cyclization

24
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Seebach’s group (1993)

)J\ OMe - BuLi/THF, Mel

HOOC
Me OMe

Me
MeO COOH  ByLiiTHF MeO Me
- N\n/tBu o COOH
o NHCO'Bu

D. Seebach et al. Helv. Chim. Acta. 1993, 76, 2640—2653. -
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1
N o ' . \u
| 2
1 2 R
R R 0
1 B Molecular editing 2
(>40 examples)

B Novel Norrish Il
application

0 R
N
Q\% Q y

1 2
R R 0

Acyl Azacycles Amino Cyclopentanes

Proposed mechanism

R2

o i 2 oH |
HO ".‘ % 1,5-Abstraction 'U'}‘ Fragmentation \N ~. _OH
R2

R’ R" R? R' R2
3 4 5
Potential Challenges
. 2
: o) : Ho— R
R1 R1 : O § :
N . N . N~ ° ° 2
H R? H  -rR2 ) R 1
(0) (0] : R! E N’R
2 ' '

Futher Reactivity Norrish | Norrish-Yang
Ketone Excitation (1) Acyl Cleavage (Il)  Azetidinol Formation (lll)

R. Sarpong et al. Science 2021, 373, 1004-1012. 27
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05 365 nm 400 nm 450 nm
400 nm LED 1a Ernission Ermission Ermission
Curve Curve Curve
Benzene (0.2M) )
o rt, 24h Ph02S\N 0.4 h A
N H Iy ;
| o Ph Iy p
PhSO, Ph P ;o
03 1 \ | |
1a 2 ; 1 \ I 1
E ' ] ' ‘
Entry A (blue LED) NMR Yield dr 5 02 ’f | : “
1 365 nm 17% 20:1 4 \ / \ | \\
2 400 nm 73% 20:1 01 ff \ I \\
\ !
\
3 450 nm 0 - ~L. \__ s
- ’h- —
§ mm—m—m————— - —— ey o e ——
300 325 350 375 400 425 450 475
Wavelength (nm)
400 nm LED
Benzene (0.05M)
N 0 rt, 24h PhO2S-y
' H Ph
ArSO, Ph o)
1 2
O\\ //o O\\S//O O\\S//O (6] N //o O\\ S//o O\\ S//O
S\N ~N ~N S\N ~N ~N
H Ph H Ph H Ph H Ph H Ph H Ph
o H,C o CH; © F 0 Br 0 cl 0
2f, 59% (3.3:1 dr)

2a, 84% (20:1 dr) 2b, 79% (12:1 dr) 2c, 48% (19:1 dr)

2d, 63% (19:1 dr) 2e, 74% (12:1 dr)
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Asymmetric contraction variant

Enantiopure substrate

400 nm LED
Benzene (0.05M)

E3
MG\Q\N 0 t, 24h
|
S, Ph
3

O\\ /9 O\\S/P \‘Q
: S ~ N\ ':
Me

/
Iz
o
vl
0
+
<
()
T
3N
el
0

(e}
1b (Chiral) +2b
NS
(&/OH
TS Ph
Non chiral IV
Chiral ligand
(0]
N
S\N
H Ph
Me o
0 CPA1: (-) 4b o0 O E>
N 76% (20:1 dr) N
Ts Ph 92:8 er ” -
/~Ph
rac-1b Me (0]
CPA2: (+) 4b
89% (20:1 dr)
95:5 er
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[Transformations ]

OtoN

()

(0)

Y

StoN

NtoC
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(O =N)

Classic work Proposed
mechanism
NH2 (0] A|203 or T|02 NO
+ _—
y 0 Tmewee ()
Ar\ ,X
ArNH, + MX, _ > N-M
metallic Lewis acid-based N-hetero-cyclization of arylamine 1 X HoT X
Lee's group (2014) fo)
(o) Ar
AlMe,
ArN H2 + Q -3 - N -
2N 110 °C-150 °C 2
- X
, ) 4L::/ '?\r Ar\N_ )( AI'HN\CR)/'/_X
N -~ M\O - \®
Wang's group (2017) S ] <A ) (97
./A\\\ﬁ TiCly '/A\\q 4ors
ArNH, + o;[" o - Ar—N/M\/[: . o I
~2” o o h A
n 110 °C-140°C n
1 3 5

M. K. Hansuld et al. Can. J. Chem. 1952, 30, 1-8.

R. L. Shubkin et al. Tetrahedron Lett. 1990, 131, 2991-2994.
S. H. Lee et al. Chem. Commun. 2014, 50, 8985—8988.

Z.

H. Wang et al. RSC Adv. 2017, 7, 4363-4367. 32
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(O =N)

NH, o B(CeFs)3 (20 mol%) NI/X
R + R {) p-TSA (20 mol%) NS N2
= Ar, 180 °C R _
1 2
Ho
€]
Ar/g\/\/\o/B(CGFS)S
B(CgF -TSA
(CeFs5)3 FLPs p
Previous work
B(CeFs)s
— . 0@ B(CeFs)3 4/_/70@
\ /N N
\ 7/ @

~=-I

T

o) H, .
; ; %\/\/\0/
— B(CeFs)s ———
| Il

-B(CeFs5)3

W p-TSA H-02
N - @ / _)
O 4 A
H,0 H
2 1l

W. Sun et al. Org. Lett. 2016, 18, 1522—-1525.

B(CeFs)3
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(O =N)

@ (o) BF3'Et20 -
\ NH, + Q - \ N@
RS 32%-59% R
1 2 3
R =H, Me, F, Cl, NO,
( DFT calculation ) X1
M. Ph
X o.__N
n-1 ~< /H
M
M. W
o. N\H
Ph TS 1 TS 2 TS 2
7S 1 TiCly-mediated BF s ELO-mediated
26.9 25 T
J 21.0" AlMe.-mediated
i..- 13.9 . = s ﬁ.'—‘:.-'_
{ mmeh. 58T 1747
—.#- ) 82 . y I.' '_-."..
EGQJ, . R ‘{.‘;.__14 5
+1--‘-._ A N 'l.‘— —'183
o, — =17.5 : .
TRk ' —23.0
—
/Ph —35.9 Product complex
XnIYI-—-NH Intermediate | " o—
—52.3
0 Intermediate 1| -t
() O-M  Pnh
N/
&/NH
Intermediate |

Z. H. Wang et al. Chemistry of Heterocyclic Compounds. 2017, 53, 1365-1368.

Intermediate Il
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(O =N)

Kim's group (2019)

POCI
NH 3
. X 2 .\ OL):\7R2 DBU
o
=
( n 110 °C, 15 h
1 2

i
BN~

3,n=1,2

31 examples, up to 95% yield

POCI,

NH, t /\
@ N @ﬁ N =

DBU DBU-HCI 6
1a

H 2

|
N _P
7

3a — 8 -
Kim's group (2020) R\z
TiCl r
NHAPG 4
R1—| X . 0/\/R2 DBU | X N\(}n
= (3 120 °C R
4 2 5,n=1,2

APG = Me, Et, 'Pr, 'Bu

H. K. Kimetal. J. Org. Chem. 2019, 84, 6689—6696.
H. K. Kim et al. Org. Biomol. Chem. 2020, 18, 5008-5016.
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(S ==N)
KHMDS (3.0equiv)

RNH, (2.0 equiv)
_— we " ()
s [ox] S\Ar N

//S\\ R

o O
1 1 3

Mechanistic experiment
NH, KHMDS KHMDS
+ .

S then work-up .
o’ Yo NH>'so,
Me p-tolyl
1a 2a | Me
3a, quant.
Mechanism
2 KHMDS Q O -"K5,S0,"
S fast intermolecular intramolecular
0o S\AT reacti NK soy S\AT reacti \
NAr reaction N NAr reaction Ar
1a 2a

A. Osuka et al. Angew. Chem. Int. Ed. 2015, 54, 10234-10238.
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(N ==C)

CHztBU

%CHtBu

(PNP)Ti

Proposed mechanism

Bu
® X
- (PNPTIRP
Y -3 y S_,N Y
eqol
X 3 @CI
4 (o

.J. Mindiola et al. J. Am. Chem. Soc. 2006, 128, 6798-6799.

. J. Mindiola et al. J. Am. Chem. Soc. 2007, 129, 12640-12641. 37
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(N =C)

Cl
NO,
! N CH Ar’
Ar! A RlN,R2 A PFe e 3BF,
| X NO, _ fj H _ RlNWﬁ,w HsC” "CHy
R
N7 acetone, reflux N EtOH, reflux FI{2 éz NaOBu, N
96% Ar Cl then KPFg aq. THF, 120 °C, 16 h. R2
1 89% 3 4
2
Ar = 2,4-(N02)2-CGH3
[Mechanistic experiments] (,:?3 BE.-
s 4 CHy' Ar'!

D;C”""CD; Ar Ar’
- Ph r 1 PN R
Ph PFe NaO'Bu, RL _SAS AR RIS, HCTTCHy NN
OW’D THF, 120 °C, 16 h. 22 22 R2 N R? _R!

I\O 3 I n_st_ R
D

3a 4a, 92% (91% D)
RO"
CHj3 )
+& " BFy
HsC™~ "CH4 - . Me,S + ROH
- Ph
Ph PF f
6 NaO'Bu, Arl Ar’ Ar!

OW@ THF, r.t., 16 h. | N
A

1R2
N AN L NHRRE G —— Rt "
N~ N N N f}l
| ! ! R2 R2

L — 2 R2 H R2
3a 5a, Observed s R v I

N. Kano et al. Org. Lett. 2021, 23, 6126-6130. 38
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BEERE

N R®
TN Diazene R1mR2 RF@ )
1 n \ n+1 / / N [ | Amine N/)\

' ' ‘Electrophilic reagent / H R?
NS -N, \N ] ] B Ammonia
: Deletion Insertion B Ammonium
M J/odonitrene
N Sources
N_ .~~~ Rearrangement !
o, o= - g Transformations
' ! ase or '
\/ \
(o] N
S ———™ (N
N — (C
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N_ RS

N AN
RZ P

N~ "R*

Insertion
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