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Introduction

[Rh]
© - CO,Me
NF ~CO,Me

Since the 1880s f w

BlUchner ring expansion
Beckmann rearrangement Early 2010s

Favorskii rearrangement genome-editing technology
...... sparked the concept

T T
1 1

2006, Danishefsky 2021, Levin & Sarpong
“molecular editing” coined the term
“skeletal editing”

Me,, Me,
N NH y
in 1 step /&
Me CF3 Me CF
Natural products de novo synthesis in the lab

(1) Bi, X.; Wei, H.; Lu, H.; Song, S. CCS Chem. 2026, 8, 607-692. (2) Danishefsky, S. J., et al. J. Org. Chem. 2006, 71, 8329-8351. (3) Levin, M. D., et al. Nature 2021,
593, 223-227. 4
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Introduction

R’ .
; Peripheral edltlng ) : Skeletal edltlng 7 X i
R2 \ / E
R
O One-pot procedure O One-pot procedure
O Well-developed O Underdeveloped
O Modify peripheral functional groups O Modify core skeletons
O Core skeleton largely unaltered O Precise and minimal modifications
E R2 1 2 1 :
hes ol ot | || n
: — N C
. () N
. N NJ
E Atom insertion Atom deletion Atom transmutation Atom translocation

--------------------------------------------------------------------------------------------------------------------------------

Bi, X.; Wei, H.; Lu, H.; Song, S. CCS Chem. 2026, 8, 607-692.
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(1) Bi, X,, et al. Angew. Chem. Int. Ed. 2024, 63, e202318072. (2) Antonchick, A. P., et al. J. Am. Chem. Soc. 2021, 143, 18864-18870. (3) Vijaykumar, S., et al.
Tetrahedron 2021, 87, 132110. (4) Ito, H., et al. Angew. Chem. Int. Ed. 2016, 55, 3795-3798. (5) Koh, M. J., et al. Nat. Chem. 2025, 17, 719-726.
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2.1 Atom Insertion



Atom Insertion

Stevens Rearrangement (1928):

O Me O Me
| @ e NaOH, Hzo N
Ph)]\/N\Me Br r Ph “Me
[1,2]-rearrangement
Ph Ph
(a) Atom insertions of methylene azetidines e s s
0 Proposed mechanism
Lu & Li (2019): 2-3
Rh,(OAc)4 (2 mol%) 34 examples [CoJ*
> R 34-96% vyield ArN® = [Co*
DCM, r.t. — N<pmp ~1:1 Z/E No. 7
RO N
H .)Y 0
N INT 2
Feng & Liu (2023): OI rN - 21
CoOTN, Gmo%) A M. 47 examples
L3-PiMe,Br (5 mol%) =N N, 49-99% yields L
M - |
DCM, 30 °C | o 469%%ee ip _to Q Ar
.................................................... I N o) N|(+)\4§§
: 07 NN %
: o )>—\.~Ar\/§\ )Q{’ INT 3 R)\[rN‘N
. RO N — '
. NN O.
: R . Y INT 1 [Co]*
gL .NQ’ A
1 Z RS O-.
0 «@ ® 0 : Ar [Col [Col*
Me ﬁ‘ N NY Me : , oy , : 2.4
L . » Concerted mechanism Diradical mechanism :
/©:N\H,O@ 00. ’Nj@\ : : 22
Ar .
Br Me Me Br . N N :
: @ N@ — ®>ANI = . \
L;-PiMe,Br : N/ / N
. RO N : .[Co]*
: O.. ' O. . : /R
[Col* [Co]* Y
: N
I h A [ h B : 2
on palr mechanism on palr mechanism . INT 0

(1) Li, G.; Lu, H., et al. J. Org. Chem. 2019, 84, 10877 10891. (2) Liu, X.; Feng, X., et al. Angew Chem Int. Ed. 2023, 62, €202307249.



Atom Insertion

Possible cheletropic extrusion side reactions
Os_OR
N2 @ @
T L A[PG‘N/\EWG
/\ EWG YA

(b) Atom insertions of aziridines

PG. £
—> NT  EWG

RZ NNHTfs

o)
27 'Y 2-6 Os_OR H R?
29
EWG 3
8 examples N)\‘OR - Y R > R1w 47 examples

_R70 H .
176 g_g Q‘VZIZES |:| Arnold (2022) N Bi (2024) 16 OR 62-95% yields
‘EWG E. coli harboring Rh,(0Ac)4 (2.5 mol%) ¢)
P411-AzetS . 2-5 K2CO3 (22 equiv)
whole-cell suspension \____ R
M9-N (pH 7.0), r.t. DCM, 60 °C

DFT calculation of Bi's work:

/\/D
[Rh].. 6.8 kcalimol [op, N

g‘ Ph 2O )—0Bn
[ ]j)\ —> K%NJLOB $

PP n

Ph N o P 26.3 kcal/mal j\
NN N
Int1 Int2 PR " N" S0Bn

(1) Arnold, F. H., et al. J. Am. Chem. Soc. 2022, 144, 4739-4745. (2) Bi, X., et al. Angew. Chem. Int. Ed. 2024, 63, e202318072.



Atom Insertion

(c) Koh (2025):

R
N
. 2-11 0 2-13
| =
212 N0 Br. PO(OEt), L : n=1or2 O _F 2-14
39 examples - X > E 32 examples
45-99% yields Cul (10 mol%) F Cu(CH3CN),BF4 (5 mol%) 30-88% vyields
KF (2 equiv), DME, 0 °C 2-10 KF (2 equiv), THF, 80 °C
quenched with H,O
“ AG (keal/mol) .
F
F.. 12.7 “==ICu]
F) 9.3 Fo
QA T8t TS1 /&
Ph

TS2
+
*CF2 [cu=cF R F
' (] - 2 F +
Int3 Int1 Int1 X OX‘;[CU]
F .

Ph PN .
\./\O F,} . FI%[CU] F>< Ph
F F +
A o) o” Ncy]
Ph Ph” \_(
' Ph
Int2 Int2
(van der Waals  (van der Waals
complex) complex) CH3CN 2-14

+ + .
. AU [Cul=CF> FCF2 -50.9
[Cul"= HiceN” \ 'NCCHs LUMO: -3.15eV  LUMO: -2.80 eV
NCCHj (more electrophilic)
Cu(CH4CN),*

LT[ 514

(1) Koh, M. J., et al. Angew. Chem. Int. Ed. 2025, 64, e202505033. (2) Chan, E. C. Y.; Liu, P.; Koh, M. J., et al. Nat. Chem. 2025, 17, 719-726.
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Atom Insertion

(d) Koh (2026):

X 5 o oH i B(CgFs)3 (10 mol%) O\f®
1 : (o] - s 1
Q’\?@ + R2—NH, + : HJ]\H or R3J\OH or N//\N N/\\N : MeCN, 80 °C, 5 h \[ or RI-- \/N
' /" ! thenrt or8o°c,s h R2 R?
2-15 2-16 E 217 218 219 E 2-20 2-21
X=0,N (2.0 equiv) ' (5.0 equiv) (3.0 equiv) (3.0 equiv) : 64 examples 9 examples
(1.0 equiv) ettt 20-90% yields 34-78% yields
Control experiments: reaction sequence
O
2-16a 2-15a \ S c
+ —_— + r \l C\\S + J/\j S 2-15a
2-17 or 2-19 S.C. Ph “Ph
Ph ph/ \/ 2-22 or 2-23
prestirred > 95% 2-22 2-23 2-20a
recovered 21% yield 81% yield < 3%
Control experiments: existence of amino alcohol intermediate
2-15a MeCN He _H . o
O L ey 247 J@
(o] N\
2-16a 80°C,5h Ph Ph MeCN, r.t.,, 5h Ph Ph
2-24a 2-20a

Koh, M. J., et al. Nat. Synth. 2026.

with 10 mol% B(CgFs)3, 98%
without B(C¢F5)3, < 3%

with 10 mol% B(C¢Fs)3, 95%
Wlthout B(C6F5)3, 650/0

11



Atom Insertion

Analysis of B(CsFs)3—~PhNH:2 adduct and its FLP reactivity

A
_O-E(C. O s
HO-B(CeFs); in MeCN _____ MeCN-B(CcFs)3 4 Standard conditions HO/\(\NHPh
(0.01 mmol) (1 mL) + PhNH2 + B(CSF5)3 -
Ph
: Ph 2-16a
(N J
B 2-15a Y 2-204
A components in figure C 94%
’ H20 -BCgFs)y in MaCN with O/ —Ph 1 N
Il (0.01 mmal) (1 mL) (0.1 mmol) ||
_______________ L | H S | | Proposed mechanism
C HyO-BiCzFsly + MeCN H H 216 ,H ’H 2-15
(0.01 mmal) amy Ph-N-B(CeFas + | Ph—H -B(CeFslal-Mech . MeCN-=>B(CgF5)3 — RZ_’\{_»B(CGFS)3 ~— RZ_N\ * B(CeFs)3
¥ IDE;II"':'I'-I':'IQCII) cal 64 0359 cal ) p4S 0625 l H H
ﬁ found 604.0369 found: 645.0626 'll FLP reactivity
— | I | I
22 jezzEaEs) i H B(CeFs)3 ) 2
evaporate the above residue W S e 1000000 Ph—N—B(CgFs)s in CDCI (CqF ) H. R2 _R /\ _R
then '%F NMR in CDCk with Ny ' \ | ¥k 6553 Z OH HN 2 17
\ - 0 x A / 1,5-Proton shift 1/ B(CGF5 /
S S0 B S50 S5 i@ R
fl (ppmd
—lI3U —ll35 —ll-1D —ll|5 -1 —lI55 —lIEaEI —llﬁ5
1 {ppm}

Koh, M. J., et al. Nat. Synth. 2026. 12



Atom Insertion

"Cut and sew" strategy (2012):
R1
=
R

R2
R
R 1
N — M, x i
—
"Cut" [M] "SeW" R3
R4

(a) Atom insertions of hydroxylcyclobutanes: Wang (2014)

: Murakami (2014):

R’ : 2-28 (L1 j-2-28 (L2
N :_CO,R? complete : , OH (L1) epi-2-28 (L2)
——OH . in [Rh(cod)(OH)]2 (2 mol%) 4 O?—I . P . : L H 9 examples 9 examples
[ R" “CO,R? e 100G _regioselectivity : Ca, A4578% yields  68-94% yields
© diastereoselectivity " Et >90% ee >90% ee
2.25 2.26 2.27 : Et 3.9:1-141d.r. 2.3:1-13:11d.r.

24 examples
40-90% vyields

/@\(PtBuz
oPh, PhoP ™~ 1o

(b) Atom insertions of siletanes: Wang (2021)

OAO O/\O

Fe H
PPh, @'
U ™
PdCp(n3-C3Hs) (4 mol%) R 2.31 o) )—Me E (R)-SEGPHOS (L1) (R,S)-PPF-PBu, (L2)
NNHTris L3 (6 mol%) . P—N . :
Si-@ + - /Ar 33 examples / \—M - .
L oy . S 16-92% yields o s Me T e e e e e e AN AR A EEEeEnnennnn. :
Ar R LiO'Bu (3.0 equiv) ‘ 36 1o > 99% ee Ph
2-29 2-30 dioxane:PhMe = 1:1, 0 °C
L3

(1) Dong, G., et al. Angew. Chem. Int. Ed. 2012, 51, 7567-7571. (2) Wang, J., et al. J. Am. Chem. Soc. 2014, 136, 3013-3015. (3) Murakami, M., et al. J. Am. Chem. Soc.
2014, 136, 7217-7220. (4) Wang, J., et al. J. Am. Chem. Soc. 2021, 143, 12968-12973. 13



Atom Insertion

(c) Atom insertions of donor-acceptor cyclopropanes (DACSs)

Q R
@N 2-33 N 236
CO,Me _N* \
Proposed intermediate 2-34 WC?} Me .\N'N Ph © 2-37
24 examples A > N CO.R 14 examples
41-98% yields .,N\NcN Xu (2014) Banerjee & Chattaraj (2016) e 2% 63-77% yields
[ NEN-N_ TiCly (20 mol%) Mgl, (20 mol%) COR
® OR! HFIP, 0 °C to r.t. 4 AMS, DCM, 30 °C
OMe (
A R?
O'e\ CO,R
ClyTie 22 | I
| 4707 SoMe a Xylene | reflux CO2R
2-32
£ \
H H
=2 @,)\l =N 0.35 CO,Me Tssy#'~py, 2-38 CgéiR 2-39
/> CO,Me 5 examples CO,Me N 36 exoamples
=N Co,Me 40-52% yields N\. Parasram (2025) ‘e 39-92% yields

Mgl, (50 mol%), TBAI (1 equiv)
PhCF3, 23-40 °C

(1) Xu, P.-F., et al. Org. Lett. 2014, 16, 4896-4899. (2) Chattaraj, P. K.; Banerjee, P., et al. Org. Lett. 2016, 18, 4940-4943. (3) Parasram, M., et al. Angew. Chem. Int. Ed.
2025, 64, €202420485. 14



Atom Insertion

Possible mechanism Cation probe

Ts Ts B q9
r!l ® pp [l] ® ph TS : oTTTTTTTTETETERI IR X
Mg” ¥~ Mg~ N\~ IMg/N\CT)/Ph : com 2-38 R CO,Me ] COMe
2 2 . Mg ——— M : '
R*Q PR ‘/6+ 5 OR : R\V/Ago o,  Standard o COMe + RWCOQMe :
@ Q/~O--umgl, Q0= >mgl, .’vfo\ : 2 conditions Ts ' NHTs E
O | =0~ R20™N~_ “Mgl, | 2-32 2-39 ; 2-40 :
R20 B R?0 1 L 4 ¢ aR=Ph11dr a, 78%, 1:1 d.r. ' both ND '
- - . b,R=H b, 68% e ‘
Dipolar ring opening via y-iodoenolate Nucleophilic ring opening
Nucleophilic ring-opening : Chiral probe
Me ' COMe | CO,Me : pTmTmmmm s .
2-38 i Me 2 . Me 2 . - CO,Me 1 CO,Me
CO,Me — 3 ! COMe | \E(‘CO Me : Co,Me  2-38 2 ! 2
: 2Me 2 . | >< —_— . :
]> ~CO,Me Standard N, ! N : ¥ >coMe Standard ! 17COMe N' COMe
Ph ' Ph Ts ' Ph Ts Ph conditions | PH ‘s ' Ph“' s
cis-2-41 i trans-azetidine | cis-azetidine : E ;
trans-2-41 L cis-2-42, 37% | cis-2-43, ND : (S)-2-32¢ _ (R)-2-3%¢ (S)-2-39¢
' trans-2-42, NR | trans-2-43, NR : > 99% ee 1, 1%, >99% ee | ND

................

Parasram, M., et al. Angew. Chem. Int. Ed. 2025, 64, e202420485.



Atom Insertion

Baeyer-Villiger oxidation:
0
0.
X v X
v
R
R” "R DCM R” ~O
(a) Ding (2008) (b) Jiao (2023):
0] Ar 3
R o @ l, (20 Mol%) R3 o
: PZ -9 0
R Mok 2 g Me”“>Me  MeNO,, 100 °C = R
2-44 O
12 examples 2-45 2-46 2-47
o P Ar (1.0 equiv) (5.0 equiv) 22 examples
91-99% vyields o)
55-93% e Ar = pyren-1-yl 41-94% yields

RZ R R2 R

(1) Ding, K., et al. Angew. Chem. Int. Ed. 2008, 47, 2840-2843. (2) Jiao, N., et al. Green Chem. 2023, 25, 7079-7083.




Content

2. Skeletal Editing of Strained Rings

2.2 Atom Transmutation and Translocation
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Atom Transmutation

(a) Hong (2023):
. 1) LDA (1.2 equiv), THF, 0 °C I . 2 Bpin R?2
ud Bpin  (DLDA(12equv) > PhO—Pog oo LOHH0@equy)  BPIRR \
v + ; PhO >
R R Bpin (2) PO(OPNCI (1.3 equiv) LA OWForTHR L o
THF, 0°C to rt. R! 5P R Cho (2023)
R 3-4
3-1 3-2 3-3 17 examples
i i 15 |
(1.0 equiv) (1.2 equiv) 15 examples exampies 60-92% yields
: 55-89% yields o
51-95% yields 93-> 99% ee 92-99% ee
’ 12:1-> 20:1 d.r.
3:1-> 50:1 d.r.
(b) Bi (2024):
TpBAg(thf) (2.5-10 mol%) \
o] NNHTfs  'P A9 : o Br B
./Q\. + NaH (2.5-4.5 equiv) N/N \Br Br
DCM, 60 °C Br—/_ 1 1\ N
3.5 3-6 3.7 =N N;};\ﬁ B )—Br
(1.0 equiv) (4.0 equiv) 64 examples Br
42-96% yields Br Br
3.5:1->20:1d.r. TpBr3
Proposed mechanism
o)
Ph A 3-5a ;
[Ag]
NNHTfs N, [Ag] Int2
NaH [Ag] ph—f~cr o~ 2 e \/A‘.‘ca
3 Ph
P CFy T Ph)J\CF3 — Ph)j\CFe, O+ i: Ph
3-6a Int1 Int2 Ph Int4 3-7a
(o}
Int3 )j\ 374"
Ph” “CF,

(1) Hong, K., et al. Angew. Chem. Int. Ed. 2023, 62, €202302638. (2) Cho, S. H., et al. Org. Lett. 2023, 25, 4130-4134. (3) Bi, X., et al. Nat. Commun. 2024, 15, 1951.18



Atom Transmutation

(c) Koh & Zhang (2025):

p-Tol . CN Boc

: N
CBry (2 equiv) ) PMP
(o) Ru(bpy)sCly-6H,0 (1 mol%) Br Br Nucleophile ° . | % ><
o . Cl
X » . o
DMF, r.t.,, 2 h Conditions : Me
456 nm blue LED : Y —~ é o} o] o) o)
ss then heat 50 2410 3 0 Ph @ @
60 examples 3-10a 3-10b
21-98% vyields : 85% 98% 3-10c 3-10d
3 93% 54%
..................................................................................................... Peccccccccccccccccsccccccscopeccssccccccsscccccsssccccssssccccssssccccssssccee
5 X
. . . PMPNH, (4 equiv) yToommmmommemsmmmmsemsess LT
(i) Standard conditions (this worQ DIPEA (210 equiv) + Vilsmeier-Haack conditions: 'Y 2 ga CBry, [Ru] Br O "H/D
. . PR b _—
3-8a (ii) Vilsmeier-Haack conditions (_;3;)9;/ DME-DMSO = 1:1 (?)';goa/ : PBr3 (2 equiv), DMF, 60 °C, 3 h S rt., 465 nm, 2 h
i) A | dt 1 (] ) : 1 (] : ifr . : :
(iif) Appel conditions (i) 97% 50°C, 15 h i) < 2% | Appel conditions: ) e 0~ "p
1 CBry (2 PPh; (2 DMF, 60°C,5h ; :
(iit) 45% one-pot (iiiy < 2% ; CBr4 (2 equiv), PPhs (2 equiv), DMF, 60 °C, 5 h i 3-11, 71% (from DMF)
: d-3-11, 72% (from DMF-d;)
Bre |
Br._Br _N H |
Y i Pathway A 5O _NDH «
Br o) Bromide attack |
(O \Br
— /Nﬁ/H Qo= Op,
N~
Br Ru(bpy)s>* [!l O _Br 7 Br‘&/ :O<>—R ~ R
Br | Br d \|/ Br BrO Br Br Vilsmeier-Haack R
Br H Br reagent HX,
base
*Ru(bpy)s?* o 5,© R
Br : O<>— N Heat
@l _ *H*Br @r!ﬁ H =
g — T < g N
Ru(bpy)s** Br Pathway B 0 Br Br
g Br Oxetane attack k O, )L 01)\/Br DMF
R

Zhang, X.; Koh, M. J., et al. Nature 2025, 647, 906-912.
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Atom Translocation

(a) Leonori & Ruffoni & Merino (2023):

Conditions A or B> D—NEt, Conditions A Conditions B
NO :°N Et,NH (4 equiv), P(O'Pr); (10 equiv) Et,NH (8 equiv), P(O'Pr); (20 equiv)
312 2 H3 13 solvents solvents, r.t., 16 h, 427 nm
I ' rt., 16 h, 350-427 nm then r.t., 16 h, 300-350 nm
(1.0 equiv) 31 examples
45-93% yields
Proposed mechanism
hv P(O'Pr); Et,NH
— = e e 74 e 74 \ —_— 74 hVi
N/O * > NEtz / NEt2
NO, 3 N: N- N NN N\ NH XN
312 Int1 Int2 Int3 Int4 Int5 Int6
Sy nitroarene T, nitroarene singlet nitrene azirine ketimine 1H-azepine 3H-azepine
(b) Takaya (2025):
UV/Vis spectra
0.10
. = pyridine
Bpin Bz .
N . 0.08 PhMe,SiBpin
S o . ! PhCOCI (1.0 equiv) L H T ozlEp .y
N_ H N — :
| PhMe,SiBpin (1.9 equw)> \ pyridine (1.0 equiv) ( . 006 | pyridine + PhMe,SiBpin (1:1.9)
benzene, 25 °C, 365 nm > g 02 Minb
SlMezph benzene, r.t.,, 12 h SIMeZPh .g 0.04 | coll |er!||;lhe:Z1‘?gecm
K-1
3-14 3-15 3-16 <002 ¢
(1.0 equiv) 24 examples 0.00 | ~
18-83% yields ) T~
=0.02 ‘ ‘ ‘ ‘ : :
250 300 350 400 450 500 550 600

Wavelength / nm

(1) Merino, P.; Ruffoni, A.; Leonori, D., et al. J. Am. Chem. Soc. 2023, 145, 27810-27820. (2) Takaya, J., et al. Nat. Commun. 2025, 16, 2426.
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Atom Translocation

Time course analysis

Bp|n

N Bpm
I NS Standard SIMezph N
= Condltlons (_p\&MezPh I/\J/
3-14a 3-15a 3-17a
Interconversion between 3-15 and 3-17
Bpin benzene-dg Bpin

4N EE NN E NSNS E NN NN NN SN NS NN SN NS NN EEEEEEEEEEEE,

Bpin 3-15a 3-17a 3-18a 1

N ! 430 nm + 30 min 14% 1% 0%

@ : 430nm+2h  48% 1% 2%

SiMe,Ph 430 nm +85h 85% 0% 3%

3-18a E‘ 365nm +2h quant. 0% 0% 'E
Bpin

benzene-dg YOH

AN —_— N _SiMe,Ph >
5\ ?S R 140 °C, 2 h M 365 nm, 25 °C, 1 h 5\ ?S R
R & SiMePh quant. RTNF R quant. L TSiMe;Ph

R
3-15a,R=H 3-17a,R=H 3-15a,R=H
3-15b, R = Me 3-17b, R = Me 3-15b, R = Me
DFT calculations
Bpin - Bpin - .
lp\ Ip Bpin * SiMePh |*
| N ~SiMe,Ph | N_ .SiMe,Ph N A N,Bpin
Sea: \"__
O U u,,SMeZPh <\ ==\
TS1* 3TS1* 1TS2% [+67.4] TS3
Bpin hv . .
_SiMe,Ph B ; Bpin
PhMe,SiBpin Bp'” ’ hv N _SiMe,Ph / 1,2-Si migration \ >pin almost barrierless NP y
—_ N D EEE—— | (photochemical) N + ~
| 1s1* +72.7] L &—J\ electrocyclization ~ \ SiMonph
3-14a Z 3TS1* [+47.1] o SiMe,Ph  (thermal) Me2
Int2 [-7.7] 1,4-Si migration H

TInt2* [+61.0]

TInt1* [+71.5]
3Int1* [+35.6]

Takaya, J., et al. Nat. Commun. 2025, 16, 2426.

TS3 [+32.5]

trans-3-15a [-0.3]
heat cis-3-15a [+1.0]

21



Atom Translocation

(c) Alcarazo (2024):

Rhs(esp), (1 mol%)
K3PO,4 (2.0 eqqu 3-20 - NN
\ .S 4 AMS, DCM, X Standard conditions =
-78 °C tor.t. 3-22 3-23

3-19 TfO" 3-21 28 examples
(1.0 equiv) 3-20 7 examples 21-90% vyields
(1.2 equiv) 23-49% yields
DFT calculation
4 + toH

/,
N, N” = Ph: k///N

| —> Ph J 1-cyanocyclopropane pathway

+ 4
Ph 3-21a
Q\ TS1 Int2 [-91.0]
A .
G 1.9 -27.9
PH 1N [1.9] [-27.9]
Int
[0.0] +, ¥
Y . ;j A A D
)D p 1 p pyrrole pathway
Ph
Int4 N insertion

TS2 Int3 TS3 [69.8] product
[6.6] [-6.6] [-4.5] [-116.5]

Alcarazo, M., et al. Angew. Chem. Int. Ed. 2024, 63, €202403826.



Atom Translocation

(a) Zhu (2023):

Control ] t
Pd(MeCN),(BF ), (10 mol%) Q ontrof experiments
Selectfluor (1.2 equiv) \%
W MeCN/H,0 (4/1),rt., 2 h (\h ) Partial Standard conditions )& Standard conditions» o
324 325 : decomposition yithout Selectfluor COOH without Pd E d
(1.0 equiv) 58 examples 3-24e .
44-95% yields 3-26a, 47%
\/Eg Standard conditions i Standard conditions 0O
CeH13m™ "CgHqz without Pd without Selectfluor C.H 6713
HOOC BnOOC CeH1s CgH13 CgH13 6113
3-25a, 61% 3-25b, 69% 3-25¢, 66% 3-25d, 47% 3-24f 3-26b, 10% 3-25f, 0%
r.r. =4:1
0]

Pd(OAc), (10 mol%) R O—/<

PhCOOH (2.0 equiv) Ph 2N NaOH
r

Selectfluor (1.2 equiv) MeCN

MeCN, r.t.,, 2 h
3-24g 3-27, 34% 3-25g, 83%
Proposed mechanism
. HX
F dyotropic
Pd” Pd" Selectfluor | rearrangement HQ PdV-F HO F 1 O
HOy ) =225 HO, e > ﬁ» P N
Pd"

Zhu, J., et al. Science 2023, 379, 1363-1368.
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Atom Translocation

(b) Wahl (2023): Kang & Qu (2024):
---------------------------------------------------- (LA ELEERRRERERERERENNERERERENEEERERENENENERRERENLNERENENENNELENERRERNE]
: o) i 0 o)
: /' Pd(MeCN),Cl, (5 mol%) ' Y Pdt(PhCN)zc'z (5 mol%)
. ¢ . ' BuONO (10 mol%)
' BuONO (1.0 equiv) ' >
* R ot . R H,0 (5 equiv)
- R H,0 (30 equiv), EtOH, 30 °C R7I i R o 2 R
; R . BuOH, 0,, 30 °C R'
: 3-28 3-29 ' 3-28 3-29
. 22 examples ' 26 examples
: 34-97% yields 1 17-97% yields
e o o e e JessssEssEsEsEEEEEEEEEEEEESEEESEEESEEEEESEESEEESEEEEEEEEEEE
' Proposed mechanism tBuONO
: Pd'LCl
E Int2
' (L = PhCN)
CILPd"- -
PAOL Int1 PdY/Pd" cycle H,0
Int3

5 A

(1) Wahl, J. M., et al. Angew. Chem. Int. Ed. 2023, 62, e202215381. (2) Qu, J.-P.; Kang, Y.-B., et al. Org. Lett. 2024, 26, 6454-6458.
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2. Skeletal Editing of Strained Rings

2.3 Atom Deletion
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Atom Deletion

(a) Typical procedure for the N deletion reaction

~
70N

electrophilic N source
N >
N Diazene formation

(b) Levin (2021):

{ 1 - N2 PEOIN

\GHA —_ " D
N v
N N, release ot

1,1-diazene

. 0]
.l )\. + N THF, 45 °C
N PNG OBn T
iv
H FsC
41 4-2 4-3
(1.0 equiv) (1.5 equiv) 30 examples
25-86% yields

OMe OMe !
_ 4-2 N ; OMe
N/\/ —_— N* \/\ ' N\
H THF ; via P ’}‘/m
OMe OMe E N: )
4-1e 4-4,61% 5 OMe
Radical clock
4-2
AFANN —_— + Arw
H THF  Ar
4-1g 4-3g 4-7
Ar = p-bromo phenyl 30% not observed

@eccccccccccccccscccscccoy

. Me

: q A Q)ZIPh

: Ph Ph QS
: Me

NC
4-3a 4-3b 4-3c 4-3d
. 72% 81% 57% 71%
In-cage C-C formation
4-2
ACNTPh T NP o+ o AUPh 4 A~UA
H THF Ar Ph Ar
4-1f 4-3f 4-5 4-6
Ar = p-chlorophenyl
without TEMPO 93 4 3
with TEMPO 100 0 0
/\ /: 4'2
" Y THE AN S
Ph Ph
4-1h 4-3h 4-8
Ar = p-biphenyl 20% 19%

Levin, M. D., et al. Nature 2021, 593, 223-227.
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Atom Deletion

(c) Antonchick (2021):
. 0] .
HTIB (2.5 equiv HO—I—OT: '
(2.5 equv) it I Ph—I—OH
or  NH2C0:NH; (8.0 equiv) OR Ph : N N,
” TFE, 80 °C HTIB ! _— c) >
0 M HOA y s
4-9 4-10 5 - c NO
(1.0 equiv) 35 examples '
24-88% yields .
(d) Lu (2025): ' Selected examples
-~ DPPH (3 equiv) :
rmoN i ~ '
:\"'PU K2CO3 (3 eqUW)> "n\’ Ph, O : BocN o
N 2-MeTHF/H,0 — P Yo-NH: E %COZH Q g
: o ' BS RO ‘:
white LED, 50 °C DPPH : [}j HO
4-11 4-12 . Boc
(1 equiv) 21 examples E 4-12b 4-12¢ 4-12d 4-12e
36-91% yields 5 49% 84% 52% 62%
A. Detection of triazanium intermediate C. Radical capture reactions
np np . NBoc
' ] fPr : TEMPO TEMPO
NH DPPH, K3PO4 + N:NHz white LED : HN TEMPO (3 equiv)
> NH, — : > +
CDCly/H,0, r.t., 2 h 12h : Standard Conditions N N
Phy,PO,” PMB . T / B /
PMEB PMEB : N s o¢
' s
_______ e AR AT A A1822%  a19.31%
B. Reactions performed with/without LED
<”Pr <”Pr <”Pr "Pr
4-15a N_N=‘ “\ Ny Standard Ny Standard Conditions [ 4-16, 27% white LED 4 484
54% 2 + o + N B T — > | 4-17, 49% —> i
_)_ _)\_ Conditions No LED 4-15a, not observed 12h
PMB PMB PMB PMB
417, 2% 4-16, 6% 4-13a

(1) Antonchick, A. P., et al. J. Am. Chem. Soc. 2021, 143, 18864-18870. (2) Lu, H., et al. J. Am. Chem. Soc. 2026, 148, 1013-1021.
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Atom Deletion

D. Proposed mechanism

Q, _ No LED H H Q N—N’
N=N i LSRR R N-NT
Q RiNH, Ny
2 DPPH 2 4
o oy Sy |
- Q N - N
NN »>| N-N:[—> [ @ |—> -0-—>’
L _ LED y
(e) Tan (2025):
Boc (1) TMSOTY, DCM —
N > AcO I OAc
(2) PIDA (3 equiv), NH3-H,0 (10 equiv) —® Ph
CD50D, 40 °C N\ PIDA
4-20 4-21
88->99% ee 30 examples
18-68% yields
60-98% ee

Jiang (2025):
Method A

Levin's reagent, THF, 45 °C Lu & Zhang (2025):
3 examples, 46-53% yields, 86-91% ee DPPH, (K,CO3), MeOH, 60 °C
Method B N\ 31 examples, 46-99% yields

DPPH, K,CO3, THF/H,0, 60 °C or 25 °C
3 examples, 51-86% yields, 86-91% ee

Lebold & Sarpong (2023):
Levin's reagent, THF, 45 °C
26 examples, 8-61% yields

(1) Lu, H., etal. J. Am. Chem. Soc. 2026, 148, 1013-1021. (2) Tan, B., et al. Nat. Chem. 2025, 17, 393-402. (3) Sarpong, R.; Lebold, T. P., et al. J. Am. Chem. Soc. 2023,
145, 10960-10966. (4) Jiang, Z., et al. J. Am. Chem. Soc. 2025, 147, 12410-12417. (5) Zhang, T.; Lu, H., et al. ACS Catal. 2025, 15, 5825-5834. 23
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Summary

> Atom insertion ——

(a) Stevens-type rearrangement : (c) Baeyer-Villiger-type rearrangement
.E\lﬂ. i —_—
R 3,[ ] : X-LG 0 X-LG O
| R 4+ & Ring expansion R 1/. . u \L )s
/N P [tj \l}l \ . <n> <ny 'Il+1)
“© ee  n» mees - 7

TG "cut" DG)\ l. = . X+ _sew! DG\J/. or DG\/X\
:n%o ’ (I or DG S SV i \ Ln+1,)
v -~

> Atom transmutation —— Few reports

« Easy to open, hard to close

Nu

A —_— Nu . . . _ .
LN T P At High ring-strain energy

_ / \\/
n
1st attack . . .
|_> w » Challenging C-C activation process

« Multiple side reactions




Summary

» Atom translocation ——

(a) Light-induced reaction

R R
! J

R

X R
lar] — S Wy | Xy | — X
L Activation @ @ I b
VY

: (b) Intramolecular rearrangement reaction

LG Nu
I\ AL
(,’\ ’J\
2N \n+1, (n+1
<\n,> e \\--Jl

v

» Atom deletion —— Few reports

e r=
electrophilic N source {n
> N

1l

N

Diazene formation

Thermodynamically unfavorable

Lack of appropriate leaving groups
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o

> [l
> 97 ]

R |

N R, R-Si
N L]
1. Through atom deletion

H

2. Through atom translocation

e
3. Through atom transmutation

PG

e

activation

Well-developed D O R, R
N Si
> LD 3

R (0]

Underdeveloped

S oxidant H .0

O

doeo s (0
QQOO‘RO

Ramberg—Backlund olefination
- O

decarbonylation
O - O

activation LG

PG@®R

e

R
'O rearrangement X

\ @ g

\=\. [2+1] X
./L\.

32



Seminar

Thanks for Listening

2026.04.10



Supporting Information

Schomaker (2017):
0 e 5 © pn
R .
R? P N> Rhy(OAc)s (3 mol%)  R40,C..) )Lo : [Rh]
N” 0 + U - 2 N : (
R?=<:J\) R3” “CO,R* DCM, r.t. N 5
H R? : C5H11
S-1 S-2 S-3 \y
(1.0 equiv) (1.3 equiv) 20 examples : A3 strain
40-92% vyields ; S-3a
3:1t0>19:1d.r. E E = COOMe
R?Z  NNHTfs

Ox-CR R3 JU S-6 R
Y - N~ “OR R cF,©

48 examples

A\ Nenajdenko & Liu & Ning (2024) R’ 2 CF,  68-98% yield R
S Rhy(esp), (2 mol%) R R3 Possible byproduct of Nenajdenko's work
) NaH (2.0 equiv) 6.6 kcal/mol higher than S-6
DCM, 60 °C
Ar? Q
.S,
ZhaE(20:48) * ,. s ©\/L” tBu
— ) Si 29 examples 1
P PAr
> EJ\ 45-88% yields 2
[Rh(C2H4)-Cll5 (2 mol%) 83-95% ee Ming-Phos
Ming-Phos (6 mol%) Ar! = 3,5-Bu,CgHs
1,4-dioxane, 15 °C Ar© = 3,4,5-(OMe)3CgH>

(1) Schomaker, J. M., et al. Angew. Chem. Int. Ed. 2017, 56, 12229-12233. (2) Ning, Y.; Liu, Z.; Nenajdenko, V., et al. Org. Chem. Front. 2024, 11, 3358-3363. (3) L1,
Z.; Zhang, J., et al. Green Synth. Catal. 2024, 5, 205-210. 34
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Wahl (2021):
O
i | | >=OH
+
R NH,
S$-10 S-11
(1.0 equiv) (1.0 equiv)

Cl< Int1
| OH [+0.2]
HCI ) Ll
Ph “—N
Int2 (o )ﬂ_
[-7.1] Ph
Int3
[0.0]

Wabhl, J. M., et al. Angew. Chem. Int. Ed. 2021, 60, 9719-9723.

then TCICA (0.33 equiv)
H,0 (10 equiv), r.t.,, 16 h

OH
MeOH, 70 °C, 8 h o Cl
! g : O
. i N

S-12
17 examples
44-96% yields
66:34 to 87:13 d.r.

TS2

[+23.1] -

L Cl Ph
[+22.2] [-28.0]
Cl ¥
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Intermediate catching

20-83% yields S-16, 88% ('H NMR yield)

R’ : Cl
ZnBr, (10 mol%), PhCI, 60 °C R2 l{l R4 : S-14a cl
> | 1B} : Standard conditions \©\ Me work up 0
then DBU (3.0 equiv), 60 °C : N > —_—
. Ph
S-13 S-14 $-15 : Ph)\/\/Br S-16', 71%
(1.0 equiv) (1.1 equiv) 52 examples : S-13a — -

Intermediate catching

Me Me Ph COZMe
M602C MeOZC
S-14a Z N Me

> E Ph‘NH S-14a E’h
” * ! : Pho N, 8. 56°
|N Standard conditions NH NS . )\/\ P—— conditiorg + S-18, 56%
. Ph AN _ Me
Me . S-18 S-19
S-13b S-17 S-15b . ND
1h, 75% 1h, 8% E
24 h, < 5% 24 h,76% :
DFT calculation Ph\
h_
th‘\ H TS1 (boat)
Phen [20.8]

Ph Ph Ph Ph

I L X ! \ h
7 Br !
Ph)w Phu',"\r "Br  ZnBr Ph..-",’\l, ~Br Ph. JDBU Phe, S°2 Ph+ +DBU
——a Br — C N= H > N™Br 6m-electrocyclizatio “NZ —> S-15¢

' = Br Q . o
+ Ph)w o "B Phw PhM - || -DBUH', BF [17.5]

Fl’h ZnBr, -

- - s- czs-lnt4
Int1 Int2 Int3 s-trans-Int4 on N>_]

TS2 (half-chair)  IntS

[0.0] [5-4]
[21.1] [-3.7]

Br” “Br

Houk, K. N.; Liu, P.; Dong, G., et al. Nat. Chem. 2024, 16, 269-276. 36
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Jiang & Lan & Hao (2022):

0O
r! OAc Me + H
— N, BF4 JohnPhosAu(MeCN)SbFg (1 mol%) N’N\A
e + ’ R2 | r
DCE, r.t. or 50 °C =
R?2 j Me
R
S-20 S-21 S-22
.0 equiv .0 equiv examples
1.0 i 2.0 i 22 |
51-88% yields
DFT calculation
Gold involved process
[AU] A
S-20a TS1 5% TS2 [Aul TS3 [Aul® TS4 OAc
+ > [3-71] [1 8] [5.3] [-12.9] v AL
[Aul* O /O+
0.0 Int4 Int5 -42.7
[0.01 O Int2 Int3 [-22.1] [ ]
['gtl] [-1.0] [-8.4] '
Diazo-compound-involved process
HH o
H H
(0] L, = Ar
TS5 — ( TS6 (o) TS7 _*t TS8 Ar TS9 e _N
IntS  118.6] 5 [17.1] \ [14.0] —ON [5.6] 7 SN a3 [ B F N e
s ;1 — > A — eﬁ,Ar — > s Ar > / ‘e P ‘ ‘_
-21a 7o H
2 Noy-Ar Ad Al ’ HH ik
[0.0] Int7 Int8 H R, F Q'+
';'f [13.2] [4.9] '2"1*90 JBL H
[7.4] [-21.0] FF Int10
[-19.6]
TS10 geFe S TS1 0 e e emeeereesereaeseeeaeeeaas .
[-9.9] AL A B o Ar ! /fBu, :
—_— / N’N:H‘“ \H“‘F / N—NH E P\’AU Cl !
_ Ac — : Bu :
: Aul* Ar '
Int11 S-22a S o AR :
[-12.2] [-26.6]

Hao, W.-J.; Lan, Y.; Jiang, B., et al. Nat. Commun. 2022, 13, 7393.
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P8

P11

Lu & Li (2019):

Ph
FMP PMR CO,Et
N N

2 Standard Conditi
+ andar onditions
229
| Ph)j\cozEt > | D (22%)
(84%) (60%)
d-2-1a 2-2a d-2-3a

Feng & Liu (2023):

N 2-2a
'
| Standard Conditions

(84%)
d-2-1a

gt

Koh (2026): study of aminolysis step

2-16a (2 equiv)

HO Ph
@)
Q—Ph B(CGF5)3 (10 rn()l°/())> \/\r

PLN
hexane, r.t.,, 48 h Ph H

(R)-2-15b (S)-2-24b
96% ee 62%, 91% ee

f Standard Condltlons

217 (5 equw) (/ﬁ
“Ph

(S)-2-20b
30%, 91% ee

PMR,

Ph
CO,Et
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Equilibrium and reactivity experiments of B(C¢F5):—H:O in acetonitrile solution

A (standard condition)

HO0-B(CsFs; in  MeCN l
(0.01 mmol) (1 mL)

ll MeCN—B(C5Fs); : Hy0-B(CgFs); > 20:1 l l

B (standard condition + 0.1 mmol H:0)

H,0-B(CsFs)3 in MeCN  with H0
l (0.01 mmol) (1 mL) (0.1 mmol) l

l MeCN—B(CgFs)s : H.0-B(CFs)y =1.8:1 l |l
|
J

(’l(standard condition + 0.5 mmol H:0)

HO0-B(CsFs)3 in MeCN  with H.0 l l
(0.01 mmol) (1 mL) (0.5 mmol)
MeCN—B(CgFsl; : H,0-B(CgFs)z =1:10 l l
| o | J

£1 (ppm

] MeCN—B(CeFs)3 | H,0-B(CeFs)s

o in glove box, N,
B(CgFs)s (10 mol %)
+ PhNH > HO NHPh
2 H,0 (x equiv.) /\(\

Ph MeCN (anhydrous), 80 °C Ph
2 1or5h
1 i or 17
(2 equiv.)
yield of 17 (1 h) yield of 17 (5 h)
HzO (0 equiv.): 96% (97% conversion) 98% (100% conversion)
H,0 (1 equiv.): 84% (94% conversion) 87% (100% conversion)
H,0 (5 equiv.): 80% (87% conversion) 83% (100% conversion)

v/(Mes1)
0.00009
0.00008

0.00007

0.00006

0.00005 Q.
0.00004 —
0.00003 )
0.00002 x\
0.00001 load of cat.
0.00000 O (mol %)

Fig. S6. Kinetic experiments with B(CsFs).

vf{Mes-1)
0.00008

000007 e
0.00006
0.00005
0.00004
0.00003
0.00002
0.00001 equiv. of

0 PhNH,
o 0.5 1 15 2 2.5 3 35

Fig. S7. Kinetic experiments with PhNH:.

PANH, Ph {;o
B(CgsFs)3 _(05-3equiv) PhNH,-B(CgFs)3 ring-opening
(catalytic loading) fast rate-determining

(BCF-PhNH, catalytic species, control by BCF loading)

Fig. S8. Kinetic understanding of B(C¢Fs);—PhNH: formation and subsequent

oxetane ring-opening.

39



Supporting Information

P13 Murakami (2014)

Ph OH Ph OH Ph OH Ph OH
Ph, ,OH iral Ii . . . .
., Chiral ligand . H H H
S-21 o, + o, + +
et g Standard Conditions  Et" Et=: Et=.
u "Bu Me "BU Me Me "Bu Me
cis-S-20
(R)-SEGPHOS (L1) 69 12 15 4
(R,S)-PPF-PBu, (L2) 5 4 53 38
(R)-DTBM-SEGPHOS 85 0 15 0
Ee All 99%
Possible mechanism H,0 S-20
1 + *
R! OH
1 Product Rh-OH
R! ORh
1 NNHTs
R2 R3
S$-20 . ; i Step 1 J\©\
M
R!' ORh Int1 S-21 e
2_H @)
Ar R2-<3  Rh NaOBu
R2 R3
R3 Step 1: C3 stereocontrol (99%) |42
Int5

R'I
Z0)
KRh R2

3 2

Step 2: C2 stereocontrol (60%) /t ||
3

R? H R® \yjf
~

R3 Ar
Int4 Step 2

Int3

Murakami, M., et al. J. Am. Chem. Soc. 2014, 136 (20), 7217-7220.
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P19 Koh (2025):

g
I I
|
- ¥
= |
g A ,Ng_ O Br
g BT 7 By | $
= H (4 ey
:5 | : Br /‘Q\ Br | / 1
) NN o Y o N
1 Al ~ D
X Fe| Tl P O
e .H Br b \ oot oy
r \ I .
Ts1 88 I Oy Br J
; | ©Na _Br Y R o, !
0.0 08 01 V7 Y Br 02 Br Br’ R Br ©
— L | H - T— R
1 INT1 \ Bre LTS3 -2.0
Ill \ 4.1 h 3.7 “_‘TSA; \ -29.7
| - 0. Br | ! i T
N O_Br er>( e INT2 | | " \ ;TS5
Y H Br \ 0 N N. _H ' I v
en B 9.4 ~ Fer o \ ‘ ) o)
Br OYB" . ‘)" g) p— | 16.6 @0, Br ©pr '.' '.‘ N O Br
e Tt r Y R /INT3 \ ; \ Y Br
" R = ! ' / I H B
| H R ' / \ —N (0.0) Broe
NI L s
/N§|/Br i | ' ; \ o<>—R
H SN\ Br L : “. Br/Y\Br Fim
e E / , R CH,O(CH,),Bn
H \-54.8 1 )
O, —_—-- 1 \ -56.2
@ / W —
—N INT4 |,
R S—H N, DMF
INT3 /\> \-615
—
Br R B@r v
Br/Y\Br
]
bromide attack on imini p attack on V Haack reag ring op g

product formation

CO,R!
CO,R!
Ar N Ph
|
R2
| @Br /N) H lBr@
pathway A @Ner AGF=16.6 @o\'Br ©gr AG*=17  @Ny H AG¥=25.1 \)R\/
— e —_— R
AGI=88 \’ b i Br. Br
"Br .0<>—R . I\(/ﬂ\)\/sr BE "
R (-61.5)
(-16.4) 0;"‘::’0’;9 (-3.7) (-54.8)
i
/N - |BrO
AG=27.4 <9(§’Br AGt=7.4 ONQ_H AGE=215_ -
—_ 1t esieseaats N coessmmememeeeees X )0 TR R T
' acyclic ether ‘\@ \] % ]
attack B Br OLL~_Ph DMF Xl
viil IX (-36.9)
(8.2)
|
: /N\KO Br
! pathway B H OB
paway, ®0 " Bro . i v
aGt=215 > o rmspmeeeees > (-54.8)
©pr Yo
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P20 (a) Leonori & Ruffoni & Merino (2023):

B) Different behaviour of meta-Ph and para-Ph substituted nitroarenes and their 3H-azepines in the photochemical strategy

uT

Et,NH (8 eq.)

Ph

EtoNH (4 eq.)
P(Oi-Pr); (10 eq.)
—. O - e <
Ph NO, CHsCN (0.025 M) Ph N
1 rt.,72h
hv = 350 nm 1b

34%

T

Et,NH (4 eq.) CH4CN (0.025 M) Et,NH (8 eq.)

P(0i-Pr); (10 eq.) 7 rt., 20 h P(0i-Pr); (20 eq.) Ph
> /)—NEt; -
CH3CN (0.1 M), r.t.,16h  Ph XN hv = 350 nm CH5CN (0.1 M), r.t., 16 h
hv =427 nm 1a 88% hv =427 nm
43% — (42% in i-PrOH)

C) UV/Vis absorption spectra

7

Ph\©\ P(0i-Pr); (20 eq.)
NO, CHsCN (0.025 M)
2 rt., 72 h

hv =350 nm

/)
N

2a

uT

T

2b

CH4CN (0.01 M)

L —net, <—
N

rt,20h

NEt,

hv =350 nm
58%

5 1 E
—_ - 1a :
34 1 — 2a E
8 i
§3 =
o i LUMO
a5 !
= 1
o '
7] i
3R ;
0 . , . S
200 250 300 350 400 E
Wavelength (nm) '
D) S, excitation energies and oscillator strengths E
A Ph * Substrate Eg (V) f  § OMO
B Ph. A 3.80 0.3641 !
/)—NMe, B 4,32 0.1350 :
C Ph" " N\—N c 415 04753 |
D Ph D 400 02846 | c B
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